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ABSTRACT

The: standard entropies of isopentane, ethyl benzene,, azelaic acid
and sebacic acid have been determined by the method of the third law of
thermodynamicse. An.anomalous hysteresis in the heat capacity of isopen=
tane reported by Aston et al. was not found. A transition was found in
sebacic acid crystals and is discussed.

A theory is presented which accounts approximatéely for the apparently
enomelous difference:between the thermal diffusion coefficients of the
ions of an electrolyte in the presence and in the absence of other elec~
trolytess

The structure of sulfur monochloride has been redetermined by elece
tron diffractions. The molecule was found to have an extended structure..
The parameters have been determined and are reported.

The theoretical expression for the scattering of electrons by gases
ig altered by a camera of finite dimensionse. An approximete theory of
the alteration in terms of the camera dimensions (and electron lens pare
ameters) has been developed. An expression for the effect of multiple

scattering has been obtained.
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PART I

THE STANDARD ENTROPIES OF SEVERAL COMPOUNDS

ISOPENTANE
ETHY LBENZENE
AZELAIC ACID AND SEBACIC ACID



[Reprinted from the Journal of the American Chemical Society, 65, 1139 (1943).]

[CoNTRIBUTION FROM THE WILLIAM G. KERCKHOFF LABORATORIES OF THE BIOLOGICAL SCIENCES, CALIFORNIA INSTITUTE
OF TECHNOLOGY ]

Thermal Data. XVI.

The Heat Capacity and Entropy of Isopentane.

The Absence

of a Reported Anomaly

By GEORGE B. GUTHRIE, JR., AND HUGH M. HUFFMAN

In two recent papers! Aston and co-workers
have reported the results of their low tempera-
ture studies on isopentane. During this investi-
gation they obtained certain anomalous results
in their heat capacity and vapor pressure measure-

~ments. These anomalous results were especially
evident in the temperature interval 180 to 240°K.
Aston has attempted to account for these results
on the basis of a hysteresis in the establishment of
cquilibrium between isomeric forms due to hin-
dered rotation. The heat capacity of isopentane
was also measured in 1930 by Parks, Huffman
and Thomas,* who did not observe any irregulari-
ties in the heat capacity.

Because of the great importance of such a
phenomenon and the great effect its existence
would have upon similar experimental and theo-
retical studies on other hydrocarbon molecules,
it is of paramount importance that its actual ex-
istence be established beyond any reasonable
doubt.

We have accordingly reinvestigated the heat
capacity of isopentane over the temperature
range 13 to 300°K. Unfortunately, the design
of our apparatus did not permit the simultaneous
observation of the vapor pressure.

(1) (@) Aston and Schumann, THis JoURNAL, 64, 1034 (1912);
(h) Schumann. Aston and Sagenkahn, thid . 64, 1030 (1942).
(2) Parks, Huffman and Thomas, thid . 83, 1032 (1930).

Experimental

The Material.—Measurements were made on two dif-
ferent samples of isopentane. The first was purified for
us by the Shell Development Company, who state that
the entire sample, 300 cc., boiled at 27.92 = 0.01°C. The
second sample was the isopentane that Aston, ef al.,! had
used in their calorimeter and was kindly sent to us by Pro-
fessor Aston. From data obtained during the melting
point determinations we have calculated that the liquid-
soluble, solid-insoluble impurity in the first (Shell) sample
was 0.013 mole per cent. and that in the second (Aston)
sample was 0.008 mole per cent.

The Apparatus.—Our heat capacity measurements were
carried out in an adiabatic calorimetric system which
will be described in detail in a later publication. The
calorimeter proper was of copper and had an internal
volume of approximately 60 cc.

The isopentane was transferred to the calorimeter by dis-
tillation through a glass system to which the calorimeter
was connected by a glass to metal seal. This system was
connected to the high vacuum line and to the source of
helium by means of stopcocks, which were greased with
Apiezon grease M. The stopcocks were so placed as to be
out of the direct distillation path. In transferring the first
sample (Shell) to the calorimeter it was necessary to ex-
pose the isopentane to the air for a short time hence pre-
cautions were taken to remove any water, which might
have gotten into the sample, by several distillations from
phosphorus pentoxide in the closed system. The second
sample (Aston) was received in a container that could be
sealed directly into the transfer system before opening.
In both cases the system and the sample were carefully out -
gassed by pumping with an oil diffusion pump while the
isopentane was frozen in liquid air. After outgassing the
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calorimeter was iimmersed in a bath of solid carbon dioxide
and alcohol and the isopentane distilled in. When the
transfer was completed helium was admitted and the sys-
tem allowed to warm to room temperature. The monel
metal filling tube, 1.0 mm. o. d., was then pinched off
close to the calorimeter and quickly made gas tight by the
application of a small drop of soft solder. The pressure
of helium in the calorimeter was approximately 40 mm. at
room temperature. In the first case (Shell sample) the
amount of isopentanc in the calorimeter was 35.598 g.
(0.49341 mole) and the gas space at :31)()°K. was 2.28 cc.
In the second case the amount of isopentane in the calo-
rimeter was 24.8%4 g. (0.34491 mole) and the gas space at
300°K. was 10.67 cc.
was due to the limited amount of material that was avail-

This undesirably large gas space

able.

(GEORGE B. GUTHRIE, JR., AND HucH M. HUFFMAN
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It is of considerable iinportance to note that after the ivo
pentane was sealed into the calorimeter there was no chance
for it to be transferred to any other part of the calorimetric
system, hence the mass of the isopcntane upon which obser
vations were made was constant.

Temperature measurements were made with a platinum
resistance thermometer, H-8, which had been compared
against the laboratory standard platinum thermometer,
H-25, which in turn had been calibrated by the Burcau of
Standards over the temperature range 14°K. to the boiling
point of sulfur. The energy measurements were made in
terms of the international joule by utilizing resistors and
standard cells which had been compared with others certi-
fied by the Bureau of Standards. The observed energies in
international joules were converted to calories by dividing
by 4.1833.

TABLE

Morar Hear CapAcITY OF ISOPENTANE, ARRANGED CHRONOLOGICALLY
Molecular weight = 72,146, 0°C. = 273.16°K,

(n, Cp.
T, °K. cal /degree T, °K. cal./degree T, SK.

Series I, solid Series 1V, liquid

Series X, liquid

C pi Cp. Cp
cal./degree ;0K cal./degree r. K cal. . 'degree

Series X VIII, solid Series XXI1, liquid

84.78  16.07 11567  29.48 188.13  32.40 13.20 1.119 21482 33.730
87.69  16.57 122.87  29.76 197.01  32.81 14.61 1.482 224 23 34220
90.97  17.13 13394 30.19 206.76  33.29 16.42 1.956 233.50 34708
94.58  17.78 149.26  30.79 216.34  33.80 19.20 2.750 242 41 35 360
98.08  18.42 159.80  31.19 225.78  34.31 22,90  3.861 25130 35 940
10144 19.11 170.16  31.63 235.08  34.86 26.94 5.034 260,23 36560
10470 19.77 180.35  82.05 Series X1, solid 3192 6.390 268.92 37192
107.85  20.44 190.38  32.51 - 37.65 7.821 277 49 37 84
110,94 21.23 200.25  32.98 g;ié ijgf 3.4 9.072 985 92 3% 445
o M ey ‘ 5 . 5 oY Q0
Liquid Setbes ¥, Tigiid = . 9.20 1024 29421 39132
120 .05 29 67 171.33 31.66 Series XII, iohd 55.03 11.38 Series XXII, solid
124.44 2984 181.50  32.09 71.46  15.30 Series XIX, solid 55.40  11.461
Series IT, solid 19151 52,54 Series XI1I, solid 15.75  1.814 59.98 12,371
5874 12.11 iOl.d(—) :315.02 52.92 10.95 ‘1?.03 2.590 bflj(: 13 3§9
62. 08 12,89 “11'90 33.51 56.98 11.77 22.51 3.745 67.72 14.076
S 220.60  34.02 L . 27.10 5.083 69.37  14.639
oz 230.00  34.56 Sexies XTV..liguitd 3217 6.424 7096 15204
et - 239.26  35.12 188.66  32.42 37.98 7.804 72,51 15.456
70.99 15.19 o1e 97 ST 198.50 32.87 " o — e
s 1m0 248.37  35.69 : 32.87 4420 9238 THOT O 14.552
& b 257.34  36.29 208.18  33.36 49.50  10.29 W5.25 14748
Serigs TIT, sdli 267.00 37 217.70  33.87 , . -3 o8 5 155
—bcrlm 111, 501‘](1 267.90 37.08 S iR py ';(‘) Series XX, liquid ‘i 9:\ IY. L:(:
54.79  11.30 Series VI, liquid e 184 29 33 990 Ra . 1685
DR St P - g K9 5 897

5859 12.06 209.78  33.43 Seriey X Vi Nguid 194.20 32664 A
62.59 12,91 ot 0 180 41 39 46 [ 9580 18031

- o 219.34 33.95 5 32.46 203.97 33.165 k o
66.31  13.77 _ - 109.95 3204 s B 85 A 101,96 19.220
69.24 1‘3..‘_3‘4 Sene‘s VII, hqu{d 208 93  33.41 20h by SmuES 107 'il fo'f&,’
L4t 15,52 184.60  32.22 210 40 3397 532 35 34 757 11.24  21.716

32(5)? o Series VIII, liquid ~ 230.62  34.61 211.52  35.293 Liquid
(0. g = or = N =
78.95 15 14 231.34 34.65 Series XVI, liquid 250. 54 35.899 115.86 29 495
82.56  15.71 Series IX, liquid 253.56  36.04 29042 30446 pes
86.47  16.37 186.49  32.33 262.79  36.69 Series XXI, liquid 13277 30. }ff
90.52 17.08 192.67 32.60 271.88 37.38 187.58 32.400 113'0‘3 3%30(8
95.44  17.94 280.38  38.00 197.45  32.858 o o)
101.42  19.10 283.76  38.62 207.16 33328 oran oL
107.68  20.51 297.00  39.28 216.71  33.844 7409 slai
Series X VII, liquid 226,12 34.380
235.38  34.919

297.81

39.31
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IFig. 1.-—The molal heat capacity of isopentane.

The Heat Capacity.—The results of our heat
capacity determinations on both samples are
given in Table 1 and those on sample one are
The results of the
heat capacity measurements on the two samples
of isopentane are in complete agreement in the
temperature ranges investigated. For this reason
we did not feel that it was necessary to extend
our measurements on the second sample (Aston)
below 53°K. In view of the nature of our problem
we have reported the results of each experimental

shown graphically in Fig. 1.

series of observations as a group (Table I). In
Fig. 2 we have presented graphically the (time-
temperature) history of our first (Shell) sample.
By reference to Fig. 2 and Table T a knowledge
of the trcatment of the sample preceding each
series of measurements may be obtained. The
time temperature history of the second sample
(Aston) 1s not shown on this curve. However
in the temperature region 180-240°K. it was given
a fast and slow cooling treatment similar to that
shown for the first sample.

In the temperature region 180-240°K. repeated
attempts were made to obtain evidence of an
During the early part of
this investigation we corresponded with Aston

anomalous behavior.,

and asked him to suggest an experimental pro-
cedure which would cause this phenomenon to
manifest itself.  In reply he wrote, “We suggest
that you cool across the vacuum from 290 to
180°K. in thirty-six hours (Series I), and warming
to 290°K. again cool from this temperature to
180°K. in not more than four hours (Series 11).
In cach take measurements from 180 to
230°K. This procedure should produce a differ-
ence in heat capacity of at least 195, Series I

case
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Fig. 2.—Time-temperature history of isopentane:
solid lines ascending to right indicate heat capacity
measurenients, Series I-XIX consecutively. Dashed

lines indicate temperature of the isopentane in the inter
vals between heat capacity measurements. Break in
lower section of graph indicates a period of 27 days when
isopentane was at room temperature.

being higher than Series II.” We carried out
experiments according to these directions (our
Series XIV and XV on the Shell sample and
Series XX and XXI on Aston sample) except
that our slow cooling required a longer time and
our fast cooling was done more rapidly than sug-
gested. The results of all of our experiments
yield heat capacities that lie on a perfectly smooth
curve within the precision of our measurements
which is approximately 0.19; (deviation) in the
region in question.

The Heat of Fusion.—Two measurements of
the heat of fusion were made on the Shell sample,
one of which was in conjunction with the melting
point determination. The value obtained for the
heat of fusion was 1232.2 cal./mole with an esti-
mated uncertainty of less than 1 calorie. A
single value of the heat of fusion of sample two
(Aston) was calculated from data obtained during

the melting point determination. The value of
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mole. This value is about 0.29, lower than the
value found for the first sample and is probably
less reliable due to the experimental method.

We have calculated the melting point of pure
isopentane from data obtained when various
fractions of the two samples were melted. The
first sample (Shell) gave a melting point of
113.371°K. and the second (Aston) 113.368°K.
from which we conclude that the melting point of
pure isopentane is 113.37 = 0.05°K. This is in
excellent agreement with Aston’s value 113.39 =
0.05°K.

The Entropy.—We have also calculated the
entropy of isopentane from our data. The re-
sults of these calculations are summarized in
Table III.

Discussion

Aston’s plot of his experimental data indicates
an anomalous behavior especially in the tempery-
ture intervals 20-60°K. and 180-240"K. Our
measurements in both of these temperature re-
gions show no anomalous results.  In cooling the
isopentane through the 70° transition zone we
The measure-
ments in Series II were made after rapid cooling,
all of the other measurements below 73°K., with
one exception, were made after the isopentane

cooled both rapidly and slowly.

had been allowed to cool slowly, approximately
0.4 0.5° per hour, in the region 71 to 60°K. The
single measurement in Series XIT was made after
cooling rapidly (twenty-five minutes) from S0.-4
to 69.8°K. in an attempt to get a point on an
extrapolation of the high temperature curve as we
have been able to do in the case of a similar transi-
tion found in scbacic acid (unpublished investi-
gation). The attempt was unsuccessful. Below
69°K. all of the experimental results were in com-
plete agreement. In the region 69 to 77°K. the
points did not lie on any regular curve; this may
be due to the fact that the temperature incre-
ments were too large and that they did not cover
the same portion of the temperature scale or to the
fact that the energy absorption in this region is a
function of the history of the sample. The meas-
urements on sample two (Aston) in this region
gave approximately the same temperature (72°)
for the maximum energy absorption but the total
cnergy absorbed is definitely lower than in the
case of sample one.

Aston made four series of measurements on the
solid at liquid hvdrogen temperatures and found

GEORGE B. GUTHRIE, JR., AND HuGH M. HUFFMAN
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evidence for hysteresis. We made two scries of
measurements between 13 and 55°K. and several
additional series of measurements between 53 and
70°K. without finding any evidence of an anoma-
lous behavior. We are unable to compare our
data with Aston’s experimental points since he
has only published the values taken from a
smoothed curve, However, we submitted our
data to Aston prior to publication and in a com-
munication to Dr. A. B. Lamb he states that his
low curve between 10 and 55°K. is essentiually in
agreement with our curve.

In the temperature region 180-240°K. our rc-

TaBLE II

Morar Heat Capacity oF ISOPENTANE
TEMPERATURES

% diff. from I{ and
5 z

AT RouNpip

Cp, cal./degree
n

D S:;
A. and S. A.and 5. H and 1

7,° K. H.and G. H. and T.
Crystals
13 107
15 1.58
20 3.00 3.25 8.3
25 4.49 4.82 7.3
30 5.86 6.00 2.4
35 718 7.24 0.8
40 8.34 8.41 .S
15 9.40 9. 46 6
50 10.39 10.41 5
55 11.38 11.36 - .2
60 12.37 12.38 2
70 (14.8" 15.00
80 15.24 15. 19 15 08 - 3 iy
90 16.99 1604 17114 = .3 b
100 18.79 18.81 9o 1 "
110 20.99 20.75 —-1.0
Liquid
115 2016
120 2066 29.68 200,55 0.07 Ve
130 30.04 29,99 20.95 e 4 il
110 30.42 30.38 30.31 = .13 26
150 30.72 30. 74 — .26 = 2
160 31.06 31.14 - .45 — .14
170 31.48 31.55 - .41 — .19
180 31.95 32.00 = .28 - .1n
190 32.46 - .08
200 33.00 12
210 33.50 123
220 34.04 12
230 34. 60 09
240 35.20 35.20 .06 0o
250 35.89 35.80 L2000 — 08
260 36.59 36.48 .19 — .11
270 37.37 37.10 .35 — AN
280 38.31 B T ST tl
200 40.149" 149
300
“ Extrapolated  values " In transition zone, actnal

value not certain,
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sults show no evidence of an anomalous behavior
in cither of the two samples that we have studied.
These results lead us to the belief that the hys-
teresis in the liquid observed by Aston is not char-
acteristic of isopentane. We have sent Aston a
portion of the Shell isopentane upon which he will
repeat his measurements.

Another noteworthy result of this reinvestiga-
tion of the heat capacity of isopentane is the lack
of agreement between our results and those of
Aston, even in the temperature regions in which
Aston reports no anomalous results. In Table IT
we have compared the data taken from a smooth
curve through our data with those from Aston’s
smoothed table. For sake of completeness we
have also included the data of Parks, Huffman
and Thomas. The accuracy (19;) claimed by the
latter authors is not high, neither did they make
any estimate of the impurity in their sample, so
little weight should be given to the apparent dis-
crepancies between their results and those of the
other two investigations.

TaBLE IIT
THE MorAL ENTROPY OF [SOPENTANE

S (13.21, Debye, 6° freedom) = 0.385 = 0.040

AS(13.21 — 113.37) = 19.174 = 019
AS (113.37, fusion) = 10.869 = 011
AS (113.37 — 298.16) = 31.812 %= 032
S (29816, liquid) = 62.240 = .10

An examination of the data in Table II shows
that at 20°K. Aston's results are about 89 higher
than those of this investigation; this difference
becomes progressively less as the temperature is
increased. From 55 to 100°K. the heat capacity
measurements are essentially in agreement. Above
the melting point the discrepancies range from

THE HEAT CAPACITY AND ENTROPY OF [SOPENTANE
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—0.45 at 160°K. to 4.59] at 290°K. The abrve
discrepancies are of such a magnitude as to sug-
gest that the accuracy claimed in one or the other
or both of these investigations is entirely fict*ious.
This suggests that perhaps the accuracy claimed
by other laboratories may be open to question.

We should like to propose that workers in this
field select a substance whose heat capacity has
been accurately determined which may be used
as a standard test substance.

The discrepancies in the experimental observa-
tions have very little effect on the agreement of
the values of the entropies calculated from the two
sets of data. Our value for the entropy of liquid
isopentane at 298.16°K. is only 0.15 unit lower
than that reported by Aston, which is well within
the error assigned by him,

Summary

1. The heat capacity of isopentane has been
measured over the temperature range 13 to
300°K.

2. The melting point and heat of fusion of iso-
pentane have been measured.

3. We believe that the results of this investi-
gation indicate that certain anomalous results
reported by Aston are not characteristic of iso-
pentane.

4. The entropy of liquid isopentane at
20#16°K., calculated from the data of this re-
search, is 62.24 = 0.10 cal. degree ! mole~!.

5. It is suggested that thermochemists should
check their methods so that the accuracy as-
signed to the experimental results will have a real
significance.

PasapeENa, CALIFORNIA RECEIVED JANUARY 16, 1943
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Thermal Data. XVIII.

The Heat Capacity, Heat of Fusion, Entropy and Free

Energy of Ethylbenzene

By Georce B. Gurnrig, Jr., Racpi W. Spitzer axp Hueir M. HUuFFMAN!

Soune time ago this Laboratory began a rescarch
program involving the study of certam thermal
properties of hiydrocarbons.  Because of the -
portance of cthylbenzene m hydrocarbon chem-
istry a study was made of its low temperature
thermal properties.  In this paper we present the
results of this mvestigation.  These data have
been utilized to caleulate the entropy and free
cnergy of liquid ethylbenzene at 298.16°K.

The Ethylbenzene. ~The material used in this
mvestigation was supplied to us in the purified
condition by the Shell Development Co. An
estimate of the iquid soluble-solid msoluble im-
purity was made from data obtained by observing
the cquilibrium  temperatures corresponding  to
known fractions of the material in the solid and
liquid Torm.  The mpurity estimated from the
above datowas 0.070 mole per cent.

Experimental. The caperimental method has been
desertbed inoa recent paper by Ruchrwein and Huff-
nan? and only a brief deserintion need be given here. An

adiabatic calorimicetric systen was usced in which the ma-
terial under investigation was contained ina scaled copper
calorimeter. A measured quantity of clectrical encrgy
wis supplicd to the calorimeter and at all times during
the measurcments the temperature of the environment was
maintained at that of the calorimeter to prevent heat
mterchange. The inual and final temperatures of the
calorimeter were measured by means of a platinum resist-
ance  thermometer. The cleetrical  mcasurements  re-
quired for the determination of the energy and of the re-
sistance of the thermometer were made on a White double
potentionicter in conjunction with a high sensitivity gal-
vanoneter and accurately  calibrated resistances. The
precision of our measurenments is in general better than
O and we believe that above 30K the accuracy should
be about the same as the precision. The energy measure-
ments were made in terms of the international joule and
were converted to the conventional calorie by dividing by
11833

The ethylbenzene was distilled into the calorimeter in an
air-free system. The gas space was filled with helium at
one atmosphere pressure at room  temperature and the
calotineter was then scaled by the application of a drop of
soft solder

The results of the heat capacity measurements are given
in Table I Most of the temperature range was covered at
least twice and the results of the measurcements in the dif-
ferent series were in exeellent agreement. In Table TT we
have listel the values of the heat capacity at integral
temperatures as seleeted from a siwooth curve through all
of the data

Burcau of Mines, Bartlesville, Oklahoma.
2) Ruchrwein and Hoffman, Tiis JourNar, 66, 1620 (1943)

(1) Present address

TaBLE I
Morar HEaT CAPACITY OF ETHYLBENZENE

Molecular weight = 106.160; 0°C. = 273.16°K.

Cp.

I'm, Cp . cal./de-
oK. AT cal./degree °K. AT gree

Crystals 109.43 6.235 17.960
13.34 1.351 1013 115.01 16. 868 18.604
15,04 1.973 1.380 116.53 7.950 18.749
16.91 1.831 1.816 126.79 12.578 19.839
149.72 1.067 2.585 133.33 19.762 20.629
19.81  1.030 2.638 138.98 11.814 21.222
23,90  4.098 3.809 150.47  11.167 22.482
21.09 1676 3.859 154.21  22.013 22.952
27.99  1.080 1,965 160,62 9.130 23.677
2840 3946 5. 086 166 . 84 3.244 24.622°
e 1,403 6150 170.04 3.158 25,4647
32,97 5.186 6 333 173.13 3.0220 26.926°
3707 5.085 374 Liquid
38,09 L. 27 25 181.51 9.249 37T .04
1206 PSS 8.513 190.70 9.152 37.936
o300 0 538 09375 199,81 9.036 38.257
v 13 &8585 0.524 208,81 S.934  38.626
N as IERRISRY 10480 21627 0601 38,9082
55 06 D 60D 11, 20 218.19 0,733 30048
b7 A 5w 11 136 221.14 17426 39.211

B2, 1) 3.916 12.1%7 225. 80 9.473 39, 446
fi3. 01 At 283 12410 234.08 10,249  39.989
B 21 3 608 12,960 231470 10.074 40.532
/i O O 13. 445 285,32 11,353 41.246
TT.00 5 T4 14.272 .06 11 346 42 016

310 6 4a2 15.028 4L 9556 +2.7T87
80 95 7T 063 15 874 189 9. 406 43. 504
06.82 6 602 15.617 3,23 9.254 44,270

103,37  6H.415 17 518 5.41 9113 44,004
103 43 5 766 17 . 320

* These values include premeliing.

The Melting Point.-—In Table III we have given the
cquilibrium  temperatures corresponding  to the known
fraction of calorimeter contents in the liquid state.®
Utilizing these data we have caleulated the melting point
of the mixture in the calorimeter and also for pure ethyl-
benzene., The values of the melting point given in the
last column of Table TIT were calculated, by an approxi-
mate method, on basis of an impurity of 0.070 mole per
cent. From these data we conclude that the melting point

(3) The value given as per cent. hiquid is actually the per cent. of
the caleulated heat of fusion of the contents of the calorimeter but
for practical purposes this may be taken as representing the per cent
of the ethylbenzene in the liquid form.
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TaBLE I1
MoraL HEAT CAPACITY OF ETHYLBENZENE AT INTEGRAL

TEMPERATURES
p Cp, P
y B "o cal./degree T R cal./degree
Crystals 130 20.23
13 0.94 140 21.34
15 1.39 150 22.47
20 2.68 160 23.61
25 4.12 170 24.75
30 5.53 175 25.32°
35 6.85 Liquid
40 8.06 180 37.61
45 9.11 190 37.91
50 10.06 200 38.26
55 10.96 210 38.68
60 11.80 220 39.16
65 12.57 230 39.68
70 13.30 240 40.25
75 13.99 250 40.88
<0 14.64 260 41.54
85 15.26 270 42.24
Q0 15.86 280 42.98
100 16.96 290 43.76
110 18.04 300 44,56
120 19.14

* Extrapolated.

of pure cthylbenzene is 178.17 = 0.03°K. We wish to
point out that the observed value for the melting point
when 5.7 of the ethylbenzene was liquid is not in agree-
ment with the calculated value.  This may be taken as in-
dicating a deviation from the laws of the ideal dilute solu-
tion.

TapLE III

MELTING POINT SUMMARY

% Melted QObs. m. p., °K. M. p., °C. (caled.)®

5.7 177.880 177.814
25.0 178.090 178.090
45.4 178.122 178.124
75.5 178.142 178.142
93.5 178.147 178.147
100.0 (178.149) 178.149
Pure 178.169 = 0.03°

¢ These values calculated on the basis that the solid in-
soluble-liquid soluble impurity is 0.070 mole per cent.

We have also determined the heat of fusion of ethylben-
zene and the results of two determinations of this quantity
are given in Table IV. It is to be noted that this quantity
is somewhat arbitrary since it is impossible to uniquely

TABLE IV
FusioN DATA SUMMARY
Fusion Cal./mole Dev.
1 2189.1 -1.2
2 2191.5 +1.2
Mean 2190.3

Tie Heat Caracity AND HEAT OF FUSiON OF ETHYLBENZENE

2121

determine the true heat capacity curve in the region below
the melting point. This uncertainty in the heat of fusion
will have only a minor effect on the entropy calculated from
these data.

We have also calculated the entropy of liquid ethyl-
benzene at 298.16°K. The results of these calculations
are summarized in Table V. The entropy of ethylbenzene

TaABLE V
THERMAL DATA FOR ETHYLBENZENE, SUMMARY ENTROPY
S (0-14°) = 0.3984 (Debye 6° freedom, 8 = 128)
AS (14.0-178.17) = 27.604 graphical
AS (fusion, 178.17) = 12.293
AS (178.17-298.16) = 20.654
S (Liquid 298.16) = 60.95 = 0.10 cal. degree™! mole™!

was also calculated by Huffman, Parks and Daniels*
from the results of their low temperature measurements
which extended only down to 90°K. They obtained a
value of 61.2 E. U./mole in excellent agreement with our
more accurate value of 60.95 E. U./mole. Prosen and
Rossini have recently determined the heat of combustion
of ethylbenzene and give the value AHR = —1091.03
kcal./mole.®* This datum has been utilized in conjunc-
tion with the entropy reported in this paper and other data
to calculate the free energy of formation of liquid ethyl
benzene. The data are summarized in Table VI. In

TABLE VI

THE MorLaL FrReg ENERGY OF FOrRMATION OF LIQUID
ETHYLBENZENE AT 298.16°K.

I{eA:l;I?f ﬁg:}b' AH?. kcal. AS, cal./degree AF:, kcal.
—1091.03 —2.98 —106.08 28.65

making this calculation we have used the values 1.368
and 31.237 E. U. for the entropies of graphitic carbon and
hydrogen gas, respectively, and the values 68318.1% and
94,052 calories for the molal heats of formation at 25° of
liquid water and gaseous carbon dioxide, respectively.

In conclusion we wish to express our thanks to
the Shell Development Co. for supplying the
sample of cthylbenzene and also for financial as-
sistance which made this investigation possible.

Summary

The heat capacity, heat of fusion and melting
point of ethylbenzene have been measured.

The molal entropy and free energy of formation
of liquid cthylbenzene at 298.16°K. have been
calculated, S = 60.95 cal./degree and AF] =
28.65 keal.

BARTLESVILLE, OKLA. RECEIVED AUGUST 31, 1944

(4) Huffman, Parks and Dauniels, Tris JourNaL, 62, 1547 (1930).

(5) Prosen and Rossini, private communication, to be published
in J. Research Nat . Bur. Standards.

(6) Jacobs and Parks, THis JournaL, 66, 1513 (1934).

(7) Giauque, ibid., 62, 4816 (1930).

(8) F. D. Rossini, Bur. Standards J. Research, 32, 407 (1939).

(9) Prosen and Jessup and Rossini, private communication, to be
published in J. Research Natl. Bur. Standards.



THE HEAT CAPACITIES AND ENTROPIES

OF AZELAIC AND SEBACIC ACIDS *

The statistical mechanics-of the solid state can treat only the very
simplest solids; hence,.,empirical methods,.such as those of Parks and
Huffme.n]':', offer the most fruitful approach to the estimation of the thermo-
dynamie -properties of orgenic solids.. The determination-of the energy
relations in the homologous seriés of dicarboxylic acids will be of great
value in such empirical estimations since all the members of this series
are solids at 25%,. It will be-interesting also to learn whether or not
these properties show alternations similar to those in the melting points
and other physical properties.. Furthermore,.this class of organi¢ com-
pounds seems to have:been neglected in the determination of thermodynemic:
da.‘ba.a'. .

In 1942 the authors started on such a study of this series.. VWhen
the calorimetric laboratory was dismantled and moved to the Petroleum
Experiment Station of the Bureau of Mines, only the determinetion of the
heat capacities and entropies of azelaic acid, HOOG(CHz)fOOH, and of
sebacic acid, HOOG(CH,)oCOOH, had been comploted.. Since there is little
prospect that either oi’ the authors will resume this investigetion-in the:

near future,.the results which were obtained are reported in this paper.

Experimental
The Materialse..—-—= Both the azelaic and sebacic¢ acids used in this

» Thigs research was conducted with Dre He.M..Huffmen, at that time
assistent professor in the Wme Geo Kerckhoff Laboratories of the Bio-
logical Sciencese s



.
study were obtained from-the Eastmen Company and were of White Label
qualitye These productscwere recrystallized several times from—j hot water
and dried in-an-oven at 90%. Uncorrected melting points found inra-
Hirschberg apparatus were 105.5 = 106i5%. fér azelaic acid and 130 -
131.5?0’. -for sebaciccacids The melting points given in the literature

are 10655%. and 134¢5%..respectively..

The Apparatus end Experimentel Method..—— The measurements were made-
Ruehrwiein and Huffnen e Only a brief outline will be given here..

A copper calorimeter filled with about forty grams of the material
under study was mounted in an adisbatic calorimetric system in which the
temperature of the enviromment was maintained at the temperature of the
Vsurface of the calorimeter to minimize heat interchenge at all times dur-
ing observationss For each of the experimental heat capacities reported
a measured smount of electrical energy ves transferred to the calorimeter
by meanssof a mangenin resistence heater, and the initial and final tem-
peratures were measured by means of a platinum resistance thermometer..
The average:-heat . capacity of the substance was calculated from the date:
after meking corrections which included the heat capacity of the:calorime
eter vessel and the thermometer..

The electrical measurements required for the determination of the
electrical energy and of the resistance of the platinum thermometer were
madecon a White double poten‘biomete'r.in conjunction with a high sensitive
ity galvenometer and accurately calibrated resistances.. The potential
was in terms of an Eppley uneaturated cell which had been compared with

others certified by the Bureau of Stéandards. Time was measured by means
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of an:electric stop clock driven by power from Boulder Dam.. The electric
timer was compared occasionally with a calibrated stop watche. The agreee
ment between the two timers was always O.l secws. or better.. The precisiom
of the measurements was in general better than 0.1%; above 30%K. it is
believed that the absolute uncertainty of the measurements is not greater
than 0e2%.. The energy measurements were made in terms of the inter-

national joule and were converted to calories by dividing by 4.1833,

Procedure for Filling the Solid Calorimetére.. == The paper of Ruehre

wedn- and Huffmanivdescribed the use of.the cryostat: and calorimeter with
liguids only.. Some of the calorimeters used in this apparatus may be used
for either solids or liquidse.. One of these calorimeters was disassembled
and filled with layers of solid interspersed with thin copper disks. When
the calorimeter was full the 1lid was resoldered. With meterials whose
melting points-are as high as those used in this investigation, this opera-
tion may be performed quickly enough to prevent melting the solide. The
calorimeter was then connected to the vacuum bench by means of the filling:
tube and the air pumped out.. A fraction of an atmosphere of helium was:
admitted and the £illing tube sealed with a drop of soldere. The helium

speeds the attainment of thermal equilibrium within the calorimeter..

Resultss
The experimental heat capacities of azelaic and sebacic acids are
given in Table I and are plotted in Figure l.. In Table II are listed the
values of the molal heat:capacity of both compounds at integral temper=-
atures: as selected from a smoothed curve drawn through the experimental

datae. The heat capacity data have been used to calculate the entropy of
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13655
13376°
1579
16450
18.23
20022?
21,05
24,65
25426
29,02
3144
3555
37470
39,167
44,67
45.,56°
51.13
51.70

56646
58448
6448
70685
1131
8288
8394

"1395
14.00
16436
17.02

Azelaic Acid
Molecular weight'. = 188,218
AT % T.,%
cal./degree M2 B
24227 1,207 90609
2,139 1,262 90,62
24252 1.774 9784
34340 1,986 105.47
20632 24502 114,277
44100 3160 123,35
24999 351 131,99
44219 4,782 140,28
5971 500265 149,95
4,502 6478 160,93
65392 T4TT. 17146
4,531 8e3 181,58
66167 10. 191,38
6747 10,615 200,88
16777 12,762 . 206487
65043 13,103 215,18
50096 15.157 224,74
64265 15.356 2354550
34533 16,176 246584
54564 174033 25777
5)310 179687 268056
65695 19,649 278463
65036 21474 287.81
65891 23,238 29592
8.056 24,727 30385
64356 25008
Sebacic Acid

Molecular weight = 202.244
Stable crystals 146452
148.43
3,023 1.561 148.80
1.987 1.58% 15143
2,746 24254 154,09
30136 2,457 158,84

-ll=
TABIE I

MOLAL HEAT CAPACITIES
0%,.. ® 273.,16%,.

AT

Tl

6999
8256
9330
8,840
8448
80118

11,221

10,757
10,327

9.961.

9642
9353
7658
8960
10,156

110“75;

11.101
10.750
10,426
10,132
84208
84013
74835

1.943
9499
2,607
2.658
2.647
11,331

c
P
cal./degree:

264500
265588
28,122
294798
31,402
3501165
34655
365138
&
3905

41,326
42,989
446167
464205
4741965
48,596
506278
52329
54 o401
564511
580603
60,621
624593
6h 417
664135

Uk 4063
43,290
43,498
42,101
42,171
42,965



19,17
20660
2557
25,19
30,12
30425
34,89
57.86
5990
45,82
45.85
5146 .
53 o 34
54025
56485
5985
61.55

7046
7072
7327
79077
80,64
84477
89.45
91.59
965965
102,42
104,02
111.53
112,40
119.47
121.76
12682
128,62
130,61
136430
138,70
138.79
140.69
142,65
144,58

AT

24860
4,028
5e945
5157
Te 145
4,960
4,312
Bo3k

5,750
64115
7633
5155
Te356
34632
54633
Te572
9.058

6:627"

44658
9280
64020
2515

10,575

56229
T+750
11,313
74257
10,340

64872

80144
9683
7739
9.079
4,710

10.557

8616
24770
2,031
9784

1.961.

1,936
1,938

TABIE I
(Sebacic acid continued)
c 0., c
cal./dggree Tye Ko At cal./dBgree
3,187 16996 10.912 44,745
B4l 180,61 10.555 465306 -
4,946 191.01 10,258 47,798
5633 201,13 94976 494339
75839 210,97 9o TO4 50.975
748977 220455 9.443 520680
10,035 229.87. 9.196 54 4396
11.415 239,63 10,439 564229
12,343 24k ,03 5e127 57157
14954 249,977 10,130 58366
14,949 250,94 8.678 584542
17,288 259.51 8472 60,184
18,002 25996 984k 60440
18,359 267.28 44799 624395 -
19,388 267488 8¢260. 62,049
20,480 272,01 4671 64.586
21.104 275498 7+940 654145
22,964 279402 Qo343 644357
24,072 283,90 74897 654433
244190 288,88 10,393 66547
24 Skl 291,70 74728 67.091
264700 29935 74565 68,886
27.142 30684 7404 70.672
28,267 314,17 7+251 72.383
29,610
30,084
314411
32.658 Metastable:Crystals
33,015 )
3L o THT 116507 3052 35029
34971 123455 24939 36,474
364543 126495 3.847 370129
37097 128,84 2.854 37,476
384280 130,76 3772 574881
38e632 13449 3,701 38,631
39,192 138,15 34637 394304
40,812 141,09 2.242 39,863
42,006 143432 24219 40,300
42,203 145 .53 2,197 40,716
43,839 147.71 2,174 41,169
44,638 149.88 2.156 41,515
44,388 153451 2,156 42,128
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TABIE II

MOLAL HEAT CAPACITIES AT ROUNDED TEMPERATURES

c
cal./dggxee
T9°K' o o
- Azelaic Acid’ Sebacic: Acid
MWe = 188,218 M.We = 202,244
15 159 14865
20 3409 3651
30 6487 T77.
40 10.95 12.57
50 1475 16s72
60 18.21° 20456
70 21¢2h 2595
80 23697 27+01.
90 2647 29,69
100 28658 52610
110 30659 3k o359
130 35" ° ofL”
120 36410 4343 39.67%
150 37.78 43,0 ”41.53*
160. 3947 ifz.nz
170 41.36° 72
180. 42,73 464522
190 44,38 47,66
200 464067 49,84
210 4737h 50483
220 49,45 52659
230 5l028 o
220 5%618 56436
250 55602 - 58637
260 56495% 60.43
270 5894 6352
280 6094 59
290 63011 66480

*

Metastable crysﬁals.
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TABLE III

MOLAL ENTROPIES AT 25?0.

0%, = 275.16%..

Azelaic Acid

MeWo =2 188 ‘218

S( 13.00)Séeby° ,6%Freedom; & = 122)

8(15.00;, 298,16} graphical

8(298,16)? SOMd"

Sebacic Acid
MWe B 202,244

8(15-95)$?°by°’6%r°°d°m59 = 114?

8(13.93 - 298,16)? graphicel

5(208,16)7 5%

Cals/degree

0.370
70251

70,621

06550
77410

174960

$ 0,04
T o.07;
 0.11

2 0,065
£ 0,08
£ 0.1
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azelaic and sebacic acids. Summeries of these calculations are given in

Teble III.

Discussion

The heat capacity of azelaic s.cid .shows no unusual features. On the
other hand, sebacic acid shows a higher order transition between 130° end
155°K.. 4An enlargement of the section of the heat capacity curve including -
‘bhi's' transition is shown in-the inset of Figure l.

This transition is unusual in several respects. Féw meterials with
melting points as high as that of sebacic scid (134.5%C.) have transitions
in such e low téemperature range. Furthermore,.the tra.naition exhibits a-
merked hysteresis; the metastable high temperature form can be supercooled
to about 115;?1{. The rate of transition is immeasurably slow above this
temperature, but the rate increases rapidly with decreasing temperaturee.
Thus, attempts to supercocl the high temperature form below 110°K. were
unsuccessful (i.e., .the measurements which were mede represented the heat
capacity of unkmown mixtures of both high and low temperature forms)e

Some of the dihydrogen phosphates and arsenatesz" have tra.nsi'biéna in
thié temperature range. These transitions have been satisfactorily intere
pretéd5 as a change from en ordered to & random arrangement of the hydrogen
atoms in the hydrogen bonds between the HZP(As)OZ" groupse The authors
believe that the tremsition found in sebacic acid cen be given an analogous
interpretation although there are not sufficient date-to esteblish this
proposition conclusively.

Inrmeny substances containing hydrogen bonds, there are a large number
of poéeible configurations of the hydrogens in these bonds. If the number

of accessible arrangements is W, the entropy associated with this random-
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ness is k In W. Iﬁ ice and heavy ice this randomness persists even at
extremely low temperatures because the allowed stetes are of nearly equal
energy ("degeneracy" of the lowest state) and there is no observable
tendency of the crystal to assume a unique configuration of zero entropye
However,.the allowed states in some crystals do not all have nearly equal
energies and a transition to an arrangement of lower energy and entropy
may occur at an attainable temperatures

This interpretation has been confirmed for the dihydrogen phosphates
and arsenates by the consideration of several fundsmentally independent
experiments. From the determination of the complete crystal structure of
KH2§04§; except for the location of the hydrogen atoms, it is evident
that there is a unique configuration of lowest energy. In this arrange-
ment of zero entropy, the crystal has a large permanent polarization which
can be observed in the ferro-electric (Seignette-electric) properties of
these crystals below the trensition temperature (identical with the elec-
tric Curie point)e Further,, the entropy change which is observed +o be
associated with these transitions is approximetely k In W, where ¥ is the
nunmber of configurations predicted for the high temperature form.

A'complete determination of the crystal structure of sebacic acid
is not available for the discussion of its trensition. However, from a

*
£ and

consideration of the study of the unit: cell and space group
of the structural chemistry of the carboxylic acidss, the structure

shown in Figure 2 'seems likely.. In this structure the hydrogens in the

% X=ray diffraction photographs of the sebacic acid used in this invest-
igation were made using a powder camera. Since all the observed lines were
indexed within experimental error according to the unit cell and space group
reported by Caspari, it is concluded that the crystalline forms of the two
materials are probably identicale.
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hydroggnnb&zds may be arranged in 2l configurations imwhich' there iz one.
hydrogen:nearest each carboxyl group; N is the number of molecules.. Thus,.
the order-disorder entropy of this crystel. is NK In2 & 1,38 ecus. From
the experimental data it is estimated that the difference in entropy bet--
ween the highi'and low temperature forms is less than 0.80 e.u.'%'t This
difference between experiment and theory may be attributed to (1) the
failure of the crystal to attain complete randommess in-the tré.néition;.
(2) a-state of limited order at low temperatures,.or (3) boths In the
foilowing discussion it is concluded that the first suggestion-is most
likely.
/O0=Hz 0
It will be seen from Figure 2 'that the centers of the -0\ -
Qo ol=0
groups are arranged inntwo-dimensional nets separated by 15‘;02‘?3;. There-
will be:-energy interactionsz between neighboring groups in a:given net
depending on the positions of the hydrogen atoms. (These interactions
mey be due-to electrostati¢ or van der Waals forces;) In so far as these:
interactions within the net are concerned,.each groui; has three pairs of
neighbors. The strength of the interaction or coupling of each kind of

neighbor to a given group depends on the orientation of the «COOH.HOOC=

* It is not possible to extrapolate the heat capacity of the high
temperature form-to absolute zero with any certainty. One extrapolation
was made by assuming that the heat capacity of the high temperature form
could be represented by

Cp(sebacic acid) = (a = bT) Gp_(azela‘.ie acid)

end by evaluating the constants a and bhover the range 112° to 300° K,

by least squares.. The entropy difference calculated using this approx-
imation is 082 eosus of which 051 eeuts. i8 obtained in the renge 112-155 Ko .
vwhere the high temperature form can be supercooled.. The authors believe
that this estimate is close to an upper limit. Further,.it is believed
that the lower limit of the entropy difference is approximately zeros.
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groups in the crystal and one or more of these couplings may be: negligiblee..
A:given ~COCH.HBOC» group will haveclower energy if its hydrogens have the-
same configurationnas that of the majority of the neighboring groups to
which ittis couplede.
The statistical mechanics of & two dimensional crystal with anordere

disorder transition has been discussed by Onaagegrg

end is applicable to
this crystal if the interactionas of more distant neighbors than the nsar—
est two pairs* withinothe net and the interactions between the nets are
neglected. Thid treatment predicts a cusp in the heat capacity (third-
order transition). Innthe-case where the couplings of a group to its four
nearest miglgbbré are equal, the entropy increment associated with the dis-
ordering of the hydrogens from the absolute zero to the singular temper-
ature ié 061 eeus. Since the region:of large absorption of heat involved
in the order-disorder transition-extéends beyond the singular temperature,
a:further entropy increase would be attributed to the transitions. The
amount to be added is somewhat arbitrery es it is difficult to.decdde where
the tramsition apperently ends. It is estimated by the authors that less
than an additional 0630 e’.vg‘.‘-'!u'l would be attributed to the transition:in:
most experiments.. Thus,,the total entropy change expected to bé observed
in the:transitionnis less than 0,91 eecu..when the interactions of the four
nearest neighbors is equal.

When the coupling to the two pairs of nearest neighbors are unequal,

the cusp predicted in the heat capacity becomes sharper and the area below

e The extension of the theory to three pairs of neighbors is indicated
but the results are not reported in Onsager's papers

*% This is the entropy between the aingulé.r temperature and the temper=-
ature where the heat capacity due to order-disorder falls to 025 cal./degs.
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it decreasess  In the limit when the effect of one pair of neijghbors i$
negligible, there is a diffuse hump in the heat capacity extending over

so many degrees that it would be difficult to recognise; and therefore at:
this limit no emtropy change would be attributed to the transition. Thus,
as the ratio of the interaction energy of one pair of neighbors to that

of the other pair decreases,.the apparent entropy of the transition would
decrease from 0.9 eeus.to zero.. A quantitetive discussion for varying
degrees:of anisotropy of interaction will have to be the subject of further
work, since Onsager did not report detailed computations in his papere.

The shape of the region of anomaléous heat absorptiomobserved in
sebacic acid is not cusp=like, but a "smeared out" cusp would not be at"
variance with the observed shape.. This "smea.ring‘ out® could be due, in
part, to the limitations of the experime;xtal method, bwh it is more probe
ably the result of crystal imperfections and possibly of the failure of
the two dimensional model considering only the interactions of the four
nearest neighborse. The entropy involved in-the transition is qualita-
tively explained by the theory. A more quentitative comparison will have-
to await a fuller development of the theory of Onsager and the determine
tion-of the crystal structure of sebacic acide.

The failure of azelaic acid to exhibit a tremsition still remains to
be explained. Only a small difference between the crystal structure of
gebaci¢ and azelaic acide would give rise:to either of two effects. First;
if one of the configuretions of the «000H..HOOCe groups had azsignificant-
ly greater energy than the other because of the s‘l:.eric“hindmance of an
oxygen of a neighboring group, there would be no randomness of the type
discussed here. Second,.if the interaction energy of one pair of neighbore

ing groups were lessened,,the cusp in the heat capacity would become so



small thatiit would be unobserved; or if the interaction energy of all
four neighbors were weakened,.the transition temperature would be lowered
end not attained or the high temperature form would be "frozen-in® as inm
i¢es. It:is also possible that each carboxyl group:is hirdrogen bo;aded %o
two cai!boxyl groups &8 in p -oxalic ecid innwhich case no transition-or
randommess would be expecteds It appears to the authors that no sound
conjéctures cen be made until the-:--cmpléte crystal structures of these
two compounds have been determined..

The euthors now raise the old question~whether the hydrogens in the-
hydrogen bonds in the carboxylic ecids are arranged randomly or are
erranged uniguely. If the interpretation presented here is correct,.the
enswer is that for sebacic:acid the low: temperature configuration: is-
pﬁactica.lly unigue.. THe enbropy of randomness, &mz =-1,38, suggested

10

by Pauling™ for carboxylic acids:-is therefore not included in-the

summaries of the entropy of azelaic and sebaciccacidse.

Summery

The heat cepacities of azelaic end sebacic acids have been measurede.

A higher order trensition:was observed in-sebaci¢ acid in the temper-
aturecrange 120—153°K.. It .is suggested that this is an order=disorder

transition of the two configurations of the hydrogens in the -c:z.n.ﬂ-;\c-
groups:in the crystals. This proposition is discussed with the aid of

9

the theory of Onsager
The molal entropiés of azelaic: and sebacic acids were calculated for

298,16%K,; 8(azelaic acid) = 7P.62 cale/degs and S(sebacic acid)

= 7796 cals/degs. These eszropiaa do not include an amount R In 2 =

1.38 cal./dege for the randommess of the arrangement of the carboxylic



hydrogens since arguments are presented that there is essentially no

randommess at'low temperatures..-
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PART II
THEORY OF THE THERMAL DIFFUSION OF ELECTROLYTES

IN A CLUSIUS COLUMN



THEORY OF THE THERMAL DIFFUSION OF ELECTROLYTES
IN A CLUSIUS COLUMN*
George Guthrie, Jre., Je. Norton Wilson and Verner Schomeker

Abstract
A theory is presented which accounts approximately for the apparently
anomalous difference between the thermal diffusion coefficients of the
ions of en electrolyte in the presence and in the absence of other elec-
trolytes; the theory is based on the electric field resulting from the
variation in diffusion constant among the various ions present. 4n
apperent deviation from the Debye exponential law is pointed out in some

published data on the behavior of electrolytes in the Clusius column.

Introduction
An espparent anomaly in the thermal diffusion of electrolytes was

reported by Gillespie and Breck' and by Hirote®

in 1941, In experiments
with the Clusius column’ these workers found that one** of a mixture of
two electrolytes was transported into the upper reservoir, contrary to

its behavior when it was the only solute; the other electrolyte of the
mixture was transported as usual into the lower reservoir, but to a greater
extent than when it was the only solute. Prior to this work no instances
of the thermal diffusion of an electrolyte against the temperature gradient

hed been recorded in the literature.

* This section of the thesis is Contribution No. 1222 from the Gates
and Crellin Leboratories of Chemistry and will be published in the Journal
of Chemical Physics for February 1949.

*%  In these experiments the two electrolytes have a common ion.
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A similar but less striking effect has long been known to occur in
the ordinary diffusion of mixtures of electroly"ceeé s the more mobile of
two mixed electrolytes diffuses more rapidly, the less mobile more slowly,
than each diffuses alone. Vinograd and McBaixP accounted for the effect
quentitatively in terms of an electrostatic field set up by the diffusion
of ions of different mobilities. It occurred to one of us (G.G.) that the
results of Gillespie and Breck and of Hirote could be similé.rly éxplained.
We present herewith epproximate treatments of the behavior of the mixed
electrolytes in the pure Soret effect and in the Clusius columnj the

analysis accounts approximately for the anomalies referred to above.

The Soret Effect = Thermal diffusion without convection.
Let the thermal gradient lie along the x axis. At the steady state
the flux £; of the i'th ionic species across any plane in the solution:

normal to x will vanish, i.eo

£y = - Didci/dx - D:{c'idT/dx + %iuiciE = O (1)

vwhere P-i is the ordinery diffusion coefficient, Q_:'L is the thermal diffusion
coefficient, Sy is the concentration in equivalerfc.s per unit volume, uy is
the equivalent mobility, /i is the sign of the ionic charge, and E is the
local field postulated to arise from the difference in ionic mobilities.
Let us substitute _13_@._1 = _ifgi, where F is the Faraday; multiply Equation

(1) by /i/gi, and sum over 2ll ionse. Applying the approximate neutrality

condition % </fde./dx = O we obtain

(EF/RT)Y e, = (dT/dx) F =4 Di/D; (2)

‘and



D T

dlnecy _ ( D . 2/; 224eyDI/D; ar -
dx Di Zci ' dx .

For non-electrolytes the Soret coefficient ( is equal to the ratio
-D'/D. We shall call this ratio for individual ions the intrinsic Soret
coefficient (" ;. The observed Soret coefficient ( N for an ion in an

electrolyte is therefore
(d In e /ax)(dx/ar) = O, = (%= 2i720e; ¥/Tey  (4)
For a single electrolyte AX this becomes
Cpxg = 0a = 0x = O+ Tg) (5)

For a mixture of electrolytes AX and BX

Tp = Cpg+ [og/ley + eg)( Ty = Tgp)

~ . (6)
g = Tpg + E’A/("A"’ °B)7(Cr3x - 0! :

Equations (6) predict effects of the type observed by Gillespie and
Breck and by Hirota.. The electrolyte which has the higher Soret coefficient
alone will have an enhanced Soret coefficient in the mixture; that with the
lower Soret coefficient alone will have a diminished coefficient in the
mixture and may even have the sign of its coefficient reversed if the l
difference betireen @ X and G;x is sufficiently great. Unfortunately no

data are available for a direct test of these equations.

Thermal Diffusion with Convection

In the Clusius column a thermal gradient is maintained between two

parallel vertical walls set close together; a convection current is thereby
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superimposed on the thermal diffusion-current and the solute diffusing to
the cold wall is carried to the bottom of the column snd concentrated
theree.

Let the vertical coordinate be y with origin at the bottom of the
columh of height he Let the temperature gradient be parallel to the
coordinate x with oriéin mid-wey between the walls, separated by a dis-
tance 2a.

A material balance for an element of volume of height dy end unit
width extending normal to the y axis fromx = O to X = a leads at

the steady state to
a
- D3%; /% = DI JT/ox + ViDiciFEx/RT - j;vy(x)l}"ci(x)/?y] ix = 0 (7)

vwhere !'y is the vertical component of the convection current and all con-
centrations unless otherwise specified refer to the values at x = O,
Effects of diffusion arising from D Jdc/dy have been neglected as small
compared to _w_r_y& ey

Since Jefy is not likely to very markedly with x, we may to a good
approximation replace the integral in (7) with a Ey&g/ax vhere Ey is the
meen velocity of the convection current between x = 0 and g

The field E may be evaluated as before in any one of several ways;.
the accuracy e.nd convenience of the result depends on which of the terms
is eliminated in the summation. We choose to eliminate 27/16’ gi/@ ¥

and obtain

FE Z%Di&ciﬁ x + @T/9x)2 </Dley
. 3 — (8)
RT Dijey

whence



- 2/sDse; 2 2/;D%; /9%
av. &c /O’)y = - D.&c./&x = -—-—j-'—-i-;-—n-'—-——.i_j_'._._i___.
y i Gt _ - D Dseq

(9)
9t e </;Dyey 3 </;Dles _
Ix | 172 2.Dgey

A consideration of the divergence of the flux in a volume element of
cross-section dydx at x = O indicates that Jg,/9x et x = O is small. To
a fair approximation we mey set (&g{@gg) equal to Ye, 0 i_gr_/g_g for all ions,
vhere Y is a-constent lying betﬁeen zéro and unity and ¢ 5 is defined by
Equation (4)e. This reletion has been shown by de Groot® to hold 2pprox-
imately in 'ﬁhe thermal diffusion of non-electrolytes in the Cliisius columne
Substitution of this approximation in (9) by means of Equation (3) leads

to

o 10
3y o - (10)

y

deg = (1- p)ar/dx v/;Dyoq 224D oy
D'c P T SR
H 20505

Equation (10) can be integrated for the case of a single electrolyte,
AX, if the dependénce on f‘ of the mobilities, thermal diffusion coeffie
cients and average convection velocity can be neglected. Application of”
h
the conservation condition [ ccdy = he , where ¢ is the initial con-
centration of electrolyte, then leads to

- . . | %5 - DAug + Dgu,
RAX In ( b/ct?AX (——-E-;-E)AX KAXh <W ) (11)

where R is called the enrichment.. The quantities ¢, and g, are respectively

» The dependence on y either may be explicit or may be implicit through
dependence on Ce.
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the concentrations at the bottom and top of the column; _IgAx is a constant
vwhose megnitude depends on the dimensions of the apparatus and on the
density, thermal expansion coefficient, and viscosity of the solutions
In the integration of Equation (10) for a mixture of two electrolytes,
AX and BX, it is convenient to substitute Sx = &, + Sy, and to substitute
for the expressions in u,D} in terms of the quantities R} R' _13&/;213

=1
Equation (10) becomes for this case

dy h

_9%a _ 4 ? (uyhigRixey + [(uptug) (ugbugREx - “A(us*'“x)ﬁsﬂ"a/ux -
' (uA+ux)c 4 + (ug+uy)ep

A similer expression for d¢ /&x is obtained by interchanging the subecrlpts
é and _B_o
These expressions can be integrated approximetely if the fraction in

curly brackets is assumed to be constant, giving

[Cuptug)RixJen + [(uybuy)(uptug Ry = uyugsug )Ry ] ep/fuy
A’. (uA-l-ux)OA + (uBmX)cB v

(13)

end the corresponding expression for _133. ¥hen the enrichments are great”
enough to invalidete this approximation; en-exact integration may be made..
Variables may be separated in terms of the parameter V. = g,/c
Integration of dv/dy end QQB/Q yields

Y +Ve X (up=ug) In (1 47V)
h (uptug ) (ugtug ) (Rjx-Rix)

+ux InV

and (14)

i e, = LACER)REy = up(uye Rl | 1n(14T) + A Sl
’ ‘ “ (uy+uy ) (uptuy ) (Rjx-Riy)
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vwhere X, and k are integration constante determined by the ratio and ab-
solute magrﬁ.‘bddea of the initial concentrations respectively. The limits
of inteégration .xt‘and xb are determined by the relation I -y = he

In obtaining Equetion (12) from Equation (11) it has been assumed
that the quantities u and D! fé:r each"ion are éonéte’.nt.. This assumption
is justified even e.pproximaﬁely only if the solutions of _.{X;_’, _ng, and of
the mixture have the same ionic strength.. Fortunately, this requirement”
ie met in the experiments of Hirotas For dealing with more complicated
situations such as are presented bﬁr the experiments of Gillespie and Breck
e more complex equation corresponding to Equation (12) cen be obtained in
vhich the values u and D' corresponding to the different ionic strengths:
enter specifically.. The ‘va.ria'tiona in mobilities with ionic strength can
be predicted fairly well, but no adequate theory appears to be available

for the prediction of variations in D'.

dpplication to Experiment

The experimental enrichments obtained by the authors cited are com-
pared in Table I with the values predicted by means of Equations (13,14)
with substitution of the concentrations corresponding to the initial com-
position of the solutions, of mobilities corresponding to infinite dilu=
tion,and of a temperature midway between those of the hot and cold walls
and of B‘AK = gAx and _Béx = géx. Ve have presented the resulte of the
approximé:he integration, Eqda:bion (13), for all of the experiments. The
more exact integration, Equation (14); .was computed only for the experi-
ments of Gillespie and Breck, in'.'»miéh the enrichments were large. In
this computation gm was assumed equal to X,.; this may be only a rough

approximetion.
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In the data presented by Gillespié¢ and Breck, _lg__g_b/_g_h does not equal
(Eb = ¢4)/¢, for single electrolytes; that is, the variation of concentra-
£ion witﬁ height is not purely exponential ias predicted by Equation (11).
This complication may contribute to the disagreement between these date
and the approximete theory presented here. It i not possible to choose
at this time between the substitution of 3§=2b/3t and (_e_:_b - gt)/gb for the
enrichment R. For the experiments of Gillespie and Breck we have made
calculations using both valuese It will be seen that the agreement is
mach better with Hirote's date, as is to be expected from the arguments
given aboves |

It also may be mentioned that the results obtained by Gillespis and
Breck and by Hirota can be accounted for by assuming that the enrichments
of the various ions are proportional to their corrected Soret coefficients
ee given by Equation (6).. The enrichments computed on the basis of this
assumption are given in‘Oolumn 3 of Table I; we are unsble to present a
detailed explanation for their excellent agreement with the experimental
results, although the result perhaps mey be e natural consequence of the
smell separations obtained together with good equilibration along the

temperature gradient.
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TABIE I | |
Enrichment
Solution Ion: ' gb/L;Jc ( E-b-c-b)/go Observer
Expte} Theory Soret*| Expt.| Theory
1 N HOL. mt,01” Te22 i Hirota**
1N NeCl | Na®,01 | 1.047
1§ MH,01 | M, 01| 1.010
05NHCLI | HY D134 | 1.43%C| 1432
0¢5 N NeGl | Na© 0.97 | 0s95%%| 0497
0.5 NHC1 | H 142 | 1.51%°|  1.34
0.5 N NH,C1| NH, 0689 | 0.88%°| 0.8
1N HO1 1,017 | 9.4 1460 Gillespie
" ] b 52 =
1N PeCl, | Fe 01| 2.30 0e23| - end °
1.N HO1 ol 39.. | 72.. ¥ 25, 1.90| 4.50%9°|  Breck
1 N FeCl, 2965 %94 2,748
bye b,c
204 3,01
36k el 2;74b’d
++
Fe 0692 | 0.40%0%| 0,48 | -0,10| -0.92%2°
0.55%4 ~0,52%4
0,553 ~0.59°2°
ol R
\ o

*  Enrichment assumed proportional to effective Soret coefficient’

%% All measurements by Hirota listed above were made after his column had
been running for two hourse The two-hour values did not differ greatly
from the-equilibrium velues in these cases for which both were obtained;
esges-for 1.N NaCl, 1'N NH;0l, and 1 N HC1 the equilibrium values were
respectively 1,048, 1,010, and 1,25 as compared to values of 1.047,
1,010, and 1:22 at two hourse

(a) UsingR = 1n(e,/c.) (¢) Approximate integration, Equation (13)

(b) UsingR = (gb - -‘-’-t)/-c-o (d) Exact integration, Equation (14)
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Appendix -

The Apparent Distribution of Solute in Gillespie and Breck's

Column

Evidence will now be presented which suggests that the concentration
of solute at the steady state in Gillespie and Breck's apparatus approxe
imetes more closely e linear dependence on the vertical coordinate than
the exponential dependence which was predicted by Debye7 and which also
follows from the treatment presented here..

Applying the conservetion condition to a column without reservoirs

as used by Gillespie and Breck we have for the exponential distribution,
¢ = u(x) exp (Xy) ;
the consequence (cb - ct)/c:é = 1n (cb/ct> (15)

where [ is the initial concentration.

For a linear distribution of concentration up the column,

¢ = ufx)(1+py)
' ‘ (16)
(c:b - °t)/°o = 2(cb/c_b - 1)/(°b/°'b + 1)

The experimental values of (2'6 -—gt)/go and gy /c;, both of which were
reported by Gillespie and Breck, are preéented in Table II together with
the values of g_b/g_t caleulated by means of Equations (15) and (16) from the:
experimental values of (gb - g;‘l_‘)/g0 « The results shown in Teble II indicate
that the distribution of solute 'up the column is certainly not exponential
and may be roughly linear..

Ve are unable to account for the apparently linear distribution; a



TABLE II
C. =G,
: 2 =t /e
Solution c b i
—o
and
Calculated
JTon~ Exptoe. Expte.
Linear Exponential
05 M Fe012 0622 1.29 1.25 1.25
++
05 M BaCl,)Ba Oolth 1.64 1.57 1.55°
+1MHOL JH 1,06 349 3,26 2.88
1 M HC1 1,60 94 9.0 4,95
1'M HC1 +
H 1.90 39 39 6469
+0.5 M Feelé
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function linear in y is not a valid solution:for the differential equation
vwhich applies-to a columm in which only laminar convection occurs. Possibly
in Gillespie and Breck's apparatus:g; varied eppreciably with y. It is
quite possible, also, 'Bh‘at the apparent agreement with a linear distribu-
tion is purely coincidental; indeed, some of their date appear to require
a-dependence of ¢ on y whose curvature is of the opposite sign from that!

of the:-exponential.
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A STUDY OF THE STRUCTURE OF SULFUR MONOCHLORIDE

'BY ELECTRON DIFFRACTION



A/STUDY OF THE STRUCTURE OF
SULFUR MONOCHLORIDE

BY ELECTRON DIFFRACTION

The-structure:-of sulfur monochloride,,sacla,,

controversy for mhny yearss. Chemists have-assigned either or both of ‘two:

hes- been & subject' of”

structures to this compounde In structure:I, whith will be:cslled the:
chain structure;.the two chlorine atoms are-bonded to different sulfur
atoms, while structure-II, which will be celled the pyremid structure;. is
annlogoussto thionyl chloride:in-that! both chlorine atoms are bonded to a

singlecsulfur atéms.

Gl\s~s\ cl\s—s
o1 o1~
1 II

(chain) (pyremid)

Interpretations of ‘the structurecof this compound by means of cheme
ical feactions appear-to becinceonclusive since:for either structure
reections can beccited vwhich seem to favor ite Aisurvey of the studies
of this structure by meny physical chemical methods,. ineliiding-Remam: |
spectra}‘,, dipole z:mnmenta, -magnetic: eueceptib'ility? s, ultra=violet sbsorp-
tion tepectraf'g,, exchenge-with radiocactive sulﬁuj s end edectron diffraction:
of?’ch‘es;-ggsé,“, showssthat the conclusions reeched do &’c} favor preponderently
one-structure or the other.. Although e:critical exemination of these
studiescis beyond the scope of this research,, it should bec pointed out
that some: of the investigastors:liave: showm merely that thdir observations
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are-consistent with the-only structure considered..

Since only the:interatomic:distences cen be determined by electron
diffrection of gases,.the location of the bonds must be-found indirectlye.
If the interatomic distances determine a-unique geemetric: configuration,.
there iscusually only one reasonsble assigmment of bonds.. However, the:
geometric: configuration of molecules having more than three atoms is not
elways uniquely described by the interatomic distances alone.. In the case-
of sulfur monochloride, the chain structure cen be distinguished unambige
uously only if thecOl e Cl distence:is greater than 2(8-01)sin: /0l-8-8
(approximatelky 4..15)-.. Hence; asdirect distinction between the chain (1)
and pyremid (II) structures rests on the determination of the C1 ee C1 ‘
distances.

Two previous studies: by electron diffrection  of sulfur mmfzoc'hlcr:i.d&6
have been reported.. Ackermanmn end Mayer were unsble to determine the-
Cl e+ Ol distance but assumed the chain (I) structure and reported the
following parameterss awverage (S-Cl1 = 1,98 2.,'. 8-8 = 2,04 X.) =
2400 ﬁ.» end 8 ;'i';"icl | 3,19 ﬁ*._ In a=more recent investigation based om:
a:greater range of observation, Pé;lmar reported a peak in his redial dis=-
tribution function corresponding to a:Cl °¢ Cl distance of 3.97 K?’. end
concluded that the molecule-hes the chain (I) structures In addition to
the-Cl ¢° Ol distance Palmer has reported ‘bhé following parameterss S-Cl =
.00 K. (esamed from801,), 8-8 = 2u05 ﬁs, (801, 58 = 2301 ),

8 es 01 = 3,18 2. (L..'CI-S-S = 105°), and the angle between the two

Cl=8-3 plemes & 97°.. However, he was unable-to confirm the reality of

the:0l ee C1 distence:by theccorrelation procedures. He:was unable:to

o
exclude -a:trans-configurationn(Cl e C1l = 4,97 Ai) end concluded thet
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& freely roteting model was possible.. It has been found7 subsequently
thattazradial distribution function of the type used by Palmer would be:
expected to show a spurious peak at approximately the distance reported
by Palmers. B"auer8 stated recently that he was almost unable to distinguish
between chain and pyramid structures by electron diffraction alone. This
conclusion has been confirmed in the present investigation over the range
of Palmer's observations Qg = 12 to q= 65),;where models which were egual—
ly acceptable-could be found based on either structure. Since Palmer, by
considering only the chain structure in his correlation treatment, did not
show that the pyramid structure was unacceptable, the reinvestigation of
this molecule was undertakens.

Materiale. The sulfur monochloride was prepared by the direct reactiom
of chlorine on sulfur. The crude product was distilled twice in vacuo in
an all glass system from liquid enriched in sulfur..

Apparatus and Methode.. Photographs were taken using the electron

2 An: all-glass heated nozzle

diffraction camera described by Brockway
built by Claessonlo wag-used and pictures were taken with nozzle tempera=
tures of 85°%C..and 250%.. The cemera (jet to film) distance was 10.95 cume
The electron wavelength as determined from Zn0O photbgraphsll was 0,0608 2.
About:thirty *UBéble pictures were obtained, and on some it is

possible to observe rings to the edge of the camera. The high and low
temperature pictures have no observable differences and all picturec are
indistinguishable in appearance from those: taken by Paimeer.. Ten rings
were observed and a total of thirty-three features were measured. The

meesured positions of maxima and minima are listed in Table I.. Visual

. . . . : 12
curves were drawn and radial distribution functions were calculated ..
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TABIE I

Observed and Calculated Maxime: end Minime:

Maxs . Min. . Observed Modell T q&/qo Wedght
1 48 4,80 1,07155 1
1. 6353 - 64955 1.0644 3
2> 9,00 8:85 0,9833 2
A 11,38 1Ye55. 1,0150 3
2> 1341 13430 0.9918 7
3 17430 1740 1.0063 9
33 2036 20,78 1,0206 5
4 23422 23440 1,0077 5
4 25581 25,60 009919 5
55 32459 32440 0e9942> 10
6 36629 36eH5 - 1,0044 10-
7 41,70 41,60 069976 7
17 45,955 43355 069909 7
8 51.48 51,68 1.0039 10
9 57«92 57498 1.0010 3y
10 60015 60,15 1.0000 55
10 62391 62465 09959 55
11 66 otk 66460 1,0016 10
11 70440 70.60. 1,0029 10
12° T2:94 7318 1.01155 55
122 75310 76430 1.0160 4
13- 11655 78420 1,0073 4
13- 81458 81.90 1.0039 7
14 86+22 87478 0.9948 &
14 ' 88,03 89+65 1.0184 3
155 90,69 91,80 1.01057 3
155 92360 9330 1,0076- P2
16 9566 9728 1.0169 3

average qc/% = 1,0028

average ~devietion = 00,0087
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Interpretation:.of 'the radial distribution function led to satisfactory
ﬁrodel’s's The best model and limits of error were found by the correlation
method using theoretical curves calculated by means of the reduced inten=

sity fimnection:

qi(q) = Z:% (zi?f/’f:ﬁj)' eé.n~zrijq:_ g
. i g . ' s :
(1)
q: & 10sff = 4O/\ edm g/ o -

The -Visual Ourvee. Curve -V in'Figurec 1 represemts- the interpretatiom
of?thé visual eppearence of the.photographs. Theoretical curves were used
as a-guide in estimating the relative-height of the central maximum end
depth of the first minimum since a-large error was made in the original
estimate of these features. However,.it is believed that the drawing of
the visual curve has not been unduly influenced by cedculated curves; adll
that is essential in the visued curveccorresponds faithfully to originell
judgments and measurementse.

Results.. It is-expected that the:8-01;, 8-S, and S*+Cl distances
should not be greatly different:in the two (chain:end pyramid) structures
end that acdecision between the structures would be most cleafly indicated
by the determination.of the=CleeCl distance. The radial distribution-
function(RD in Figure 1) shows two strong neerly symmetricel pesks at:
2303 :-ﬁ;. and 3522 za;»b‘u‘h‘vthere is-no festure vwhic¢h can be identified def=-
initely as the 012;01..dietancez. There is a- low,,very broad peak which
might ‘be-interpreted as a long (about 4.2«) distance with'a large tempe
erature=factore. However, .this ?gak mey be‘oépur.icua since its height is
of “the order of magnitude-of the uncertainty in the base line. Since the:

relative areas of isolated peaks are sometimes in error by as much as &
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TABLE II

Parameters of Models Calculated

Moded 801 S8 See01. CleeC1
A 2:05-% 2:05 &a 3,220 Ko —_
B 2304 2304 30205 e
c. 23022 23022 32235 ..._
D 1,99 2311 5220. __..
E. 2300 23122 5502055 B
F 1.98 2310 32235 —
& 2207 1,95 F220 -—---
H 2308 1.96 %2055 —
I 2306 1.94" 33235 —_—
R 203 2203 2220 free: rotatiom
P 2303 2305 %2220 Fe22?
400 23033 2303 3,220 4,00
420 2303 2303 %220 4,20
440 2303~ 2303 34220 440
498 2303 - 230% %220 4,98
T 230055 23065 3e222° 4520 with-
temperature:

factor exp(-es®),.
a8 0.0034
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factor of ‘two,.emalternativecinterpretation is that the Clee0l is inecluded
wiﬁhinth‘eei%az%x;. peake.. It.was:-concluded on:the:basis:-of the radial dis=
'bribuhionztfunc.tion:'bh‘e:b:f.he ‘Cle<Cl distance may be: approximately either-
ko 15;33:;. or Fe22 2., but: e definite: decision could not be: medes.

Theoretical curves were calculated for three sebs: ofmodeéle,with" the:
distances listed in TeblecITe. In-all sets the S'-Ci, 3+8,, end gee01 dise
tances imithe entred model: were::ﬂ%ﬁ}f&k,, 2’.03;'2’.,', and 3222 2’.. respectivedye.
No fogclltémr,we;a'eimluded in-ons=set,. represented by models A to G i
Figt;reé]éi‘- The :paremeters:for the members of this set are: plotted on: the:
map innFigurec23. These:curves are-practicedly indistinguishable from models:
innwhich the two chlorine atoms are:-rotating freely around the:S5-8 bond,, as
represented by FRe. Alternatively,.at:large- eqhey represent structures
innvhichithe:Cles0l.distance has a large temperature factor. A second
set was calculated in which the CleeCl distance weas veried around 3.22 i';;
model P is typical of this group end represents either a pyramid structure:
or aschainnstructure -with nearly cis configurations. These two sets of”
models are-practically 1ndistinguiéh‘ab1"e in~visual appeerance.. Both
sets are:qualitatively inigood agreement with the visuel curve beyond
gqo~ 155 and the average deviations of the ratio of the calculated to
the observed positionrof’features in this range are of the order of one
percent for models in both sets although the deviations in the second set:
ere slightly smailer. However, in the region g~ 15 both sets are:unsatis
isfaectory in appearance and in the positions of the measured features..

In the third set, models 400, 420, and 440, the CleeGl: distance was varied
around 4.20 2&.\ corresponding to chain structiures. This set: of models

gives much better agreement in the region of the first minimum than-either-
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of "the other two sets and is quite satisfactory out-.to about ge® 5De One
other model has been calculated; 498 is aachainnatructure;withAthe'ggggg
configurations. Itiis unsatisfactorye.

It is concluded that the ClesGli distance is aboutt4§212$.anﬂ has &
large-temperature :factors. Comparison-of models 400,. 420,, and 440 (illus--
trated innFigure 1. out to gqt—ie) and models-Aito I (H-and I not shown)
with the visual curve-V’ showscthat the:long term makes no significemt’ con-
tribution beyond guv 50e. Hence,.the parameters:5=Cl, S5-5, and Se<0l can.
bbvdetefminad nearly independently of"the-CleeC1 distance by correlatiom
of “the theoretical curves beyond g5~/59fwﬂth the visual curve and the:
measured maxima and minime.. Thecvisual appearance of model Aiis the most
satisfactorys. Models«C and D are-sdightly better than E and I which are
justiacceptable. Models Bj.F,,G;.emd H cemnot:be accepted.. The average:
deviations of the quantitative comparisons rule out models B and H while:-
models E, .Gy and I ere barely acceptable.. The:-best values and the limite
of error of the:shape parsmeters are (1) for the ratio of the average
length of the 8=C1 and S<8 bondssto theAS‘°Cl.diatance; 1.590 4 0015
= 06020 and (2) for the ratio of the length of the 8-8 distance to the
8=C1 bond léngth,:l.Oif # 004 = 0,09.. The limits of error are intere
dependent and are plotted onnthe parameter mep in Figure-2%. The- distences™
corresponding to the range of acceptable model. shapes as defined by these:
ratios are found to be (8+854-228:01)/3 = 23028 + 005 KX, S0l =
2#01 4 0s09 = 0,06 'fil}x;.,s;-Si‘ = 2“;07 # 0,08 = 0,15 KX,.emd SeeCl. =

33224 4 0,03 KXs. The S8=8:C1 angle 1s:104.5 45 = 2%.

» The essigned’ limits of error include the-uncertainty innthe detere
minetion of ‘the:sizes.
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The-theoretical scattering:function:out to ¢ =38 is:practically ine
sensitive to changes inﬁthe:S-OI;ssQS,,ande‘QOILdistances in: the: range of"
acceptahle-models; consequently, the-long distence-can be: determined in-
this ramge-by varying thecClseCliterm:alone around a-central model (such
as d).. Sincecthere are relatively few observations in:this remgey. this
disténcetcamnot1becdetermined with the usual precisioms. Model 420 is the
besttof those calculated,.and 400 is fairly accepteble, bubt 440 seems-to
be just beyond acceptability both innappearsnce and in the locationof’
featuress. It is concluded that the best value of the:CleeCl. distance-is
41551 with ac1limit of ’error off ebout: 0e27kXe. The:angle-between thes
S8«8-01 planes is8:92 + 129,.

It is estimated that the temper&ture?facibr,,exp(-aa?3, reducess thes
contribution of ‘the long-term by 506 st g 453 fies. e & 0s0034s. Model. T,
whose parameters are neer to the:best values,.hés been calculated using-
this temperature:factor end 'is shown in Figure:=1,. THe-caleumlated positions
of maxinme endiminime-for this model are given in Table:-I along with the:
ratios géai&;lgébé; end their averagecdeviations.

Discuesions. The distances found in-this molecule will Fit- only &
ehhinﬁs&ructurea. This result rests onmnthe finding of a-relatively long
(> 43.3;) CleeCl distances. The definite conclusion that the molecule has:
aalcngipiioclidistance:depends largely on measurements and interpretetions
inside the firstimsjor ringe.. Although such observations are less reliable:
innthis region than-between —__q_,c;-n.zo to g.m-60,, thecevidence is more than:
sufficient to meke a-definite decisiome. The first major minimum is shallow,,
quite flat, end broade.. It:is certain that 14 is unusually weak and does

not.lie on:the outside, although it is possible that it lies at' the:bottom..
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The:first ring is broader than 3t or 5%, rounded,and of moderate height
with ezvery week hump, A7 ;. on: the:insides. Both 11 and A4 are drewm
with slight exaggerationnin-the visual curves Only models 400,. 420,, and
440 show all these=featuress In-both models P and FR,. 1?1 liee on the: out-
sidecof the:minimmm, .A? dves-mot eppeer, and 24 is nearly as sharp as
34 and 54 %. Inradditiony; 14 in model P is much too stronge. Quantitative
comparisons lead t6 the same conclusions; the calculated govalues of 1 s
17 ,.end’2¥ £or both P and FR are-all too large, and the deviations are:
larger and in a-different direction thancusually experienced in: this regione.
Further,.the presence of a:long distance significantly improves the appear=
ance-andipositionnof 41 amd 47T .. Model 498 deserves some attention; since
Palmer was unable to distinguish a:trans model such as this from a staggered
model similar -to 400.. It appears thatiaamodel could be found which would
be-acceptable in-the rahgefof Paﬂmar'srobeervaiione.(g = 12°to 333'65).
However, ,this model is excluded by both the qualitative appearance offand
the quentitative-comparisons in the first'major minimume.

Only two comparisons between the best model found in the present re-
search and the:model favored by Palmer have any meaninge. One difference-
appears serious; the size of the molecule found here is ebout one and ones
half percent larger than that reported by Palmer.. No explanation of this:
discrepancy is offered at this time.. The other significent comparison,
that between the SJ.Cl/_g@fﬁf:;i:ilratiOSG(Palmer,p1;53; here,.1,59) is-
well within thée limfits of errore. Since thbaranggfof?observationziﬁ:thes
present study is nearly twice as large,.the latter value is probably
more ascurates

It is evident now that the CleeCl.distence reported by Palmer was
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not founded on his experiment. It is indeed fortuitous that his value-
is within the present limits of errore.

The best ‘model reported in this study is not necessarily the most
probable since the:S-S/8«C1 ratio may be-varied over rather wide: limitse.
Any estimate of this ratio based onS-S and S-Cl distances found in other
molecules must wait until the uncertainty in the size:parameter has been
cleared upe-

Smyth _ej"::g.@g.a ‘have proposed that sulfur monochloride is e mixture of”
the chain and pyramid structuress.. It appears in the present research that:
thestaggered chain is et least ’ch‘e-;«predominaht‘structure if not the only.
onee. In order to be:compatible with the diffraction data the fraction of
molecules having this configuration must be:three~quarters or greaters..

Summary.. The structure of sulfur monochloride has been r;ad“e‘bermined‘
by elecfion- :.diffrac‘bion.'

Sulfur monochloride has:-en exténded or chain structure;, 01— 8§—8—C1,
in~which the:chlorine atoms are:staggered.. The following distances and
parameters were foundt (Se874 228-01)/3 7 = 23028 + Q.05 KX, §:01 =
2301 4 0,09 = 0,06 KX, 88 = 207 4 0,08 = O,15KX, §*e01 =
35224 + 0.033KX, Ci?f-cl_ = 4,15 + 0.2°kX, end /8-S-C1l = 10k.5:¢ 3
- 29,. The angle betieen the 8-8-C1 planes is 920 * 12° as-measured from
the cis configurations

Th‘e results have been compared with earlier determinationsé‘., &

discrepancy in-the size:zof the molecule has been noteda.
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PART IV

A’'STUDY OF FACTORS IN THE DESIGN

AND USE OF AN ELECTRON DIFFRACTION CAMERA'
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ABSTRACT™

The-theoretical expression for the gmgular distribution of”electrons:
scatlered by gases camnot be recorded exactly by a camera of finite dimene
sionse.. Alterations in:the function arise from two causes,.first,, uncertaine
tieszare introduced into the scattering angle, and second, the uncertainty
in-the nmeasurement-of the number of electrons is less than the function
only in a finite range.. The alterations produced by these effects place
conflicting demends upon the designer of an electronddiffraction camerae

In this study a theory of the effect of the uncertainties on: the-
determination of ‘interatomic distences in-gaseous: molecules is developed
by means of Fourier transformse. &n expression-is obteined which it is
hoped will enable-the designer to make thée best compromise among the-
uncertaintiese.

The magnitude of the angular uncertainties: due to the: camera dimens
sions, lens parameters,.lens aberrations, stability of the power supply,.
and cathode temperature are given.

Multiple scettering is described in the language of Fourier trange
forms-and an epproximate interpretation is given.

The requirements for em electrical recording system in a partially

idealized camera drediscussede.
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A'STUDY OF FACTORS IN THE DESIGN

~ AND USE OF AN ELECTRON DIFFRAOTION CAMERA
INTRODUCTION

Innthe design of an instrument & number of compromises must be made
among conflicting 'bheoretica.l and practical considerations. Thus, it is
necessary to o'b'bainrinﬁorma‘bion,. both theoretical and empirical, about the
operation of all the important elements of the apparatus. When all this
material is collected along with practical informetion, the performance
of the instrument is amalyzed with respect to the factors involved in the
desigzn and the required compromeses reeched. The procedure of design
carried to this point defines the scope of theoretical instirument design.-
The results of theoretical design must be interpreted with some caution,
although if all the elements have been treated adequately, the analysis
will describe the actual performence.. Often, however, a theoretical design-
describes a partially idealized instrument and indicates the limits of
realizable performance.. The discussion of the design of an electron dif-
fractioncamera presented here is limited to theoretical designs The
results obtained in this analysis arecpractical in part and ideal in part..

The theory of the diffraction of electrons has been worked out in des
tail several times. Since this material has been collected and reviewed

elsewherell, only the final resultssneed be given here.. The caiplete ex-

pression for the diffraction of fast electrons by gas molecules is

®(p) aw = w3, () aw (1a)
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wheres Q(P)d«’ is the flux of electrons scattered into the solid emgle-d ),

P is the angle between the paths of the scattered electrons
and'the-incident electrons,
N is-the number of molecules in the electron beam,
iz the flux of electrons in the incident beam crossing
unit area,
and 4 (2) is-the angular distribution of the scattered electrons and
is called the scattering intensity functions It may be

divided into three parts.

L) = d(s) = Qs) & L(8) « L(s) (1b)

: atomiec: molecular incoherent: ,

where & = ©BX o <, ' (1c)

8Te- ¥ i

- o sin':ri 8¢ _é 2 ;

&mal. = K2§ j%:i FiF‘j_,-—-;i—.j—;;— exp(-griﬁ a~/2-> W (ld)

&im. = Kz?isi/ah (10)
innwhich X = 8 Trzgeg/hzz m and e-are the electronic:omaes and charge

respectively and'h is Planck's-constant;

FP = (2-¢) i/s%g , atomic:scattering form factor for electrons;

L T
i

4Tf{ ]W(r),a [(ainr:ra)/re] rzét , eatomic¢:seattering
 factor for xerays, ¥ (r) is the atomic: wave
functions
sc = 47 (sinn@/2)/N ., where A is the DeBroglie wavelength
| of the electrons;

r.. = distence between the ith: and jth atoms in the molecules;

or = mean square of the change due to thermal vibration in:the:

distence g_i 3 3
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83: = inelasticcscattering function: o
Corresponding expressions can be written for the diffraction of electrons
by eryetals, films, liquids and emorphorous solids. Tliese expressions are

similar to the x-ray diffractionrequationes for corresponding media in which

aefi( (1 + cos®@)/2 is replaced by 2(2 = fi)/a.Hsz’ where & and & are:
the-"radii" of the electron and the hydrogqn::a‘l:.cm..

‘Electfon diffraction is a useful tool in-structural chemistry,.partic-
ularly in-the determination of the structure of molecules in-the gaseous
state.. Inspection of Equation (1) will show that,.in theory, all of the
interatomic distances in a molecu-ie can be found; hence, the structure,
i.e..the positions of the atoms in-space, cen be determined up to certain-
embiguities. In practice, accordingly, the performence of an electron
diffraction cemera is judged by its ability to detect and measure accu-
rately all the interatomic distances in the molecules investigated.. The
performence may betier be discussed in terms of the detail,, renge, and
sccuracy of the measurements of the scettering function which can be made
with the camera. If the observed date do not contain sufficient detail,
long interatomic distances will be missed. The ability to recognize and
separate the different distances increases with the range of the scatter-
ing parameter 8 over whi¢h the function is measured. Since the scattering
decreases rapidly with s, the range of observation is limited usually by
the absolute error of the measurements; and of course, these errors limit
the reliability of the detection of weak terms in Equation (1). The
absolute error or its effect can be reduced by increasing either the sen-

sitivity of the observations or the magnitude of the observed function.

» This function hag been tabulated for the incoherent scattering of
atoms by L. Bewilogua2.
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The principle of the electron diffraction.camera is relatively simple.
The cemera performs three functionas The generation of high-velocity
electrons; the introduction of the diffracting material into the electron:
beéﬁm; and the recording of 'data from-which Equation:(1l) cen be obtained..
Inspection of this equation shows that the camera must measure the wave-
length of the electrons,, the scattering angle, and the number of electrons
scattered at'each angle. The wavelength of the electrons is related to
the velocity by the DeBroglie equation and can be selected by control of
the velocity, .the kinetic energy,or the momenta:of the electronse. The
seaﬁtering angle cen be found by gecmetry.. In the camera introduced by
W:i.'e:z'l5 s the angle is determined from three pointss the eleciron:scurce,.
the diffresction center, and a point on the recording surface.. The angle
may be found by other geometricel arrangements such as two points along:
the scattered beam when the incident electrons form a parallel beam of
known-directione.. The scattered electrons cen be measured either as a
current or as a charge or by their effect on a photographic emulsione
Thus, .the elements of the electron-diffraction camera are e source of
high velocity electrons, a collimetor to control the divergence of the
electron beam or the cross—section of the diffraction zone, a diffraction
zone, and a recording device.

High velocity electrons are ususlly obtained by electrostatic accel-
eration of low energy electronse The kinetic energy of the electrons cam:
by determined from the accelerating potential and the initial energy of
the electrons. There will be an uncerteinty in the energy (and the wave-
length) corresponding to the distribution of the initial electron:veloce

ities - which is finite for all electron sources.. The uncertainty of the
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electron:energies of practical sources is usually small enough’that a-
velocity selector is umnecessary.

Since the geometric points and lines (or planes) required for the
exact determination of the scattering angle camnot be realized in prace
tice; there will be uncertainties in the measurement of the angle. Thec
observed data will be a sum of over-lapping theoretical functions and
the fine details or:-resolving power of the data may be losts The un=
certainty of angle will be introduced by the size of the source, the
divergence of the collimator,,the thickness of the diffraction zone, and
the resolving power of the recording device.

However, vhen the size of the source approaches a point and the diver-
gence of the beam approaches zero, the number of electronas in the incident
beam-approaches zero, . the intensity per area:per solid angle having a-
natural upper limite.. Furthermore,. as the volume of the intersection of
the -beam and the scattering materiel approaches a point, the probability
of secattering becomes negligible if the density of scattering material is
noticorrespondingly increased.. Thus, all the elemenits must have finite
dimensions if the experiment is to be performed in a practical length of
time.. Since the relative effect of the absolutecerror of measurement of
the number of elecirons is decreased when more scattered electrons are
observed, a compromise should he made between resolving power and intene
sity.

The conflict between resolving power and intensity arises in the
experimental use of the camera as well as its designe If the number of
molecules in the diffraction region is large,some electrons will be scat-

téred more-then once; on the other hand vwhen the number is small the
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probability of scattering is slight. A discussion of multiple scattering:
is necessary in the final analysis of the performance of an electron .

diffraction cameras

PERFORMANCE

Ittbecame evident in the introductory discussion thaet the theoretical
scattering function cannot be reproduced exactly in.eny cameras. Since thec
primary function of nearly all electron diffractionexperiments is the
determination of the structure of molecules, the performence of an electron
diffraction camera is evaluated from the detectability, separability, and:
accuracy of measurement of the interatomic distence terms in the recorded
scabtering function. However, all these qualities are not expressed ex-
plicitly in the observed scattering functione.. 8ince the Fourier transform
of a scattering function is related to the distribution of interatomic
distances, it is reasonable to expect that the detectability and separ-
ability will be recognized easily in the transform of the altered scatter-
ing function; and indeed, it will be shown later that this conjecture is

true..
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The Fourier transférm F(r) of the function £(8) is defined by the

integral
d GO
F(r) = 1VET [ £(s) exp(irs)as
(< -
and is connected to the sine and cosine transforms

F (r) s N2 ff(s) sin(rs)ds = -i/a[F('r) - F(-r)]
end F (r) = 1/{—ff(s) coa(rs)ds s 172 [F(r) + F(-r):]

by the relations : Fo(r) + iF (r) *
Rr) =4 ¢ ) omp 1 tan"(p JF, )j
" \F(r)' exp [iﬂ(r)] o

Since the transform-of a sum is the sum of the transforms of the parts,

each interatomic distance term can be treated separately.. The transform
of a~term in the theoretical scattering function or some modification of
it, such as the visual intensity fumction (theoretical), represents the
ideal of performance. When this transform is compared with that which is
obtained from a correspondingly modified observed diffraction pattern,
the performence may be estimated from the dissimilarity.

The cemere alters the theoretical scattering function in-two wayse.
First, an indeterminacy is introduced into the observation of the scatter-
ing eangle. Second, the intensity of scattering is modified by a factér
vhich is a function of the scattering angle; in particular,.the patterm

is recorded only in a finite range..

* Some other properties of Fourier transforms which will be used are:
1) The inverse trensform ia £(s) = IANZT /o F(r) exp(-irs)dr.

2) The transform of en even,.real function is even and real..

3) The transform of an odd, real function i odd and imaginary.
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Indeterminacy of the scattering angle. If there are uncertainties in
observing the scattering angle,.the obeerved scattering function will con-
sist of superimposed theoretical functions. OConsider that:the theoretical

function, & (8), is defined by the equation-
Q) = [R6)8 -t)ee . (3)

The unit impulse or S function, . S (s = t), is a singular and an improper:
function having the value zero vhen s ¥ t. and presenting & unit areas.
Due to an uncerteinty in-s (or @) each unit impulse is spread out into a
function~which still presenﬁa a-unit aree-but is no longer improper.. Such"
functions will be-called spreading functions and will be designated by

gle = t;.t)e. Thus,.the observed function will be
Qo = [ Q) ghoem b5 020, (#)

the folding of cQ with ge. (Polding is a commutative operation.) When e
second uncerteinty is iﬁ:bro&uaed, °Qo is folded with the second‘spreadingc;
functiony gs(so= t; t), and similarly for all the other uncertainties.

The apréading Mc‘bions mey be classified according to the form of
the variable (s = t,.t).. Two classes are sufficient to discuss approx-
imately the spreading functions encountered in e camera designs

Class I spreading functions.. If the spreading function has a

width parameter which is independent of the scatiering angle, it may be-
written as g('s = t)o. In treatises on Fourier transforms, it will be

found that the transform of

q[:zlftﬁofz(s:- t)dt

s o, ] (5)
is- Flﬁr)°Fé(t3 s
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vhere F (r) is the tramsform of f. (a). Hence; ,the transform of

(ef) &(t) (s:m t)dt
/ S 6)

PR ,,86@ = D) = ﬂ(r?]Gi(r?’ e )] ,

where a&(r), viaich is real, is the transform of CQ(a), and G%(r.),:which
may ber:zccmélex*,hie the-transform of gi;(s«).. Succeés:ive-applicaﬁion;--ofi

Equation (6) for each independent apreadihg function gives

Gtx(r) = Gi 132,554 (r) s GI 1(1'3 2_(_1‘?6} 5_(:-?-......
(7
- Ul"ﬁ(rf)l =il s - |

Class II spreading functioms If the width of the spreading
functionnis -proportional to the scattering parameter s, the observed

scattering function will be:
&o(s) :A& ogII(’q;ﬁ)dtJ o (8)

It is shown-in Appen&ix I that the transform of this integral is-

L (r) == / & (&)e Gh(rt) exp(irt)dt (9)
= fw 'O___Q)_.g (P..._)dp b (10)

That-is to say,.the trensform of a spreading function:of Class II folded
with the theoretical scattering function:is a kind of folding of B with:
thectheoreticel distribution functions. When there are more-than one-

spreading function-of this class, Equation(9) becomes

*  THe spreading functions are positive (and reel) for all values of .
Therefore, ,they always conbain an-even component vhose transform: is real

end may contain an-odd component whose trensform iz imaginary.
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,{90(,) = /; D ‘t’_}o&_fén(‘rt? exg(_irtt?dt‘ ; (11?

where th(rt) = G({Srb)Gié(rt)GB(rt)a... ,; &nd the-transform: willl be:

L () = /. -’%#~QII(E§i)dp::.: ) (12)

where ggry i8 the:transform: of G%If. :

The:form of the spreading functions. Even:when:the exact form
of all the ‘epread-ing'_ ﬁmotiana and their 'brénsfo’me are known; it is
practical to meke a limited number of approximetionse.. In the problem at
hiand two approximations selected for their simplicity of form and inter-
pretationnappear to becadequates

dpproximation: Te. The-unit impulse is spreed into a
Gaussian error distributiomn

g(x) = (Lu'ET) explafyomt®)

B g - (13)

whose-trensférm:is  Gi(y) = (1/42T) exp(=wt?y?/2) -
Here-w! is the standard (quadratic mean) deviation-of the distributiom

and the products-in-Equations (7) and ( il) are simply
2 2 i i
Gt'].(y} = (N2T) ea:pp-(w'.i '-~--w'§7- w'§ - -...}y /2 ..(14?

dpproximetion .. The-unit impulse is spread uniformily
and aymtricaiiy over the interval 2w

1/2w+, wvhen- |x| \< W

gg(=) = { (15)

0 ,. vhen |=x| Yw

and the transform-is G-a(y) = (N2 1) (ein wy)/wy o



The:meening of the half-width w is evident, but unfortunately, the trans-
form: G5 does-not lend itself to convenient application of Equations (7)
end (11)e Equations (15) may be approximasted by Equations (13) if w' équala

the standard devistion.of g, which is w! = w/3 .. That is, |

g (x) ~ [W3/2T)/m) exp(=322/2v)

2 , __ (152)
G(y) = QNET) exp(?/6) i
and Gta(y) =~ (iNem) exp[_:-(wu_ztal-—wg '4-»w§ ....?ya/ég (16)

Within the range that the epproximate transform is used,. the maximum error
isc about-3% when only one-spreading function is dominente. When several
spreading functions,.vwhose half-widthe: are-approximately equal, dominate,
the error decreases rapidlye.

The-uncertainty of s-may be-due either to e distribution of the edectrom
energies: or to en-indeterminacy in the goemetry of measuring the scattering
angles. If the electron energies are spread from eE = oAE to eE + eAE,

where eE 1s-the potential through which the electirons have:been accelerated,

then A+AXN = hfN2ze(® ¥ AE) =~ A(L¥ AE/2E) ,
and 2uy = (s w? " (as-m§ = (41r/,\)am(¢/z>{m} ;
hence - Wy =~ =8AE/2E (171)

If the-angle-is indeterminate between: f = AP end P+ AP,
2y = GT/A) }}m(%»z-__fz) - m(z’_-?éﬂ)]

and wy, == (4T//7\) cos(f/2) sinfA ¢/2)
= (a’ﬂ'///\) cos{@/2) AP e (18)
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Modificetion: of “the-intensitys. The:camera slso modifies the theorets=

icad. ssatteringg;ﬁmction->.by;aQfaétor which depends on: the: scettering param=
eter; that is, & o(a) = 0 (s) mfs) e (19)
The ctransform: of this modified function is o

P = / B (p) Mz~ pap- (20)

vherecM(r) is: the transform: of m(e)e.

Theemost important modifiestiom is thet due-to- the finite range over
vhicl:the diffractiompattern may be observed,, for vhich m(e) fe
1, lsl \< sm‘.

n(s) = | (22)
o 0y, 18] > 8y, -
= (IN2T) ein(er)/r (zé)

and the:tramsform is: I!’(r)}{ ; B PN
' (T (e, /W27T) exples ¥/6) e
Theclimit of observation cannot be-made arbitrarily large by the simplec
expedient tof inereesing. the-range of recording by the:cameras. There will.
atill be a-maximm valuecof the parameter s: beyond which observations of
thecscattering functionnare meaningless.. This limit'is reached for a pars
ticular: interatomiccdistance when the-uncertainty of measurement equals the
emplitude of the corresponding:term imEquatiom: (.1.) a8 altered by the:csmers
and multiple scatteringe. If N is-the number of molecules inthe diffractiom
zone;,t is the duration of the experiment, and AQ is the uncertainty im

the-measurement of the-charge scattered into the solid angle d «’,, them: Em:

» Whem this epproximete tremsform is used,. then-

n(s) = ({57'27?) expg-aesa}'zai) (2289,
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is determined by the-equatiom:

mi%ﬁ@{[??*ffemﬂi% ~2(e))y ) aw =g (25)

o 8 mi
ijm
wh‘ere:@? } describes: the-change produced in-the smplitude of..‘FiFjain:(z'ija)/
r ii_a : by the:-cameras-and multiple-scattering.. The-magnitude: of 'th‘e opﬁr.aoz;
© 1} 1s oms-for the unaltered function;. but it is less tham eme: snd is &
ﬁmtionnof?_;:i__f and g-innany cemerss. It is clear that g . the: Limit of
observetion;.canibe-extended by ihcreasing either the sénsitivity of the
meesurement, 1/4 Qmin‘?’ or the: duration:of the-observatioms. It also appears
that's inoresses with the-factors Ny, J, OF 3, end d¢/; but it will be
seen shortly that these factors are not independents. Im particular, 0§ }
decreases:as Ny, ?:l’ and d  are: increased..
Thecnmumber of molecules innthe:diffraction zone: is:
w¥ ® ol (2%)
vhere n-is-the number of molecules per unit area;.V is the volume of the
scattering zone, 6 is the:average cross—section; amnd 'i' isr the average
lengths . The:indeterminacy of the:scattering amgle:-increases with:the
volume of ‘the diffractionizone; hence,, if "the density of scettering matter
is held constant, g, does: not become arbitrarily large with V = ET since:
the:indeterminacy feducea the magnitude of the operator @' i }’.. Also, thee
number of molecules per unitivolume n cannot be-increesed without limit,and
even beforeca-condensed phase:is obtained mmltiple  scattering will have:
masked the desired scattering pettern by spreadinge.
The-upper limit of the current density ¥ of the electron beam is &
funetion of the specific:emission: of the source and the engle of divergence

of the: beame



=57

2 3: (1l =SB 24 = 5 (1 - 11600E 2 y
5, = 3(&1, m‘) edn” j,dgl.., ""F"'> sin® (25;?,

where j: is the maximm current density ih the- beam,,
j.  is the:specificc emission of the cathode,.
E is the accelerating potential,
T, is the cathode temperature,.

k is Boltzmamn's constant;
and g is the half a.ngla of divergence or convergences.
This expressionnis e:consequence of thecsecond law of thermodynamics and
corresponds:to the theorem: of Hedmholtzw~Lagrange im optics.. It was derived
by D.,B..ngzpuirg in-the-above-form for electron:beams and takes into
account the-Maxwellian velocity distibutiom of the electrons: leaving: the:
sources. Thecchbice of thescathode material and the upper limit of the-
operating témperature-are-dictated by practital considerations and deter—
mine-the-specifi¢:emissionnof the source. The only factor im the camere
design:controlling the current density is the divergence of the beans.
Therefore,; the:maximum current-density in-the diffrection zone is deter—
mined by thecapparent angle subtended by the source at the-diffractiom
center.. This angle is an-uncertainty in-the scattering angle and the
current density cammot be increased beyond the limit of Equation: (253
without reducing the megnitade=of” 0{ }

Thecsolid angle d «w mey be writtemn

dW = gin g dgd® = (A/21)s mos(ﬂ/a”) ag de

(28)
AY = (/\/471')5 caos(ﬂ/aj A e Ap e .

A Gt is the azimuthal arc of the-diffraction pattermend 4 ﬂr ie the are
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of ‘the scattering angle intercepted by the recording device.. A € ecammot
r
exceed 2Ms. A @ is:another uncertainty in-the:scattering engle and re—
-
duces: |(9 ‘Z E l B
It should not be forgotten that AQ i is exfunetion of” the total
charge Qt virich is being measureds. A Q usuzlly becomes constant as
ectotal char : ’ ar y e
thectotal charge approaches zeroe For 1b.rge Qt the- ratio AQi , /,A C),“';T is
nearly constents.
scattering functien. OCombining Equetions (6),, (8),.and (19) gives for the

observed scaﬁtering function:

Qo) = [mylo ) | DR g (L=t devar D

whosetransform: is-

,80(1-.? == evitgr)‘l: K\ (tﬂ??m(tf} G:ilt(rxt ) exp(irt“) dtf . (aa?

Upon; substitution of the approximations made in Equations (16) end (21e),.

Equation (28) may be written:

"Oo;(r‘) = exp("ZVaer

This- expression-should elso include & term due-to experimental errors im
recording of thecscattering patterns.
Inspection of Equation (29) will reveal that the alteration of the

theoretical distribution is deadribed by the two functions
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AZ:ng e i S
exp(_g——) = 16 (whr, s m/5) ‘30?
Their product modifies the emplitude of the theoretical distribution end
should be large with respect to the error term, otherwise it will be-dife
ficult to detect emiinteretomic-distance.. When there éxre more: than one
interatomic:distance, the:observed distribution .may be emeared out suffie-
ciently by the-folding in Equation(29) that: thecerror term makes: separate
identification of two or more adjacent distences uncertein®s. The limit:
of "separability (A r) is proportidnsl to the width of the: Gaussian
function:inthe. 1ntegrand of Equation: (29),

o YZ k Yl"‘ Z("j]:n Bm/;)r

Smt

(51)

(Ar)L

which is inversely proportional ‘o one of the alteration:functions (30)e.

The:product”

it i o0 29, -
Vi 2 e/ 6 ,

is a-measure of the:merit of a camera design; since the greater its mage
nitude the more readily interatomic distance terms can be detected and
separatede. gm ’ gi; and._v_rh cannot besvaried independently but are functions
of the dimenﬁiom'of the camera-elements.. In order to evaluate S it is
necessary t6 know } (9 { H ‘e. Thig: functiommhas a simple form only whem:

N (s) 1e a-sum of sines and cosines.. In this case reinversion:of Equatiom
(28) gives:

* When at:least one of the adjoining distances has a large temperature-
factor,.the determination of the separationiis still less certain..
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A0 = ORO} = g mpdieyputade o

and the approximatiomiwill be:made that

Off = expc___‘f;"_i.m  Zoirhy o

Unless the widths of the spreading functions gi and EII become large with
respect to the perioed of ein(r s), this approximation: should be satise
factorys.

Adcuracy.. The alteration of the scattering fumction:by the cemere-
may introduce systematiccerrors which either introduce asymmetries into
or shift the inflections* in the distributiomfunction- o@o(r), thus leads
ing to an inaccurate determination of the distencess. These érrors arise
(1) from an odd term in the spreading-function, (2) from the slope of the:
tré.nsfdrm:.(}n,',and (3) from the ectual asymetry of gin(—r%m. The:
Pirsteorder effect of en odd term ima spreading function is rémoved i
the g-scale is calibrated to coincide with the centers of gravity of the.
spreading function**,. Higher order effects would require sepearate g
scales for each interatomic¢ distances.

Transforms- of modified scattering functions.. The differences betwesn:
the -transforms (B(’r)’ and ﬁo(n) describe-the alteration:by the-cemera: of
the “theoretical sca‘llteriz‘zg ﬂmctioncg (s) to eoo(sf).. However,. im nearly
all electron diffraction-determinations ssrelated functiom such &s the

observed visual scattering function-ie used instead of d (e)s Hence, it

k4 Each of the coherent scat‘bering torms in (s) is represented by am
inflectioninO(r) at r = + Tye 3

**  Such aacalibra‘bion cen be made-if~the-g: scale is determined from thee
individual lines of the diffraction pattern of a crystal of known spacings
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is more eppropriate to describe:the:chenges in:the related function by
meene of its ownntramsforme.
The radial distribution-function used in-this laboratory is the tremse
form ofsI (s)

irDagr) = (IN27) :;o(a) exp(irs) ds- . (35)

I_(s), the observed visual scattering function;.is c>Q‘D(e) modified by the-
j)hysa;.ologicaAZ. responge:of ‘eye end by interpretations. ThiBS modificatiom

can~be=described approximately by the relatiom:
1(e) = /u/o(ez-} [QQ o{s) --OQB(%{ (36)

where-d) B is the: background subtracted by the-eyej,and v, represents: the
change in-sensitivity of the:eye with the background and is approximately

equal to-1/4Q BE(B) over ez large:-ranges Equation: (35) may then-be:written

D (r) = -é% ¢ (r) = -%/[ﬁo(p) - o%(pﬂ%(r‘- p) dp»  (37)

where do(r) is the tramnsform- of Io(s:) and Z (r) is the transform of 7 (8)e
To find the difference betweemrno(r) end rD(r), it is necessary to sube |
stitute: ’Oo (p) from either-Equation~(28) or (29) and meke suitable approx=
imations for 0053, j/(r - p), and the relation between o@(r) end rD(r)e.
Although a complete understending of the alteration of £D(r) %o rDo(f)
requires the analysis indicated,.investigation of the approximations nseded
has:not been undertaken-since Equations (28) and (29) describe this alter-
ationto a firsteorder approximetion,, which is adequate:for the design of

accamerae
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COMPONENTS OF AN ELECTRON DIFFRACTION CAMERA

Theccomponents of "anrelectron diffraction:cemera: are a source: of
nearly monokinetic electrons, a-collimator,.a diffraction zone and a re=~
cording device.. In this section:the purpose and general principles of
operationof each.cmnponent is givene The relation:of the dimensions to
the intensity factor Njifia//a O’mim in-Equation: (23) is evident with the:
aid of Equations (24) and (25).. The comection-between: the-sizes: of the
components and the widths of the spreading fimctions s showm i leter:
sectionss.

The monokinetic¢ electron sources.. Electrons for diffraction have been:
obta:i.néd either from~ aé- gas diséhargé tube or from a: thermionic cathode..
The thermionitc:cathode has replaced almost universally the gas discharge
tubecbecause it is easier to control and because the uncertainty of the:
initial electron energies is much smeller.. The-choice of cethode material
and operating temperature affects both the detectability and separability..

The specific emission-of thermionic emitters is given by the Richardsons

Duahman?:equa.tion;
i, = B emp(aw/im) (38)

vhere jo is-the specific emission:of the cathode,
B is a-constant (= 60.2:for tungsten),.
W  is the thermionic electron-work function (= 4.52 wolts for
tungsten), .
and.  k is-Boltzmam'scconstant (= 8465 x 10~ electron:volt/degree).

The distribution of electrons emitted from a thermionic cathode followsthe-



Mexwellian-lawe. Let A (E)dE be the fraction-of electrons emitted with-

initial energy between eF and e(E + dE); then
F(B)E = (of/kT)%soxp(=eE/KT)eEedE o (39)

This distribution-has a maximum at E = kT/ee ® T/11,600 volt and 90%:
of the electrons have energies less than-4kT/es If the temperature:of 4Hes
cathodecis 2900°K., E - i8:0e25 volt and the half width' of the spreading -

function for the initial electron velocities is approximetely

W. B « 8skT/eE

. - 625%10° s o (40)

aecelerating; =

(Cathode temperature: = 2900°Ke; accederating potential = 40,000 volts)
It:will becseen later that this spreading is negligible compared with thaab
from-other causes and that the:-choice of emissiom: temperature is not crite
icale. Thua,.the:selection of an emitter need not be based on:& low operete
ing:tempereatures. Instead,.it appears that a-better choice can be made om
the grounds of the specific emission-at a temperature such that. cathodes:
of different emitters would have: the same mean-lives.. If short lives,.of
the order of ten hours; cen be tolerated (by the use:of readily inter-
changeable cathodes), tungstennwould be selected on this basis alone..
Further, . tungsten has the important advantage that contaminatiom:from the:
air and from the materials studied in the:camers-has e small effect om
the emission inncomparison with the effecton:oxide-coeted and thoriated-
tungsten cathodess.

After emission the electrons are accelerated by an e?léctroetashio: field
vwhich is produced by a-high potential epplied between the cathode and anode-

(accelerating electrode). Changes in the accelerating potential from one
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exposurecto another will result in different s scales for the separate
experimentse.. Thus, if the g scele issto be reliable to one part in e
thousand, the voltage must 'be reproducible to one part in. five: hundrede..
On:the -other hand, variation of ‘the sccelerating potential during an ex-
posure is a spreading functione If the voliage during an exposure is held
to one:part in five hundred,, the half width of the spreading function will
be:

v, = 107 s . (41)

The-intenaity end size-of the electrom source can be eontrolled ty the:
design:of "thezcathode,, anode,. and other electrodes: in:the:field between:
them within the limite of Equation (25).. This group of electrodes form: an
electronnlens system, and either the image: of the:cathode or the pupil.
(cross=over in:the formetiom:of the image’) is:-the effective source in- the:
camera: geometrys. The effective size. of tﬁ’e source cannot be made much
smailer than 1072 millimeter..

The:current density in the beem at the:diffraction zone depends greats
ly on-the-design of the electronmguns About:25% of the theoretical current
density predicted by Equation-(25) is realized in a good designe

The collimatore. The collimator controls the divergence and theccross-
sectiozir.e.ﬁ "Eh‘eediffl’rae.tion“zzone of the electron beam. It may consist of
one or more apertures or pinholes whith mey be placed shead or behind thec
diffractionzone aléng the electron:beam and limit the divergence of thec
undiffracted or the diffracted beam or boths. In many of the electron-
diffractionncameras pinholes-are used for collimations. In the same way
that ordinery optical systems make more efficient use of light when lenses

are used instead of pinholes, electron lenses may be:-used to a certain-



extent inneleciron-diffrection to increase the electron- intensity without
loss of detail in the-scattering pattern.. Such systems are discussed
later..

The -diffraction zones. In the usual methods of diffraction of electrons,,

af.z.'bhinftaseo&ioxﬁ.of assolid epécimsnr:or e-fine jet of gas is introduced per-
pendicular to thecelectron beam.. When gases are studied the-length of the:
diffraction zone-(diameter of the jet) camnot be made significently smeller:
then one millimeters. At wide angles this uncertainty in the scattering-
anglécbecomes the most importent contribution to the-spreading of the-
scattering pattern immexisting cameras.. This uncertainty in the scatter-
ing:angle is approximately proportional to the ratio of the diameter of
the:jet to the camera:length (distence between the-diffraetion.center and
thecrecording device).. An-idesl lens between the:diffraction zone and the:
recording device can be focused so that the apparent camere length inhcreases
without limit and decreases the uncerteinty in the scattering angle. Such
a-gein in performeance is limited and perhaps is not even realized when
practical lenses with their eberrations are used..

The-recording device. The pattern of the scattered electirons is res
corded élmost uniﬁersally on photographic filmse.. The selection of emul-
sions for electron diffraction of gases has been empirical and represents
a-compromise among the film charscteristics,:epeed resolving power, and
latitudes. The relation-of the film characteristics to performance will
not be analyzed heree In the appliceation:of the results of this discussion
to photographic:recording, it will be assumed that the effect of the ree
solving power of the emulsion may be neglected and that the speed and lat-

itudecare adequates. The resolving power is the most important of these
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pgramé‘bers. The sensitivity (reciprocal of the minimm uncerteinty in
the recording of the scattered charge) can be made equad for all emulsions-
by selection of 'en appropr_iate exposﬁr.e “(product: of the intensity of the
scattered electron and the:duration of the ‘experiment*).. When the late
thade of e £ilais Hntied; thescomlkbscpatien san b chtatned Prom:
a~series of ‘graded exposures,.each covering a portion of the pattern**;.
The diffraction patterns of eoiids have been recorded by electricail.
measurement of scattered charges or currents, but no applicationsof this
method of recording to the scattering of gases have been reported®*¥,.
The relation between sensitivity and the size-of probe is evident from:
Equation (23).. If the angular size of the probe is 4 PeA®,. then:
AW = gin@ e Afie NO = (/\/er}s’éd esA® , (42)
while the halfewidth of the spreading functiomiis o

w3 ~ (217/\) cos{@/2)ag & (43)

% If the system is stable,.adequate exposure can be obtained by length--
ening the time of the experiment.. Such stability has not yet been demon-
strated in cameras used for the diffraction of electrons by gases; the:
length of an experiment is limited to a fractien of a:second.. However,. the:
effective-length of annexperimentican be further increased by superimposingy
on one film a series of short experiments.. S8ince this is a tedious process,
speed should not'be secrificed to resolving power any farther than necessary..

**  Provided that the:segment of the pattern covered by a single experiment
is not so narrow that!adjoining features cannot be compared..

#%% Thig is duecin-part to the failure to devise a satisfactory technique:
and in part to the:greatisuccess and sensitivity of the photographic method..
Ina-later section the theoretical limitation of electrical measurement of”
the scattering pattern is investiggied..



GEOMETRIC THEORY OF DIFFRACTION:

All of the components of the electron diffraction camera introduce
geometric uncertainties into the scattering angle. These uncertainties
were not discussed quantitatively along with the description of the individe
ual components since the whole problem of geometric uncertainty is discussed
better as a unite.. In the geometric:theory, the spreeding of the scattering:
functionndue:-to the effective size of the source,.the divergence of the
electron~beam, the length of the diffrection zone, and the shape of the-
recording surface will be treated..

Firgt-order geametric theory of diffraction. Diffraction has certain:

quasi=-optical properties.. In analogy with optical theory, an image surface,
megnification, and aberrations can be defined. When electrons diverging
from-a source or image are diffracted, there is a virtual image for sach
scattering angle, and when electrons converging to a:reel image are dife-
fracted, .the -images are reals. The diffraction image with its aberrations
may be-focused by electron lensese

The focusing circle used in some spectrographa is familiar. In &
first approximation a spherical surface possesses the same focal property..
Consider an electron ray pencil.converging or diverging at the point Pe
Locate the diffraction center O on the principal ray and construct e spherec
whose:diameter is PO, see Figure l.. If the diffraction region is a thin
spherical shell at the surfaece of this sphere,.the diffracted ray pencil
will be inclined at’an-angle P and will be convergent at or divergent from
the point P! with

P'O = PO cos @
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Figure |



and sin:f' w sin ‘o
Let a second ray pencil, :convérgent at R, also on the surface; be diffracted..
Th'e second diffracted rey pencil will b‘é convergent at B_" exnd
R'P! = RP |
and //R'OP' = /ROP 3
These ‘results describe :~th‘e firét-ordér approximation: of diffraction..
Second-order geometric-theory of diffractioms. Innthe diffraction of
eléctrons by gases it is impossible to confine the gas in the-diffraction:
zone to a thin:sphericel shell., The shape of the diffraction zone is more
eimply described by a-succession of planes.. By considering first that the:
diffracting material lies in e plane, aberrations from the first-order
image-cen be found in e second-order approximetione.. Then by treating dif-
fraction from successive planes, first-order uncertainty will be founde.
Let the Z axis be=the axis of the system, ie.e..passing through the
centers of ‘bh‘é source, .the collimating aperturve,.the diffraction zone,
and the recording surface; and place the origin at the diffraction center
as in Figure 2.. In~the second-order approximstion:consider only the rays
vhich lie (both before and after diffraction) in a plane containing the-
Z axise The distance of the ray from the & axis is Re The source is
pié.ced at P and the-collimating aperature ai'b As The ideel image point is

defined by the ray R, ffom a-point source at P, passing through & point

1
aperture and diffracted at the origin; its path is
zZero (incident)
Rl = . (44)
Z2ten § (diffracted) _

An arbitrary ray _1323 originating at B? and passing through the aperture

‘makes an angle ¥ with R s It path is

at R, and diffrected at R R,

A =g
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Ry # 2 tan-d (incident)
R, = : (45)
Ro 2 tan(fg « J ) (diffracted) o
and the difference between the. diffracted pat.ha is
AR = R, = Ry eroq-z[tan(ﬂ-Zf)-mi, (46)
The tangent of the angle subtended by AR iss
tan Ag:- & AR'/Z' sec: P
o Rg + ZJZtanXsecaﬁ)/(l - tan ¥ ten ¢)] : “7)
' z! seczﬂ o
but Z = 2! . AR! sin¢ 2 2'(1~-tenAftan Pg)
‘ + tan ¥(1 = ten g ten 49)
AIES b l-tandtan § -
Solving for ten A it is found that
tan AP = ﬁ%@(lmmb’mp)-b tan ¥ e (48)
Expressing the parameters 30 end tan ¥ in-terms of R, and R,
tan & = (R - R )/(P A)
and substituting in-Equation (48), then-
tandg = (Z'se‘cg:ﬁ A)RP (Z'Beczﬁ & Raten: @ tan ¥ (49)
‘ Z'seczﬂ P - A)Z'seczﬂ Z'secP
2‘9902¢ -l _ : e o e P"Z"“seézzgj)‘ - AZ-
The term e A)Z‘see "”ﬂ deecriboe thecideal image in: which (P - A)2'oec?p
(2'esc® 3 - P)R

is the angular magnifications. A 15 thec -defocusing term and

(P = A)Z'sec=@

is zero onthe ideal image-surface;
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2! = P cos?p (50)
The second-order tem,gota:n ¥ tan ¢/Z'aec%ﬁ,‘ describes: the sberrations
resulting froma plene-diffraction surfaces Expanding Ry tend the

engular half-width becomes

ten AP = rr= %)g;ciﬁ (7R3 - (@ = ARR, - 2] (51)

in-which the radii of the éource and of the collimating aperture are used
for B—P and R, respectively.
To find the effect of the-length of the: diffraction zone,, consider

azray R! diffracted at the plane 2 = S, It is evident that R! is

= 22
. . . 1 5 5, 5 -
identical with a:ray R, for which R} is-substituted for R (see Figure 2;.
inset)
RL = Ry=(Ry=RY) = Ry=8 [tan(f - ¥) = tan )]

= Ro-(s témﬂeeczb’)/(l - tan @ tan ¥) o
Substituting in Equation (49)
ten AP = ten Aﬂs .o 8 ten @ sec? K/Zfsec::sz ‘e (5289)
Thus the uncertainty due to the length of the diffrection zone is
tanAP = 8 sec? ¥ sin P cos g/at (528

in-whieh half ‘the mean length of the diffraction zone is used for S.
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ELECTRON 'LENSES AND THEIR APPLICATION TO ELECTRON DIFFRACTION

Electrons:cen-be focused by electric:and magnetic fields.. It is pre-
dicted from the first-order theory of lenses that most of the geometric
uncertainties* in the scattering angle can be decreased without limit re=
gardless of the dimensions of the-components: of the camera. However,. the
higher order lens theory shows that the nearly ideal performance;, predicted
by the first-order theory,.will not be:realized since practical lenses
introduce-new uncertainties (aberrations) which generally are smaller tham
those present in the ebsence of lenses ekcept at large anglese..

Lens aberrations. The theory of the aberrations of electron lenses

has been discussed by several au‘bhors:ée} The: treatment of Rogowski es out-
lined by Zworykin g;t.j:..a_.»i_Twi:ll be followed here appropriately modified for
radial symmetric:images. In.contrast to the exact ray tracing methods
used in the careful design of ordinary optical systems,.it is sufficient
to describe the aberrations by the coefficients of the second lowest order
terms in.ray equations since these aberrations cannot be corrected suffi-
ciently to make any higher order aberrations become important.

| The aberrations of electron:lenses are usually divided into three
groups: (1) geometriccaberrations which depend on the geometry of the
lens fields, (2) chromatic-aberrations which arise from the inhomogeneity
‘of the electron velocities,.and (3) space charge effects which ere produced
by the mutual repulsion of the eleé'brona and depend on the electron densitye

Geometric eberrations. The ray equation for axial symmetric lenses

containe only odd order terms. The first—order terms define the-ideel or

* All but the uncertainty due to the finite size of the elements of the
recording device..



Gaussian image while the third-order terms describe the most important
aberrationss If the axial symmetric: lens is isotropic,. there are five
aberrations (distortion; curvature of field, astigmatism, coma,. and
spherical eberration) as in ordinary optics. However,.magnetic fields:
are non-isotropic;and three additional aberrations arise-in this case
(enisotropic distortion, estigmatism and coma)e.. The characteristic aber-
ration figures-can be described easily in the Geussian (ideal) image
plane by eight aberration coefficientse..

Let (R, ©') be the coordinates of a point in the object plane,,

(R

A ¥ ) be the coordinates of the intersection of a ray in

the aperture plane,
(RI, © ) be the coordinates of the aberrationless (Gauseian)
image:of (Rp, ©') intthe image plane:and let 6 = o
be parallel to Vo= 0,
(AR, A®) be-the-deviation of the ray from the Gaussien image
point,
© - 8 = X be:-the angle of rotation of the Gaussian image rela-
tive to the object (X = O for pure electric: lemses),
M be the magnificetion of the lens defined by R, = TRp
The eight aberrations may then be described as followes
1) Distortion
AR = isg
2) Anisotropic-distortiom
7 RIAQ = =8 ZR?’

3) Curveture of field

AR = 83 Asin‘:‘l’

R A = S5R§RAc:oew



4) Astigmatism-

RI A6 = 8 4R§k *Qros (Y
5) Anisotropic estigmetism

AR = § W-A_cosf\l’

RIAG = -85 *gin‘sy
6} Coma
' 2¢s .
A 2 3 om 5 2K
R 6313&(2 cos:2Y )
. 2a8n - '
RI,AG - SéRPRAgin 4 4
7) Anisotropicocoma
' 2
A in
R =2 $ PR ‘smaw
2
: ok Ee
R A6 = -S7RPRA(2. cos 2 )
8) Spherical aberratiom or aperture- defect
AR = SR%einy
- 3 o
RIAO SBRAgoeNW
When:the source and the diffraction pattern are symmetric: about the:
axisj;.it iB-necessary to consider only the radial component AR of the
aberration figures. The angle ¥ of the ray intersection in the aperture-
plane may be eliminated if the aberration figures are grouped by powers: of

_I}*. and 2? and described by the average value and the half width of AR.

Distortions
m— ! 3
AR = SR = sl%éal
AR, = 0
S

Field aberrations (curvature of field and astigmetism)s

The image defect inmnthe Gaussian image: plane is

AR = [(S5 - 84) sin ¥ -A-Ssccs‘l’] R%R&
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then: AR = 0 ,

ARy = ‘1(-‘3'3 +-sk?2~+s§- an,i’w

However, . there is a surface-where the AR component of the combination
of curvature of field and isotropic astigmetism disaeppeers. This is
known es-the tangential surface:and is located at

(8, + 84?(1 " A?Ri = (s5 * sb)(; - A)z;fRi
vhere (I = A) is-the distance from the aperture:plane: to the Gaussian
image planees. The spreading of the image due to other aberrations is
not greatly different at this surface than at the Gaussian image plane..

If the recordihp:device is located at the tangential surfécs,
R, ¥ SRR
ARy SPA.
Comass

At"zthé Gaussian imege pilane

sin 22¥] RERG

AR = [36(2 ccos 2V ) +8,

This image defect is umayrmetrical

AR = 28 6RPR§

and ARy = [ztsé -432_4- s?,] ani

Spherical aberration, aperture:-defects
At the Gaussian imege plane-

= 2 o4
AR SBR&sa.n‘V
AR = 0

= 855 .
,AR% 8%

Tt muet be pointed out that aberration coefficients §n ere not constent

for a given lens but depend on~the focal length and the object and image
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distances. However, for magnification greatly different from unity it is
frequently assumed that Sn/'f)\ is constant for a given lens and focal length..
Chromaticc aberrations. The chromatic eberrations fall into three-
groups s
1) Chromatic-difference in megnification
AR = clRP
RIAG = 0
2) Ohromatic difference in rotation:
AR = 0
RIAG = O ZBP
3) Ohromatic difference in image position-
AR = ORypin ¥
R_A® = C_R coe:¥

k< &

c 2_;15 zero for a-pure electric lens.. Considering only the radial component

AR and eliminating Y a8 in the case of the geometric aberrationms,.the-

chromatic:aberrations may be described by

Chromatic difference in magnificatiom:

AR = O
A R%_ = O
Chromatic difference in image position-
AR = 0
AR, = CR
% 3 A

All of the chrometic:eberration-coefficients are proportional to the energy

differences ¢ AE of the elecirons. The coefficient 9_5 is always positive

end never venishes.. Further, 23 has an upper limit

c MAE IR (1 + L
s |20 )
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where:R od is the coordinate at the sperture:plane, and Em is the maximum
value éf an electron rey path whith passes through the object at the axis
with unit sdopes. Aé in the case of the geometric.aberration coefficients,
the chromatic aberration coefficients are functions of the focal length
and of the object and imege distances..

Space charge effects. BSince electrons are charged particles,.the
field acting on .tvhe electrons will be different from those produced by the:
electrodes and polepleces of the lens. The electrons repel each other and
the rey paths deviate from those predicted in the absence of space chargee
.The effect of space charge-can be counteracted by modification of the lens
design, but this correction can be mede only for each particular distribution
of electrons in the field. Fortunately, the space charge effects are of
importance only when the electron density is high es it is in the electrom:
gun and at the image of the sourcec-produced by the undiffrected electronse.
For these reasons the space charge effects can be neglected in the desigm
of a camera except in the electron gun which produces the effective electron
sources .

Collimating lenss When an electron lens is used to collimate the in-

cident beaiﬁ, an ima.ge of the source with its aberrations will be located
at P in Figurec3s The diffraction pattern will be described by the same
equations as in the case of the pinhole cemera in which the size of the

source is

. ‘r3 v
R, ® %RPO + 8.8 | (53)

neglecting all aberrations but spherical aberration*. The magnifica'bion%\

* The complete expression is . ;e
3 v 2
Rp = %Rpo + 31320 #Y (85 +8y)° ¢85 (RZR,) + , 285 {83 + 87 'RpoRA
+SR] + CRp, + OBy e
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is the ratio of the distances from the principal plane of the Iens to
the -image and to the source.. The recording plane is now located inthe.
opposite direction from the.diffraction-center than in the case of the pine-
hole cemera.. The recording surface may now be located at 2' = P cnaaz'ﬂ
8o that the "defocusing" term (Z'sec@ﬁ - P)RA/,(P - A.’)Z&sec:ah in Equation
(49) disappe;.r.s.. ) o - o
F Projector lense.. An electron-lens placed between the diffraction
zone and the recording surface will focus the virtual diffraction patterm
es shown in Figure 4.. Let the virtuali diffraction pattern described by
Equation (49) lie on the surface (RU’ U), vhere Z' =U = P cos2fe. An
imege of thié pattern then is focused on thecsurface- (RV’ V)e The objeet
distance u from the principal plane:of the lens is |
w.® U=H =& P cos?f «H "
where H is the principal planee.. The:image distance v from the principal
piane is
Vel = v 8 Hyu = 'fv\(Pmoazﬁ-H)
since the magnification of the lene is " = v/ues The t:magnification of
the lans can becexpressed in terms of the object distence u and the focal
length £'= H = F by means of the lens equation; 1/f = 1/u + l/v; givings
% = £f(we-£) = (E=F)/(P cneaﬂ, -Feo
Then w s (He F)(I” 0082y = H)/(P cos?P = F)‘ &
Let the image surface be defined by the pafama’oera D7y = V(@) - V(g = 0)
and the-distance of the corresponding image point from the e.xis‘Rv‘. =-’Fv\R.b,‘
then Az, = =B(F - H)28in2P/(P = F)(P cos?P = F)
and R, - %\(P/ajsin% = (H -r-r«')?ew. cnsﬂ/(Pénszi) - F)s

Yhen the diffraction-center iz located at the focus of the lens F = 0 end

(54)
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Az end R, simplify %o

Az, = wRelyE (Sha)
and R, ® Htan g (5ha)
vhich mey be:combined to give ‘ |

Az = -R%/P , mparabola | (54b)

It is-seen:that as P -——) — 0o the-image surface is a plane provided
that F and H are nof; moveds .

The effect of aberrations cen be most readily treated if they are:
referred back to the virtual source.. The image with its aberrations is
passed back to the source through an ideal lens whose principal points
are-identical with the practical lense Thus,.the:zaberration:seen at the:
virtual source is

ARy = AR/ o

The aberration measured in A @ from the diffraction center is- approximately

A@ = tenAp = ARy/P ® AR /AP -

, (55)
= PR /E - F[oos®p - (5/P)) -

In eveluating ARy, Rp # R; = P ein focos fe

For distortion we find

Ag = [SlPaiian cos?@/(H - FY)] (moeaﬁ - F/P) &
It eppears that tan AP — o as:P ....; oo ; hovever; 84 —) O so that
tan A @ remains finite.. In -electron-microscopy snﬁ’\ hes: been evaluated
for large magnifications, the inverse of the above:situatione.. This
quantity is nearly constent for large -megnificetione.. If the object and
image are reversed,,the relation between the aberration coefficients, ,Sm

for the forward process and Sx‘1 for the reverse,,is epproximately



m™! = s

: a (56)
] - :
ey = o,

vhere m = 4 forn = 1, 2

s 35 = 3,4,5
= 2 = 6, 7/
=1 = 8

and vhere 7% is the magnification inithe forward directiom;.
%4, ' is:the magnification'in the reverse direction;
AA' = 1 e
This-is equivalent to imaging the virtual. source through an ideal lens
and referring the-image:back to the source through the practical lense
Hence;,for the various sberration A @ may be expressed in terms of Sn,
the ‘forward aberration coefficient,. or S;x" the  beckward aberration coeffi-
cient. '
Distortions

n = (81/%\)1’25111355 cos?P
, (57=)

-  HeP o \2 2
AP (Si/%\‘.) (1 - (F/P)eeczﬂ) ten § sin"f

This-is the-displacement of the diffractioms. The effect on:resolution des

pends on the size of the virtual sources. It is given approximately by

A pé b (Si/ﬁ\') (1 - }(lF;’Pl;“@)‘bm @'ein @ (2 cos P sin Sﬂ) (57b)

vhere o #, the angle subtended by thecsource at the diffraction center,.is

smalle.

Field aberrations.. The best imege is obtained when the image:



Sl
surface coineides with the tengentiall surface of the lense. This: surfece

will 'be given: by
. Yer2 4 AT
Agf $S5 +842VRU + A%
= BSE,.+ 34?/%\] WS 4 A2
or AL, 3 \Zs% + sl;?/g] whIR2 4 A% (55?
Onnthiscsurfece one finds:

AP = (85/%\)RLP aimzﬁcnszﬂ ,

| | 7 2 (59)
or- Ag = (YR [H = F)/(L - 57P)] s1fP -

Come -and smisotropibcomsle
. Ag/ =8 6/'£\ [N L+ (558 6)’2] RZ eim @ cos-

(60)

or: Ap = sym! [22-\‘—4 14 »(87/8 6')52: Ri sim @ coe P
Svhericel sberration;, aperture defectk.
Ag = (3y/7)(RY/P)
. (61)
or ap = (8" )RI/E = F)(aoe?P - F/P) o
Chrometicc difference inmagnifications.
A ¢ = (01/’5-\) aé.mﬂ/c:os:ﬁ/

or: Ag = (Gi/ﬁ\i) sinf cos B
Ohrmtiézzdifferencé » in imsge- positions

(62)

A g = (05/F)(Ry/P)
o -' (63)

or AP = (O )RyH - F)(wos®p - F/P)
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the:use:of both e.ncollima'bing aﬁd a projector lens.. Such a-system is
illustrated in Figurec5s. The collimating:-lens focuses a wirtual image-
at P of esource at P%. After diffrection-a virtusl scattering pattern-

described in terms of P, O, H, andiF is focused by the projsctor lens at.
Veo. Such aacmbinationz:;.of .ll“e!’mea pex;mi'.be the:construction of & camers: of”
iimited dimensione with an effective source at any distance.. Inspection:
of Equations-(54) will show that:the shape of the image surface is much
simpler when the 'effee'bive source is at infinity.. The virtual diffraction
pattern ié described by Equations (49), (51), and (52), the:aberrations-
of ‘the collimating lens by Equa:biofm (53), and: those of the- projector lens:

by Equations (57) to (63)..
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MULTIPIE SCATTERING

The effect of multiple scattering on the diffraction pattern: is reedily
di‘scuéeed if +this occurrence:is treated as sz kind of“apreading%. Consider-
separately thecpatterns that would be obtained if ell the electrons were:
scattered not . at all, once;, twice,.and so forths. The observed diffractiom
pattern then may be-visualized as:the superposition of these separate:

patterns.. That is-
A, = Y, ) () + ¥, (1)g (). ¥, (29 OFPREN

vwhere \P is- the probability of an eleciron:being scattered m times and
(moQ (s) describes the angular distribution.of electrons scattered m timese..
Estima:bion of scattering. Erobabilities. Let P be the mean probability

of seattering an electron, 'bhen

4
vhere 0= -/0. & (s) dw 18 cmlled the scattering cross-section of the:
molecules for elecrbroﬁs;.
Agsume that all the-effective electron paths in:diffresction volume are

identical,,thennthe increment of ‘}’m in-the distance:dl is
ay_ = mr[xym_l(l) .\\pm] a1 (55?
and Y _— oxp(»-n:O’l)U ¥y Im“lexpﬁ:rr_c"li) no-dl +—-§, (67)

Eveduating-(67) for m= 0,,1, 2} ees with the:conditions: tP_1 20, \Fo(o) =1

and \Pm:)l(o} 20 it is Pound that



e (68)

This distributiom of the probability of multiple events i8 knowm as the:
Poisson distributions.

Fourier transforms of metuple scattering funetions: intwo dimensionse
Th’eescatteringgmmtim: for no soﬁtteiing mey bé represented by the S =
fometitn: O (8)e The scattering function for single: scattering is, of
courses Q(s)e. In-the-case of double scattering the diffractiom pettern:
15 spread about each'point of e single scattering functiome. It i equive
alent:to sey that the double scattéring:function-is the single scattering

function folded with itself in-two dimensions..
@, _
)9 (x,7) = / / (l?& (usw) gl?&‘(x\:-u;v. - w)dwdw (69e)

where x<& mcosaé, y=g:8in ©, wm ticos €%, and w ® t.ein €'s. For

metuple:scattering -4t will be seenby induction that:
@Q (x57) = / 7‘”‘“’1{9 () PR (x = wy, g w) dimiaw o (69)

The - two-dimensional Pourier transform A (& ,n) off Q(xy) is des
fined by | '
A(E ) = (12 ﬂ)f Q(x,y) oxp U Exany) dxdy  (70)

Itican then be shown that
@aEm =
- A = EUACEN = O ).

Combining:Equetions (64),.(68),.amd (71), the-two-dimensional transform:

A m OFf the-multiple -scattering function is
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AEN = emi-RI2 e (2)

) = s e ) < w% )

-————-—-——--—-——-——-—--——-———————-———

When cﬁ(xgy) 186 radzally symmetrm; see d) (x,7) -::,,_S)(a), it is eppropriate:
6 transform Equation:(70) to polar coordinates by the substitutions

x® 8 cos @, y =8 sin-6,, ‘g - (’caosx s N = eeim§
2T
Alp,3) = (l/amfoL sD(s) exp-1p e con(@ - §) de ds: (73)
vwhiéh may be:-written
A( e) .-/o,‘ eaQ(sc) J_”Q(es) ds: (74)

where 11~J;°( e 89 is theczeroth order Bessel function of the first kinde.. The:

one-dimensional transférm-is

L) = Wm)fco(sa exp(irs) ds= W (15)

&(s) is related to both the one and two dimensional transforms by the-

Foﬁr.ier inversion-theorem-

D) = ) [ 22 e e (18
and &(s? -r‘/oﬁ PA(p)Jo(es) dp fo- (77)

Substituting Equation:(76) in Equation (T74)

A (P) 5 - (1/4——)[ / i (ea) empﬁ-—irs) ds dr (78a)
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A((J) = -,(1/{537)f—°%}-@f9 ooo.rb(‘ee-),simrs des dr T (78b)

o ,;r<(08

) T e
Ja(ps) simrs=ds: = co
o\ P
¢ ’ #e.7

;ngf?ﬁ§;2 . T 20
I
Y, "

(78¢)

Subetituting Equation: (77) in-Equaetion (75)
Li) = (1/(2?% ()A(p)/ I(ps) explirs) ds dp  (79)

9(7(1'8

- 0

:@(r} =:--127.;7L[ QA((O} o0 » =T ( 4@ (79b}
T R £ >’
A\

O(x) = YE?F[V%%%% d4e 4 r RO (79¢)

functions. The:interpretation:of the oneedimensional Fourier transform of”

th’e'faca‘&bering functiéon is femiliar and readily understoode Combining:

. =2 %o
[ 2.6 v_ _
- J. (ee) cos:rs: ds dr = O ,, since the:
— QO B 0 0 5

inbegrend J§§r2/ JO(PSQ cos: rs: ds: is odde.
i or -JO .
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Equations-(72},, (78) end (79) the: onesdimensional trensform of the multiple:

scattering: f‘tmction ise

Oy = i / forpliil + f “ J"‘Z%?]} <80?.

Amedtéernate expression cen-bezderived by combining Equations (64) and (68)
witth (79¢) |

BM@ =

=G dpk s EQ
_

L) = N o Z /‘ 9.0(@ d» \ _eze }
S [ ([H ) v

(81)

There-has, not been time to carry these expressions further so that
their meaning-would be-clarified 's. Several approximetions cam be examined
and qualitative interpretations medes

The effect of folding the function a:é bfsin . re)/re with itself in-
one and in two dimensions may be compared qualitativedy. In one dimension.
the folded function becomes c- 4 d(sin rs)/rs where d/c-{ b/as. In two
dimensions the folded function becomes mére like a zeroth order Bessel
fimction plus e~constant; that is, the zeros of the warying component ere:
no longer equally spaced and the emplitude:does not fall off as fast as
1/8s Both kinds of folding show that the ratio of the amplitude of the
periodic .component to the consteant component is reduced. In addition,
the two-dimensional folding, which represents the physical picture, shifts

thescentral maxime end minime inward,.corresponding to longer apparent"
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distances; and the amplitudecof the outer part of the function is not:
reduced as rapidly as innthe case of one~dimensional folding..

With these_differences in mind better approximations to the intensity
finction may be exemined by one-dimensional folding.. First,. it is found
that when there is more than one distance in g moleculé the longest dise
tances: are erased more rapidly thean the shorter ones.. 8econd,. the apparent.
disténces are shortened; this shortening is compensated iﬁapart by the
apperent léngthening found in the two-dimensional case..

Of all the effects of multipleescattering the increase of the ratio
of background (atomic end incoherent' scattering) to the molecular scatter-

-

ing is the mosf. “importente
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THEORETICAL LIMITATIONS OF ELECTRICAL RECORDING

Workers in the field of electron diffraction have sought mechanical
methods of obtaining datsae.. Densitometry of films has been used to some
extents. Direct measurement of the scattered electrons has been suggested,
but at present no practical method applicable to gases has appeared. It
is possible;however, to estimate the theoretical limit of the performance
of a hypothetical but partly idealized systems. No practical system can
exceed this- limite.

The hypothetical systems. Let the source and recording surface be

placed infinitely far from the diffraction zone which has a finite length
T and cross-section Co The only uncertainties in the scattering angle are:
those arising from the finite angles subtended to the diffraction center
by the source and by the recording element and those due to any lens
aberrationse The lens aberrations will be neglected.

For a practical exemple the cross=section of the scattering zone
willbe C = 1 mm%;= 10-'2 cmérand the mean probability of scattering,
}I ® O.,1. The cathode will be operated at"’2600°K; so that the specific:
emissivity is 1 amp./cm% dn accelerating potential of forty kilovolts
and a wavelength of 0.06 K‘ will be useds An exposure time of t = O.l
sec. 1s reasonable. |

The limit of observatione The limit of observation B has been

given by Equation (23) which at largecscattering angles is approximately

o = K, j; 1OV awyy (14 ex/ur) ry A Qy (82)

m
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where K| = Kz..zi.zj: nictj; (1 4 eEAKT) = 282 85/, « Substituting

from Equations (25), (34), and (42)
o = K| siPXexp(-Zv2re./6)(A /2 m)° As A8 /r, 4q (83)
m 1 41y r r/ ij Tmin
where X is the half-angle subtended by the source and A gr is the width of”

the angle A@  subtended by a-recording element. If y‘P is the halfewidth
>

of the source and 2’? the half-width of the recording element, then

v, = 4 X cos(@/2) sinx/2 X (27/a ) sinx

R S (A/2m Vo exp[=(? + vH)r.2/6]ae /r, AQ (84)
n = 2R (N/am Pty expl= 4 o )r; /6148 /r; 448

If the recording elements are equal segments of anmnuli, then A er is cone
| : -SSR - LN | :
stante Let either w w: or w -(»--}ip be held constent,then 8y will be a
meximm vhen w> = 242 and
-r .y
4- ll‘ B 2‘. X
g: & 47< Ao )] Wie -war /12) A /. . A :
2 LV S N ORL YV N (85

In the-case where the recording element is approximately square,

e == A o o 8= 5
Ae, = Asyfe = 2u/s et

S w K (2fam B2 el 4 R0r 6l a0 Ge6)

D 2 2,

which is a meximum, holding wzwz = or wg'+ w2 constant when w” = w .. So
. 5 3 !I‘ 4 ) 2 .‘ ) ; .
that g = 47'(1(?\/2n) W e@(‘wzrrij/a)/r'ijf AQ (87)

The limit of detection of a distance. The exponential function in

these Equatione (from Equation (34)) describes the change of detecte
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ebility with the length of the Interatomic distance. Since there is no
practical optimum value* for }ir in~the exponential, w- will be determined
by giving the exponential the arbitrary value VE'whenrg.i 3 equals the
longest distance to be measurede The widths o in Equations (85) and (87)
are ‘then 0.8§/ri3 and 1.'.026/_1'1.3,_ respectively, where ;_;_ 3 is the longest

distance to be observeds.

ag‘. =z 161K ( ?\/Zﬁ) A Gr/rg 3 AQ . (88e)
and sgr & 5‘4027°<t( Ajen )A/r;j rfij_A Qmin (88b)

The sensitivity.. Equations (88) represent for the case of a rigid
diatomic molecule twice the difference in the charges scattered at e maxs
imum end at a-minimume. The limit of observation is the point where the
presence of & meximum or & minimum is just detectable.. If Equations (88)
are multiplied by a factor of itwo,.the maximum uncertainty in the measure=
ment of the scattered charge necessary to observe a distance -I:'ij out to
Bz will be found to be:

, — P 4 4
Aq = 52K (A/2n) A8 /ri2 % S
, (89=)
A Q’mint = 476 x 10*"’j (Ziz:;’/cr )/rg rij‘ ag
(Ae, = am)
and AQ . = 3,02A (7'-/211')4/1"4 r~ 35
B a (89b)

A Qmin = 142 x:107 (Z j,/ q’)/ril; rij’ er?r fe-

* Meximizing Equations’ (85) and (87) with respect to the width leads

to wy = 3/rj. end 6/r ,- end the values: of the exponential become 0.22>
5.14 resgectlvely. ij-.‘wi; is selected for the longest distance-in:the:

molecules,,the :difference in the relative detectability of the longest

and shortest distances would be intolersbles
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ThHe longest detectalile distance using the camera: in: this laboratory
is-probably r_{j, x 532. . Professor Schomaker states that the molecular-
pattern of etheme:-is scarcely observable:at s:® 30. The amplitude of the:
molecular component of the pattern:is reduced to about 0.2 by the temp-
erature factore ZJi/d‘ is approxima‘bely 346 ‘and the interatomic distance:
is r; = 1,54 for this molecule. Hence,.to equal the performance:the

+3
uncertainty in the measurement of the charge must be less than:

A Qmin" = 3,76 % :1.0'.]'5 ‘coulombs

when the recording elements are annular, and

AQ . = 6.88 %1026 coulombe
minn

when the recording elements are approximately square. If allowance is
meade for the idealization in this calculation, the sensitivity of mease

urement in-.the two cases will have to be of the order of magnitude of

107 b 1077 and 10717 respectivelye.
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Appendix:I

Fourier transform of sgreé.dig . functions of the second class..

The integral
’ [e3]

R r) = (1¥2) / / t‘g—,%i“l %I(E{ﬁ) exp(irs) dt-ds (1)

is to becevaluated.. This integral can be- written
,@o(r) = (1/{arr)/‘ / D (t) exp(irt) %; gh(-‘!f-%;i?) exp[ir(s = t)]dt ds: «
a . “a Y- 0o 5 - . o . .

Making the-substitutioniuu® gce-4 and inverting the order of integratiom

leads to o

,@ogrg} = Z: J)(t-) &}I(r.t) exp{irt) e (ii?
By the Fourier -inversion:theorem

Q) = Em) [ Do) empl- 14) ap (123)

heme:;@o(r? = (12w )‘/m _m@(p? Gfﬁ(rt) expEi(p‘@*r?t? dp dtﬁ’(iv'—),

vwhich gives:

B ) --/m' LIS P e &
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PROPOSITIONS

ls  The standard entropy reported for formic,acidl"inclhdee %2R Im2 enlis

aassuggested by Pauling2

“for the rendomness: at absolute zero of the posi-
tions-of the hydrogen atoms in~the hydrogen bonds of the dimers.. Ano
interpretation of the transition found in sebacic acid (this thesis)
indicates that the hydrogens are oriented in-this crystal and suggeétay
that the randomness in other carboxylic acids may not be "frozen inl..

>

I propose that the calculaetion” of the entropy of formicﬂ;cid monomer

from-spectroscopi¢ data be-reinvestigated..

2s. The measurement of Soret coefficients is notable for the lack of
agreement among various observerse.. It is most likely that these dis-
agreements arise from the failurefto‘completely suppress all convection
currentse I propose that thermal diffusion cells be constructed using-
a-porous diaphragm between two thermostated reservoirs. The pores of
the disphragm can be small enough thet convection is negligible. The

solutions should be circulated within each reservoire

3s  The recording surface in an electron-diffraction camera can be
shaped so that the measured ring diemeters (or radii) are:proportional
to the scattering parameter s = (47/ X )sin /2. If the electron wave-
length is 0,06 Xé.and if the distence from the scattering center to the
surface along the undiffracted beam is L, then-such a surface is approxe
imated,out to s«= 80, within a few tenths of one percent.by a sphere

whose radius is 3L/k4,
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4as. The synthesis of radial distribution functions in the analysis of’
electron diffrectionndata is becoming more extensive in:this laboratorye.
Although the Gaussian cards prepared by A..Perlis4 have proved usefil for
such synthesésj, cards designed p‘arti‘.cularlyv for this caleculation would be:
more-flexibles.. I suggestithat cards tabulating the transform of the mods
ification function-be prepared for use-with the "L® board. The- functiom
should be tabulated at 0,05 A. intervals and the d:.splacement ("frequency™ )
either 0,01lor 0,02 A. It-is-desirable that the function be 'b&bulated )
for several widthe and that the amplitude unit-be defined in terms of =

unit sine functions

4b%. Interpolationipolynomials are setisfactory spproximations for many
functionss The interpolation polynomial and its derivatives can be ex-—
- pressed as & linear combination~of the ordinates. The coefficients for -
the first derivative have been tabulated for several groups of equally
spaced poin‘he? and should'be placed on:punched cards in:this laboratorye..
The calculation:of derivatives:=may be:used in:the analysis of eleetiron-
diffraction-datas. In particular the modification functione ¢ exp(= eca-z)
and sg' exp (= a.ag) suggested by Jie.Waser and V. Schomaker are equimec*len‘b'tj
to |

V2! ©

-k -é—z fexp(-»-pa/%é“). (2=p) D (r=p) dp
Or S - | |
4

k-g-?fexp(- p?/he’ ) (- p) D (r= p) dp-

. =]

where rD(r) is the sine transform:of sI(s)e.

.

5%- The Fourier synthesizer built by Pepinskyé": uses all-electronic wawve:
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generatorse I propose that electro-mechanical generators similar to the:
tone wheels in the Hammond electric orgen would be more satisfactory when
the range of this computer is extended beyond terms of the twentieth

ordere

6e. Nuclear resonance measurements will be useful in settling the struc—

ture of diboranee.

7o The approximation of a function with polynomials or with a power
series by the method of least squares can be greatly simplified when the
ebscissae are equally 9paced7. I believe that the labor in computing
the coefficients of a power series is reduced in the case of randomly'
spaced abscissae if, first, the coefficients are obtained for a series
of polynomials which are orthogonal with respect to sums at equally (or
nearly equally) spaced points and, then, the series of polynomials is

converted into a power series.

8 as The amplitude of the zeroth ("central') maximum in visual curves
is frequently estimated to be l.3 times the average amplitude of the
mexime end minimae. This empirical rule can be rationalized leading to
the approximate expression
V-é—exp(-d‘zsz/z) A

for the probable smplitude of the "central' maximum, where G~ is the
second moment (standard deviation) of the interatomic distences and A
is the root-mean-square amplitude of the visual curves. A is given
approximately by
5= f}_ e.-iw.i/Zii w, = > a.?/Zn

i i

1
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wh'e,rea--a%_ is-the amplitude and’ Wy ie: the widthof "the i'th mexima or:
minimes. Thiscapproximetiomhas several limitationse.

8e. Da.The removal of ‘part of ‘the-baseline error cean be: facilitated by
inspection:of the integral of the:visual.curves. The baseline of the inte=
gral is located approximately by an ordinate passing through the integral

ab the abscissa: of the-central (zeroth) maximum of the visual curvee.

Qe. &llbrge emount of incoherent scattéring of ‘electrons lias been reported
by some observers in-ioédine-containing compoundss. I propose: that: part of’
this may arise from resonance between the inhcident electrons and the- K
electirons in-the-iddine atémse.. Experiments should be: made: by verying: the:

accelerating potentiale.

10e. as. Thecintensity of the beam in:the electron diffraction: cemers: can
be increased readily by increasing:the sizecof the filament wires.

bs. A.spring-shutter from-an ordinary camera can be: adapted to the-
electron diffraction camera and would enable exposures to be made more
reproducibly than at present..

Ca. Tﬁe state of "the art of ‘electronic voltage regulation~is suffi=-
ciently advanced that a practical application-can be made for electron
diffractione.-

ds. Alsecondary waveléngth standerd cen be built using-two readily
calibrated voltage dividers arranged in-a Wheatstone bridge for comparison:
of “the tiwo dividers and would be more satisfactory than the present errange=

ment in-this laboratorye.

11, a». The:propositions presented by candidates for the degree of”
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Doctor of Philosophy in this départment should be collected in one place.

and made available to all graduate students

1l.

1.

2e.

Se-
k4.

5e

6e

Te-

- ba. Each year the best propositions should be selected and puhlished..
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