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 The structural parameters of normal 
hydrocarbons have not yet been thoroghly 
studied1), except the simplest ones, me-
thane2) and ethane3-5), though there are 
many investigations on their halogen 
derivatives6). The results which have so 
far been obtained, except the above two, 
are on vronane by Pauling and Brockwav7),
C-C=1.54±0.02A, and∠C-C-C=111.5° ±3°,

and on n-butane by Wierl8), C-C=L51±

0.05A. As the technique has since been 
developed, more accurate results are ex-

pected to be given in the determination 
of the C-C distances and the C-C-C valence 
angles. Furthermore, the position of 
hydrogen atoms may be located with con-
siderable accuracy, because these mole-
cules do not include heavier atoms than 
carbon. Accordingly, it seems worth 
while to investigate the structure of n-
butane.
 Various spectroscopic and thermodyna-

mic studies have shown that rotational 
isomers exist in the normal paraffins 
higher than propane6). As for n-butane, 
it was first noticed by Kohlrausch and 
Koppl9) in their study of the Raman 
spectra. It was soon confirmed by Mizu-
shima, Morino and Nakamura10) in their 
study of the Raman spectra in the liquid 
and solid. They found that two forms 
exist in the liquid whereas only the trans 
form remains in the solid. The energy 
difference between the isomers was

measured by Szasz and his co-workers in 
the liquid phase11,12). They obtained from 
the measurement of the temperature 
dependence of the Raman intensity the
value of 770±90 ca1./mol.11), or 760±100

cal./mol.11) (the trans form being the 
more stable). This result is in good 
agreement with the value of 800 cal./mol. 
which was estimated by Pitzer13) from 
the entropy of n-butane 14) and used in the 
studies of the thermodynamic functions 
of hydrocarbons. Thus the rotational 
isomerism seems to be well established in 
the liquid phase, but no experimental evi-
dence concerning the energy difference in 
the vapor is so far available12). While it 
seems probable that the magnitude is 
nearly the same as in the liquid because 
of the nonpolar nature of the molecule, 
the infrared spectrum of the vapor of 
n-butane was interpreted by Gates" in 
terms of a single form. However, as 
pointed out by Axford and Rank 16), his 
interpretation seems to rest on a rather 
insecure foundation and a further study 
on this point will make the situation clear. 
In the present study it is confirmed that 
two isomers exist, the trans and the 
gauche forms, in the vapor of n-butane, 
the energy difference being nearly equal 
to that in the liquid.

Experimental 

 The electron diffraction instrument used in 

this study was designed by Morino, Kimura and 
Iwasaki17). The details of the apparatus and 

procedure were reported previously18 20). Diffrac-
tion photographs were taken through an re-sector
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11) G. J. Szasz, N. Sheppard and D. H. Rank, J. Chem. 
Phys., 16, 704 (1948). 
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(in the case of the shorter camera length,
11.8cm.) or an r2-sector(in the case of the longer
camera length, 27.9cm.). The sectors were 
carefully cut to fit the proper shape within a 
hundredth of a millimeter21). They were mounted 
on a ball-bearing race and rotated rapidly during 
the exposure. In taking the diffraction photo-
graphs particular care was taken in regard to 
the constancy of the electron wavelength, the 
reducing of the extraneous scattering, and a good 
localization of the sample vapor. 

The electron beam was focused to a spot of 
about 0.1mm. in diameter. The fluctuation or 
the drift of the accelerating voltage was re-
gulated within 0.1%. The wavelength of the 
beam was determined to be about 0.0556A by a 
transmission pattern of gold foil. In order to 
reduce the extraneous scattering, a beam stopper 
of a shape similar to that described by Brock-
way22) or Bastiansen23) was mounted at the center 
of the sector21). The effect of the stopper on 
reducing the extraneous background was clearly 
seen on the photometer trace; the blank line of 
the photometer curve was nearly on the same 
level as the center line screened by the stopper, 
illustrating the fact that the extraneous back-
ground was not significant. Further evidence 
was given by a "blank test "24) (taking photo-
graphs under the same condition as the experi-
ment but without a sample jet), or by the 
"shadow test "2l) (taking photographs with the 

sample jet through a non-rotating sector) showing 
that there was no appreciable extraneous scatter-
ing caused by the main beam, nor by the scat-
tering on the edge of the sector, of the slit, and 
of the nozzle aperture. 

A " Research Grade " sample of n-butane of 
Phillips Petroleum Company was kindly furnished 
by Mr. T. Takatani of the Hitachi Central 
Research Laboratory. The sample (gas at room 
temperature) was introduced into a glass con-
tainer of about 1 liter and the pressure was 
kept at about 20mmHg. A liquid air trap was 
placed just over the nozzle to prevent the sample 
from diffusing through the camera. The flowing 
rate of the sample gas was carefully controlled, 
and diffraction photographs were taken with a 
long exposure time (a few minutes)23,25). A set 
of three photographs of different exposures were 
taken successively and developed at one time in 
the same bath. Two of the better photographs 
among them were used for the density-intensity 
calibration. 
 The photographs were scanned by a Riken 
B-type recording microphotometer of Nagoya 
University to measure the optical density as a 
function of the radius'8). The photographic plate

was rotated rapidly about the center of the pat-

tern while being scanned by the photometer. 
 The measurement of the photometer curves 

was carried nut with a Riken twn-dimensinnal
comparator in the interval of dq=0.5. Optical

densities thus measured were converted into 
relative intensities either by Karles' method26) 
or by Bartell's method27) by using the set of two 
density curves. The resulting intensity curves 
were averaged respectively for each set. The 
agreement between the calibration curves obtained 
by either method was satisfactory. The curves 
obtained in both procedures were used in the 
analysis described below. 
 The averaged intensity curve was multiplied 
by q2/2 to accentuate the molecular oscillations, 
and a smooth background line lB was drawn 
through the curve. After a few steps of re-
drawing of the line, a reasonable background 
which satisfies Karles' criterion24,26), that is, no 
fluctuation (0.0 through 0.7A) and non-negative-
ness of the baseline of the radial distribution 
curve was obtained. The corresponding mole-
cular intensity curve qM(q) was readily calcu-
lated by using the following equation26):

(1)
 The above procedures were repeated one by 

one for the three sets of plates taken with the 
shorter camera length, and finally five molecular 
intensity curves shown in Fig. 1 were obtained: 

two from the curves calibrated by Karles' proce-
dure, two by Bartell's procedure, and one for 
which the density is nearly linear so that the 

same molecular intensity curve was obtained by 
both calibrations. The average deviations of the 

peak positions and intensities, listed in Table I,

TABLE I. AVERAGE DEVIATIONS OF THE PEAK 

POSITIONS AND INTENSITIES FOR FIVE 

OBSERVED MOLECULAR INTENSITY CURVES

a) in q-unit. 
b) in absolute unit.

21) S. Shibata, Symposium on the Diffraction of X-ray 
and Electrons (1955). 

 22) L. O. Brockway and L. S. Bartell, Rev. Sci. Instr., 
25, 569 (1954). 

23) O. Bastiansen, O. Hassel and E. Risberg, Acta 
Chem. Scand., 9, 232 (1955). 

24) I. L. Karle and J. Karle, J. Chem. Phys., 18, 963 
(1950). 
25) O. Bastiansen, L. Hedberg, and K. Hedberg, ibid., 

27, 1311 (1957).

26) J. Karle and I. L. Karle., ibid., 18, 957 (1950). 
27) L. S. Bartell and L. O. Brockway, J. Appl. Phys., 24, 

656 (1957).
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Fig. 1. Experimental molecular intensity curves for n-butane. Five experimental 
 intensity curves are given in the same coordinate. The maximum average deviations 
 among these intensities (near q=40) amounts to about 6%.

Fig. 2. Experimental RD curves. The RD curves computed from the five experi-

 mental intensity curves (Fig. 1) are illustrated in the same scale. The average 

 deviations at the larger peaks are 1•`2% The dotted line denotes a minor con-

 tribution from the atomic pairs including hydrogen computed by use of a self-

 consistent model (see text). It is seen that the curves are non-negative everywhere 

 within the experimental uncertainty.

are important measures for estimating the ex-

perimental errors of the structure analysis. 

Analysis of the Radial Distribution 

Curve

 Procedure.-Modified radial distribution 
curves 28) (they will be abbreviated as RD 
curves) were calculated from the mole-
cular intensity curves, changing the 
Fourier integral into summation 21,11),

(2)

where qMc (q) is the observed molecular 
intensity corrected for the non-nuclear 
scattering. Since the experimental in-
tensity extends to q=100, a constant b 
was chosen to be 0.002333 to make the 
summation converge rapidly. 
 The summation was performed by the 
use of a punched-card machine 211. The 
detail of the computation was given else-
where31). Near the end of the study, a

28) Y. Morino and E. Hirota, J. Chena. Phys., 28, 185 
(1958). 
29) P, A. Shaffer, V. Schomaker and L. Pauling, ibid., 

14, 648, 659 (1946). 
30) T. Ino, J. Phys. Soc. Japan, 12, 495 (1957). 31) Y. Morino and K. Kuchitsu, X-Rays, 8, 37 (1954).
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TABLE II. SELF-CONSISTENT ANALYSIS FOR THE STRUCTURE (in A unit)

A: The model assumed at the first stage. 

B: Result of the first analysis. 

C: Result of the second analysis. 

 a) The gauche distance and its mean amplitude could not be measured accurately 

in the first analysis. Therefore, the values in brackets were used as the basis of the 

second analysis. The distance was calculated by using the result of the first analysis

and the assumption that the azimuthal angle was 60°.

parametron digital computor became avail-
able at Department of Physics of the 

University of Tokyo. Some of the calcu-

lations were carried out by the use of 

this machine32). 

 The RD curves thus obtained for the 

five molecular intensity curves are illus-

trated in Fig. 2; the agreement is satis-

factory. A detailed analysis was made 

for the averaged RD curve. 

 Care was taken in the analysis in re-

gard to the following points: a) the 

structure assumed in the analysis, b) a 

correction for the non-nuclear scattering, 

and c) minor contributions of hydrogen 

terms. 

 a) In the calculation of the RD curve, 

the inner region (q=0•`15) of the mole-

cular intensity curve was spliced by a 

theoretical intensity curve gMc(q) com-

puted with an assumed model*. The 
model listed in the first column A of 

Table II was assumed at the first stage; 

in this model all angles were assumed to 

be tetrahedral and the mean amplitudes 

calculated theoretically (see section V) 

were used**. The result of the first 

analysis was used to calculate the second

RD curve, and as shown in the second B 
and the last column C of the table the 
second-stage parameters were made self-
consistent with the final result of the 
analysis. 

TABLE III. SELF-CONSISTENT ANALYSIS FOR 
THE FRACTIONS OF THE ISOMERS

 Besides the assumptions on the struc-

tural parameters, assumptions had to be 

made for the rotational isomers, i.e., the 

configurations and the fractions of the 

isomers"). It was found that the shape 

of the RD curve beyond 2.3A is sensitive 

to these assumptions, though they had no 

appreciable effect on the inner part of 

the RD curve. A method of analysis 

similar to that used by Iwasaki33) was 

applied as follows. The process is shown 

in Table III. Theoretical curves were 

calculated first for 100% trans form 

(azimuthal angle 180•‹) (Series I), and for 

100% gauche form (azimuthal angle as-

sumed to be 60•‹) (Series II). The frame 

structure was based on the model C of 

Table II. The area under the trans C-C 

peak in the resulting RD curve was com-

pared with the theoretical value and the 

fraction of the trans form was estimated 

from the ratio (IB and IIB). A theoretical 

curve of the mixture of two isomers in 

this fraction was then spliced to the ex-

perimental curve and the same analysis 

was carried out. This procedure was re-

peated until a self-consistent result for

 32) Y. Morino, K. Kuchitsu and M. Shibuya, Sympo-
sium on Structural Chemistry, Kyoto, Japan, Oct. 1958. 

* The contribution of the theoretical molecular in-

tensity curve spliced in the inner region (q=0-15) to the 
RD curve is such a slowly fluctuating function that slight 
changes in the parameters have no essential influences 
on either the peak positions or the peak widths, though 
there may be considerable changes in the peak areas. 
Account was taken of this point for estimating the errors. 

 ** The hydrogen atoms in the methyl groups were 

assumed to be at the staggered configuration in euqilib-
rium with respect to the hydrogen and carbon atoms 
in the methylene groups. See L. G. Smith, J. Chem. 
Phys., 17, 179 (1949), Refs. 4 and 5 for ethane, Ref. 50 for 
ethyl chloride, and K. S. Pitzer, ibid., 12, 310 (1944), for 
propane.

33) M. Iwasaki, S. Nagase and R. Kojima, This Bul-
letin, 30, 230 (1957).
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the fraction of the isomers was obtained 
(C and D). Since both series gave nearly 
the same values, the fraction of the 
trans form was thus found to be 60-65% 
in this analysis. The area under the 
gauche peak in the final RD curve was 
found to be about 35-40% of the theoret-
ical maximum value (that is, the area 
which could be expected if the gauche 
form only were present), also in agreement 
with this result.

 In conclusion, the model used for calcu-
lating the final RD curve was made suf-
ficiently self-consistent, so that the result 
of the following RD analysis is essentially 
free from any arbitrary assumptions. 
 b) A correction for the non-nuclear 

scattering was made by using the method 
of Barte1134). A minor correction term
ΔM(q) was subtracted from the observed

molecular intensity qM(4) to obtain qMc(q).

The function dM(の, which is defined as

ΔM(の=qM(q)-qMc(q)

(3)

was calculated theoretically on the base 
of an assumed model. As in the former 
case a), the structure first assumed was 
that listed in the first column of Table II;
and then ΔM was calculated again by

using the second column of the same 
table. The elastic scattering factors for 
carbon and hydrogen atoms, f(s), were 
taken from the tables of Viervoll and 
Ogrim35), McWeeny36), and Berghuis37). 
For the inelastic scattering factor of car-
bon, Sc(s), Bewilogua's function38) was 
used; as pointed out in his paper, this 
function which is based on the Thomas-
Fermi model is still a good approximation 
for carbon. The S-function for hydrogen,
Sn(s), is approximated by Ss(s)=1-[fH(s)]2 
after the argument of Mott and Massey39). 
In order to make the magnitude of the
ΔM-function smaller, the value ZH in Eq.

3 was put equal to 1.25. It seems probable 
that uncertainties in these factors have a 
negligible effect on the final result as 
compared with the experimental errors. 

 c) As there are many non-equivalent 
C-C, C-H and H-H distances in n-butane, 
(twenty-seven in the trans form, and 
thirty-five in the gauche form), thorough 
analysis of all distances is obviously too

Fig. 3 Analysis of the average RD curve. The minor contribution illustrated in Fig. 2 

 is subtracted from the total curve. The dotted curves denote the best-fit Gaussian 

 curves. The peaks represent (from left to right) the C-H, C-C, nonbonded C-H, 

 nonbonded C-C, gauche C-C, and trans C-C distances, respectively.

34) L. S. Bartell, L. O. Brockway and R. H. Schwende-
man, J. Chem. Phys., 23, 1854 (1955). 
35) H. Viervoll and O. ogrim, Acta Cryst., 2,277 (1949). 
36) R. McWeeny, ibid., 4, 513 (1951).

37) J. Berghuis, et al., ibid., 8, 478 (1955). 
38) L. Bewilogua, Physik. Z., 32, 740 (1931). 
39) N. F. Mott and H. S. W. Massey, " The Theory of 

Atomic Collisions ", Oxford Univ. Press, London (1949).
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complicated to be feasible. However, the 
structure of this molecule is principally 
determined by four main structure para-
meters, i.e., the C-H (average), C-C 
(average), C-H (average), and C-C dis-
tances. Since the contribution from these 
distances are exceedingly greater than 
that from the other distances, it is 
advantageous to subtract the minor con-
tributions from the total RD, leaving the 
contributions from the principal parame-
ters, which can then be analyzed uniquely. 
The minor contributions calculated by 
use of a self-consistent model are illustrated 
in Fig. 2 as a dotted line. The same 
procedure of obtaining such a self-con-
sistent model as that discussed in a and 
b was undertaken. Tables II and III show 
that for the procedures a, b and c the 
model was simultaneously made self-con-
sistent in two steps. The result is shown 
in Fig. 3. 

 Least-square Analysis of the Main 
Peak*.-The peak at 1.1A in the RD curve 
(Fig. 3) corresponds to the C-H distance. 
The center of gravity which is equal to 
the mean distance was readily determined. 
The peak was found to be symmetrical 
with respect to the center, and according-
ly, the curve could be fitted to a Gaussian 
function**. 
 The Gaussian function to be fitted is

(4)

where rg is the center of gravity. By 
taking the logarithm of both sides, the 
following linear equation is obtained.

(5)

(6)

About ten sets of the observed values 
Xi's and Y's were used to determine the 
parameter p, under the condition that

(7)

Solving the equation for p,

(8)

The parameter is related to the mean 

amplitude as

(9)

(10)

Since the standard error of the parameter 
p is given by

(11)

the standard error of the parameter l is 
readily obtained as*

(12)

 The second peak at 1.54A corresponds 
to the C-C distance. Because of the 
separation of 0.45A between the C-H and 
C-C distances, a similar least-square 
analysis could be made with no ambiguity. 
The peaks for the non-bonded C-H and 
C-C distances are in a slightly closer 
separation. However, they were resolved 
by using the left side of the C-H peak, 
and the same procedure was applied. The 
results are listed in Table IV. 

 In the region beyond 3A, two peaks

TABLE IV. RESULT OF THE LEAST-SQUARE 

 ANALYSIS OF THE MRD CURVE

 a) in A unit 
b) the ratio with respect to the theoretical 

absolute value 
c) to be regarded as the fraction of the 

trans isomer 
d) the value derived from rg(l) by Eq. 24

* The least-square analysis of RD curve has been 

reported recently by Bastiansen and Cyvin (0. Bastiansen 
and S. J. Cyvin, Acta Chem. Scand., 11, 1789 (1957).). For a 
similar treatment of a w(r) curve, see the paper by 
Cruickshank et al. (D. W. J. Cruickshank and H. 
Viervoll, Acta Chem. Scand., 3, 560 (1949).). 

 ** The middle points of the curve at various peak 

heights were constant to a third decimal place of an 
angstrom. Strictly speaking, an f(r) peak is expressed 
as

showing a slight distortion in trems of the parameters 
of anharmonicity and of the perpendicular amplitudes. 
However, the distortion is often so small that the curve 
can be interpreted as Gaussian. As will be shown later, 
the mean amplitude for f(r) curve is almost the same 
as that for the probability distribution.

 * The standard error is about 1% , being considerably 
smaller than the random errors estimated in section IV 
B.
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Fig. 4. Comparison of the observed and calculated molecular intensity curves. The 
 solid line denotes the theoretical intensity calculated from the result of the MRD 

 analysis (Table IV). The dots are the averaged experimental molecular intensity . 
 These intensities fit within the experimental uncertainty illustrated in Fig . 1. The 
 theoretical curve is extended beyond q=100 , and is used in the UMRD analysis.

Fig. 5. Comparison of the observed and theoretical RD curves. The solid line re-

 presents the theoretical RD curve based on the result of the analysis assuming 
 Gaussian distribution. The dots are the experimental MRD curve.

appeared at 3.11 and 3.9A, corresponding 
to the gauche and the trans C-C distances, 
respectively. It affords a definite evidence 
for the rotational isomerism in this mole-
cule. As the shape of the latter peak is 
practically Gaussian, the same procedure 
was applied, whereas only approximate 
values for the distance and its mean am-

plitude were estimated from the former 
peak. A theoretical intensity curve and 
an RD curve were calculated by the use 
of the result listed in Table IV. The 
agreement with the experimental curve 
is satisfactory, as shown in Figs. 4, 5 and 
Table V. The average index of resolu-
tion is about 99%.
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Fig. 6. Unmodified RD curve.

TABLE V. COMPARISON OF THE OBSERVED AND 

 THE CALCULATED INTENSITY CURVES

 Unmodified Radial Distribution Curve. 
-By the same procedure as that described 

by Morino and Hirota2B), an unmodified 
radial distribution curve (UMRD), Eq. 13, 
was calculated for a further refinement 
of the analysis:

(13)

where qMc(q) obs is the observed molecular 
intensity corrected for the non-nuclear 
scattering34) and qMc(q) caic is the calculated 
intensity based on the result of the analysis 
of the modified RD curve (Table IV and 
Fig. 4). The weight function w(q) was
so chosen that w(q)∞exp[-cΔ(q)2], where

d(q)is the amount of fluctuation among

the observed intensity curves at a point

q (Fig. 1), and c is a constant. The 
value w(q) fluctuates somewhat irregularly 
with q between 100 and 80% for most of 
the experimental region (q=17.95), and 
is zero for the inner and outer parts. 
The UMRD curve is shown in Fig. 6. The 
analysis was carried out in the same way 
as that of the MRD curve (item 2). The 
results are given in Table VI and Fig. 6. 
 Estimation of the Errors in the Measure-
ment of Interatomic Distances.-For the 
estimation of errors in the interatomic 
distances, sources of systematic errors in 
the scale factor and other errors in the 
observed RD curve must be considered. 
The main sources of systematic errors 
may be as follows. 
 a) The uncertainty in the scale-magni-

fication ratio on the microphotometer 
trace, which is estimated to be about 
0.1%. 
 b) The uncertainty in the camera 

length: it comes mainly from the differ-
ence between the position of the scattering 
center of the sample and that of the ref-
erence, and from the uncertainty in the 
position of the photographic plate. This 
error is about 0.1%.
 c)The errors involved in the measure-

went of Ld:the product of the camera

length L and the wavelength z is deter一

mined by the measurement of the trans-
mission pattern of gold foil. The standard 
error of the measurement is about 0.1%. 
 d) The drift of the wavelength: since 

a few minutes were required for exposure, 
the drift of the wavelength may be a 
cause of systematic error. In this experi-
ment, however, the drift was controlled 
to within 0.05% by use of voltage stabiliz-
ers. 

 e) Errors in the determination of the



* The error due to an imperfect centering of the 

photographic plate during the scanning by the photo-
meter is negligible, being of the order of a few ten thou-
sandth of an angstrom, since the center was adjusted 
to within 5/100mm. The error due to the deviation of 
the electron beam from the correct center of the sector 
during the exposure (which was within 5/100mm.) is 
also negligible. 
40) I. L. Karle and J. Karle, J. Chem. Phys. 17, 1052 

(1949). 
41) L. S. Bartell, ibid., 23, 1219 (1955).
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TABLE VI. THE MEAN DISTANCES') 

AND ANGLESb)

 a) rg (0) in A unit 
b) the "mean angle" derived from rg (0) 

by Eq. 24

 The mean square amplitude of a dis-
tance is defined by*

(22)

whereas the mean square amplitude ob-

tained from the radial distribution curve is

(23)

A simple calculation using Eqs. 14 and 17 
shows that the latter is equal to the mean 
square amplitude for the P(r)/r curve, 
12(1), plus 2b, and the difference between 
12(0) and 12(1) is only a minor correction 
as compared with the experimental error. 
(See f on page 756). 
 Determination of Valence Angles.-

Following the above argument, the " mean
angle"may be defined as the angle a

derived by the following equation

(24)

where r4, re, and re are the mean values 
of the respective distances. The standard 
error of the angle is readily calculated to be

(25)

The systematic error of the scale factor,

0.2%,is not included in σr's, because it

has no effect on the angle. The result is 
given in Table VI. 
 Discussion Concerning the Longer Dis-
tances.-The trans C-C distance is calcu-
lated from the C-C distance rg(0) and the 
C-C-C angle assuming that the four car-
bon atoms are coplanar; it was found to

be 3.926±0.0031. On the other hand, the

observed distance was 3.911±0.004 *. The

shortening,0.015±0.0051,can be inter一

preted as " significant ", according to 
Cruickshank's definition 41). It is likely 
that the shift is caused by a hindered 
rotation of the ethyl groups around the 
C-C axis taking the equilibrium position 
on the plane. The shift due to this effect 
was calculated theoretically by Karle and 
Hauptman48). It is calculated in a similar 
manner that the shift is 0.0120A when the 
barrier Vo is equal to 3.6 kcal./mol., and 
0.0155A when it is equal to 3.0 kcal.,/mol., 
in satisfactory agreement with the experi-
mental shift. It is therefore inferred that 
the barrier height lies close to these 
values, in agreement with the value 
estimated by Pitzer, 3.6 kcal./mol.14) 
 The azimuthal angle of the gauche form 
was calculated from the gauche C-C dis-
tanceR8(3.13±0.01A)tobe67.5。 ±1.1。.The

angleisthusnearly60°aswasusuallyas一

sumed but possibly a little larger than 
that. 

 Estimation of Errors in the 
 Mean Amplitude 

The mean amplitudes listed in Table IV 
include both systematic and random errors. 
They were either corrected or estimated 
as shown in the following table. 
A. Systematic errors 

Experimental 
a) effect of finite sample size: 

corrected, 
b) multiple or extraneous scattering: 

 negligible, 
c) density-intensity calibration: 

 estimated, 
Theoretical 
 d) failure of Born approximation: 

corrected, 
 e) effect of the possible difference in 

 length between non-equivalent 
bonds: estimated, 

 f) effect of perpendicular amplitude 
and of anharmonicity: negligible, 

 g) effect of series termination: 
 negligible, 

(in the case of MRD) 
B. Random errors*

* The definition corresponds to ud used by A. Reitan 
(Ref. 53).

* The error of the scale factor is not included in this 

comparison. 
 42) D. W. J. Cruickshank, Acla Cryst., 2, 65 (1949). 
 43) J. Karle and H. Hauptman, J. Chem. Phys., 18, 875 
(1950). 

* Errors which could not be treated as systematic 

errors were simply regarded as random errors though 
they might not be purely random in a strict sense.
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Fig. 7. Comparison of the background lines. Soild line: experimental; and dotted 
 line: theoretical. The ordinate scales are adjusted in such a way that two curves 
 coincide at q=40. (A) The background line obtained by use of an r3-sector. (B) 

 The curves shown in A are multiplied by q1/2 to accentuate the difference; it 
 amounts to about 10% at q=100.

 Experimental: treated with a simple 
 statistical method, 

 Computational: estimated. 
These errors will be discussed as follows. 
 A. Systematic Errors.-a) Effect of finite 
sample size.-This effect was extensively 
studied by Karle24), and also Harvey et al.44) 
It is easily estimated if the distribution of 
the sample gas around the nozzle is known. 
The shape of the background line was 
found to be useful in this case for estimat-
ing the distribution. In Fig. 7 is shown a 
comparison of the observed background 
line with the calculated curve based upon 
the assumption that the diffracting mole-
cules are located at an infinitesimal volume. 
The agreement is good in the inner region, 
whereas the deviation of the observed

curve is clearly recognized beyond q=60. 
The nozzle used in this experiment is 
illustrated in Fig. 8. If this effect is at-
tributed to the " screening " of the elec-
trons at the nozzle edge, the distribution 
is estimated with the following simple as-
sumptions: 

 1) The decrease in the observed back-
ground compared with the theoretical 
background is essentially caused by process 
in which a small fraction of the electrons 
scattered by the sample hit the wall of 
nozzle and do not reach the photographic 
plate (Fig. 8). 

 2) Since the beam diameter is much 
less than the nozzle aperture, a one-
dimensional distribution of the sample gas, 
the area being normalized, is considered. 
Then the decrease is determined by the 
area of the shadowed region in Fig. 8.

44) R. B. Harvey, F. A. Keidel and S. H. Bauer, J. 
Appi. Phys., 21, 860 (1950).
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Fig. 8. "Screening effect" of the nozzle. An enlarged cross section of the drum-
 type nozzle is illustrated. A: gas inlet; B: nozzle body; E: electron beam (the 
 cylinder represents a rough measure of the diameter); f(x): normalized one-dimen-
 sional distribution of the gas; G: gold foil used as the reference. It is assumed
that the electrons scattered at the point farther than the critical pointλ(θ) (shaded

region)in the direction of s(B)are completely screened by the wall of the nozzle

and do not reach the photographic plate, and that the scattered intensity undergoes 

a fractional decrease proportional to the shaded area.

Fig. 9. Distribution functions of the gas spreading. It is assumed that they are 

 symmetrical across the center of the nozzle inlet, and the areas are normalized. 

 Solid line: flat and exponential; dotted line: flat and Gaussian; chain line: ex-

 ponential; and broken line: Gaussian. It is seen that the distributions are all 

 practically zero outside the nozzle.
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 3) The distribution is symmetrical 
across the center of the nozzle inlet. 

 In additon to these assumptions, the 
following simple analytical functions were 
assumed for the distribution, and para-
meters were determined to reproduce the 
experimental fractional decrease. The 
shapes of the distribution functions as-
sumed are: 

Exponential:

(26)

(27)

(28)

(29)

where x is the distance in millimeters 
measured from the center of the nozzle 
inlet, and x0=0.5mm. is the radius of the 
inlet. The distribution is illustrated in 
Fig. 9. It is seen that the density is 

practically zero outside the nozzle, though 
the localization is somewhat poorer than 
that of Karles' nozzle estimated in their 
paper 21. 
 The distribution function being assumed, 
the damping of the molecular intensity

(a contribution of a particular atomic pair 
whose equilibrium distance is r) caused 
by the spreading of the sample is calcu-
lated by the following integration:

(30)

where s is a function of the camera 
length L, which is the sum of Lo+x, Lo 
being the camera length referred to the 
nozzle center. This may be expressed as:

(31)

(32)

where R is the radius on the photographic 
plate. Substituting Eq. 31 into 30 and 
remembering that f (x) is assumed to be 
a symmetrical function of x, Eq. 30 is 
transformed into Eq. 33 giving the damping 
of the molecular intensity:

(33)

where Mo(so) refers to Lo (the molecular 
intensity scattered by a point source).

TABLE VII. CORRECTION AND ESTIMATION OF ERRORS IN THE MEAN AMPLITUDES

a)The meaning of the symbolく ±is that the sign may be positive or negative, but

 that the absolute value should not exceed the given figure.

b)The uncertainties involved in the enrrertinns a and d are estimated to he +70%,

of the correction values.
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 On calculating the damping function 
(Eq. 33) analytically using Eq. 26 through 
29 for f(x)*, it was found that all assumed 
distributions give nearly the same result, 
and it can be expressed in a good ap-
proximation in the form

(34)

An apparent increase in the mean am-

plitude is accordingly given by

(35)

The percentage correction for each inter-
atomic distance is given in Table VII. It 
should be noted that the parameter 6 is 
a function of r, and that the correction 
is greater for the longer distance, and for 
the harder distance (i.e., the distance 
which has a smaller mean amplitude), as 
already pointed out24'44). 

 b) Effect of multiple or extraneous 
scattering.-This effect was considered to 
be negligible in view of the following 
argument. 

 1) No appreciable extraneous scattering 
was found to be present, as stated in the 
experiment part. 

 2) Care was taken in the experiment 
to reduce the sample pressure during the 
exposure 15); the flow rate was suf-
ficiently "slow" in the sense discussed 
by Harvey et at.44) to avoid the multiple 
scattering. 
 3) The observed background line agrees 

well with the theoretical form, showing no 
appreciable multiple scattering present 
(Fig. 7). 
 4) The index of resolution is nearly 

unity, which affords another point of 
support. 

 5) It was shown by Karle24) theoretically 
that even if a considerable amount of 
multiple scattering were present, it would 
raise the background uniformly and 
decrease the molecular intensity also in 
a uniform manner. Consequently it does 
not change the damping factor of the 
molecular term significantly. 

 c) Uncertainty in the density-intensity 
calibration curve.-This effect may be 
estimated in the following way. Suppose

the calibration function E(D), in which 

E and D denote the intensity and density, 

respectively, is obtained experimentally 

instead of the true function E•‹(D) whichh 

is unknown. Since the functions E•‹ and 

E are both uniform functions of D, their 

ratio may be expanded as

(36)

If the maximum or the minimum point of 
the intensity curve and the background 
intensity of the same point are denoted 
by E, and E2 respectively, and the densities 
which correspond to E, and E2 on the 
D-E curve by D, and D2, the fractional 
error R in the molecular intensity obtained 
from Eq. 1 is given by

(37)

(38)

 On the other hand, the experimental 
measure of the uncertainty in the D-E 
curve may be estimated 1) by the variance 
of the slope of the observed background 
lines, and 2) by the difference between the 
D-E curve obtained by Karles' method 
and that obtained by Bartell's method 
using the same density curves. 

 It was found that the magnitude of the
parameters a or p is about±0.05. Since

the maximum density in this experiment 
was about 0.8, the upper limit of the error 
in the molecular intensity was estimated 
to be 10%. Possible error in the mean 
amplitude caused by this effect is accord-
ingly estimated for each distance by 
fitting roughly to an exponential function, 
and listed in Table VII. 
 d) Failure of Born approximation.-it 

is well known that the theoretical ex-
pression 4 for the scattering of electrons 
by molecules is derived by Born approxima-
tion, which is not always justified 31). The 
failure of Born approximation was first 
pointed out by Schomaker and Glauber4t,46)r 
and discussed by Hoerni and Ibers47>. The 
effect on the mean amplitude, an apparent 
increase, was discussed by Bartell and

* For example , the use of Eq. 26 gives

and the use of Eq. 27 gives

The latter formula corresponds to Eq. 13 of Karles' 
paper24'. More strictly, the upper limit of the integral
30should be the cutoff point,λ, shown in FiK-8, which

is a function of s. A detailed calculation shows, however, 

that the molecular term assumes an additional factor and 

a phase shift which are both of a negligible order of 

magnitude.

45) V. Schomaker and R. Glauber, Nature, 170, 291 

(1952). 
46) R. Glauber and V. Schomaker, Phys. Rev., 89, 667 

(1953). 
47) J. A. Hoerni and J. A. Ibers, ibid., 91, 1182 (1953).
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Fig.10. Approximation of the phase shift cos dry by an exponential function. a)

 cos dry for the C-H pair;and b)exp(一 δs2/2)whereδ ・=3.096×10-4. The deviation

 is about 7% at q=100.

Brockway48'34). In the following a similar 
correction for this effect is carried out. 
 The expression is given by

(39)

(40)

The C-H pairs are the only objects to be

considered for this molecule, since the

phase shiftΔ ηapPears only for a pair of

different atoms. The phase functionη(s)

was calculated and tabulated by Ibers and

Hoerni49). Since the values are based on

the Thomas-Fermi model, they may

naturally be a poor approximation for

carbon and hydrogen. According to their

argument's), however, the phase shiftΔ η

is probably reliable, and in addition, the

magnitude of η for hydrogen is very

small. The Eq.13of their paper is availa-

ble to convert the values toηfor the ac-

cellerating voltage used in this experiment.

 The damping function cosΔ ηc-H was

approximated by an exponential form, as

discussed by Bartell,

(41)

the value b being derived numerically in
the following average, taking the damping 
function (including the artificial tempera-
ture factor) as a weight w(s)

(42)

(43)

The value thus obtained is

The maximum deviations of the expo-
nential functions from the cosine functions 
were about 7% (Fig. 10). These deviations 
were further corrected by introducing a
8M-function in a way similar to that dis一

cussed in the case of non-nuclear scat-

tering34).

(44)

The order of magnitude of this function 
is less than 1% of the molecular intensity, 
and therefore it barely contributes to the 
RD curve. 
 The percentage correction for this effect 
to the mean amplitude is given in Table 
VII. 

 e) Effect of the possible difference in the 
distances between non-equivalent bonds.-
It should be noted that the C-H, C-H 
(non-bonded), and C-C distances ob-
served are the average values of the two 
respective non-egivalent distances, i.e., 
C-H (methyl) and C-H (methylene), and 
C-C (end) C-C (central). Should these 
distances differ slightly, as may be the 
case, observed mean amplitudes will show 
apparent increase. 
 This effect is readily treated as follows. 
Suppose there are two Gaussian peaks 1 
and 2 (peak positions r, and r2, and peak

48) L. S. Bartell and L. O. Brockway, Nature, 171, 978 
(1953). 
49) J. A. Ibers and J. A. Hoerni, Acta Cryst., 7, 405 

(1954).
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Fig. 11. A composite peak of non-equiva-
 lent C-C distances. The peak is slightly 

 broader than each of the component 

 peaks.

heights pi and p2, respectively) close to-
gether (Fig. 11). Their mean amplitudes 
are assumed to be the same, 1. The 
composite peak will then be given by

(45)

If the origin of the distance r is chosen 
at the center of gravity, the composite 

peak is expresed as

(46)

(47)

The term in the bracket being expanded,

(48)

The second term is about a small percent-
age of the third term and does not affect 
the width. Therefore, the peak is expressed 
as a Gaussian function to a good approxi-
mation:

(49)

(50)

 The coefficient H is related to l in l;q. 
45, so that the apparent increase in l is 
calculated by Eq. 50. 
 The splittings of the distances are 

definitely too small to be detected in this 
experiment; the only available references 
seem to be the splitting of the C-H dis-
tances in ethyl chloride estimated in the 
microwave spectroscopy50),

and the plausible values predicted by 
Glockler from the consideration of bond-

energy data51),

 The maximum possible percentage ap-
parent increases listed in Table VII are 
calculated by inserting in Eq. 50 the 
value:

It is seen that this effcet is possibly 
negligible. 
 f) The effect of perpendicular amplitude 
and of anharmonicity.-The probability 
distribution function of an interatomic 
distance including both parallel and per-
pendicular amplitudes was derived by 
Morino and Hirota52)

(51)

(52)

(53)
 On the other hand, the following P(r)-

function including anharmonic vibration 
was given by Bartell41) and by Reitan13).

(54)

Since these effects introduce only slight 

modifications on the Gaussian distribution, 

the combined effect may be written in the 

first approximation,

(55)

(14)

The mean square amplitude for this dis-
tribution is readily calculated as

(56)

11(0) can be obtained from 11(f) by the 
equation.

50) R. S. Wagner and B. P. Dailey, J. Chem. Phys., 23, 
1355 (1955). 
51) G. Glockler, ibid., 17, 747 (1949).

52) Y. Morino and E_ Hirota, ibid., 23, 737 (1955). 
53) A. Reitan, Acta Chem. Scand., 12, 131, 785 (1958).
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(57)

It is to be noted that a minor fractional 
correction is of the order of l2/2re2, which 
is less than 0.5%/a. Thus the effect of 
anharmonicity or the perpendicular am-
plitude are regarded as negligible, at 
least in obtaining the mean amplitude 
defined in Eq. 56. 
 Care should be taken, however, in the 

comparison of the amplitudes observed in 
this way with that calculated from the 
vibrational data. For the influence of 
anharmonicity on the mean amplitudes, 
interesting discussions were made by 
Reitan53). According to his calculation, 
apparent mean amplitudes of 0 H and H-H 
bonds in water molecule based on the 
harmonic approximation are about 5% 
smaller than those which include the 
anharmonic effect. For heavier molecules 
such as Br2, the correction was shown to 
be negligible. 
 g) Effect of series termination.-The 

MRD function was computed by use of 
Eq. 2 taking the upper limit of the integral 
as gmax instead of infinity. According to 
Waser and Schomaker54>, an exponential 
damping function exp(-bs2) was adopted 
in the present analysis for the modification 
of the RD, the factor b being chosen 
following the usual convention that exp 
(-bSmax2)=0.1. 
 Since the intensity curve multiplied by 

the damping factor is given by a sum of 
the contribution of the comnonent terms.

(58)

the Fourier inversion is also expressed as 

a sum,

(59)

The RD function actually obtained is the 
sum of fo (r), the true RD function, and 
-f'(r) , additional ripples. Taking out the 
n-th contribution to f'(r), and using Eq. 
58, f'(r) is given by

(60)

where the second term is usually negligi-
ble. At the center of the RD peak, i.e., 
r=rn, the function f'n(r) has its maximum 
value, which is expressed in terms of the
error integral,φ(smax/√2Hn). Elsewhere,
f'n(r) reveals itself as a ripPle of the

period of slightly less than 2π/Smax. It is

obviously symmetrical across the center

of the peak and damps slowly as |r-rπ ｜

increases.

In the present example, smax=10π,Hn～66

for the C-C bond which has the smallest 
damping factor, and Hn-50-30 for the 
other bonds. By the evaluation of the error 
integral, it was found that the maximum 
magnitude of f'n is about 0.6% of the peak 
height for the C-C peak, and less than 
0.1% for the others. The effect is thus 
unquestionable except for the C-C peak, 
and even in that case, it causes a slight 
symmetrical distortion of the C-C peak 
itself and an apparent increase of about 
0.7% in its mean amplitude. A shift of 
the distance rg of the adjacent peaks due 
to this effect amounts to only a few ten 
thousandth of an angstrom. 

 A similar, but more extensive discussion 
was carried out by Morimoto in his recent 
RD analysis of evaporated crystallites55). 
The result is in agreement with the 
estimation described above. 

B. Random Errors.-The main origins 
of experimental random errors are 1) er-
rors introduced in the photographic pro-
cess (exposure, development, etc.), 2) er-
rors of the microphotometry, 3) errors 
of the measurement of the photometer 
curve, and 4) errors introduced in the 
failure of drawing a proper background 
line, etc. 
 These errors are included in the mole-
cular intensity and, being Fourier inverted, 
reveal themselves as random fluctuations 
or "ghosts" in the RD curve, which 
cause errors in the measurement of mean 
amplitudes. 
 The following features may be used as 
the measures of these fluctuations. 

 1) Fluctuations of the baseline in the 
regions where no interatomic distance 
should exist: as shown previously, there 
are no appreciable fluctuations in the base-
line from O through 0.7A (Fig. 3). Beyond 
2.8A of the RD curve, however, there

54) J. Waser and V. Schomaker, Revs. Modern Phys., 
25, 671 (1953). 55) H. Morimoto, J. Phys. Soc. Japan, 13, 1015 (1958).
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appear small fluctuations, which probably 
come from the experimental errors to-
gether with the computational errors. 

 2) Difference among RD curves illus-
trated in Fig. 2, obtained by the indepen-
dent procedure: the maximum deviation 
amounts to a small percentage of the peak 
height. 

 3) The standard errors given in the 
least-square analysis of the mean RD curve 
(Eq. 12): they were found to be about 1% 
of the mean amplitudes. 

 4) Deviations of the areas of the RD 
peaks from the theoretical values: the 
ratios listed in Table IV show that the 
deviations amount to a small percentage. 

 In order to estimate the random errors 
in the mean amplitudes, it seems possible 
to make use of one of the following 
methods: 

 1) Use of the variance in the results 
of the least-square analysis of the individ-
ual RD curves, which may correspond to 
the " mean square deviation between 
classes ", 

 2) Use of the square sum of the re-
siduals in the process 1, which may cor-
respond to the " mean square deviation 
within classes ", 

 3) Use of the difference among the RD 
curves to estimate the standard error at 
each point of the peak. 
 Each method was used in the present 

estimation together with Eqs. 11 and 12. 
Errors introduced in the computational 
process were also taken into account. Im-

portant ones among them would be 1) 
errors in the computation (rounding-up 

errors, etc.), 2) improper assumptions 

used in the analysis (structure, scattering 

factors, etc.), 3) ambiguity in the decom-

position of the composite peak, and 4) 

improper correction for various systematic 

errors. A plausible estimation was made 

utilizing the experience in the self-con-

sistent analysis described above. As for 

the effect 4, the corrections for systematic 

errors were considered to include •}70% 

uncertainties. 

 The results of the estimation of random 

errors are listed in Table VII. In thf 

last row of the table are listed the mean 

amplitudes for which suitable corrections 

have been made, with their total standard 

errors which include all errors estimated 

in the above consideration.

Calculation of the Mean Amplitudes 

 In order to correlate the observed mean 
amplitudes to be spectroscopic data, a 
calculation of the mean amplitudes was 
carried out. Because of the lack of knowl-
edge of the force constants, a simple and 
approximate treatment was made. 
 First the skeleton vibrations were con-

sidered by assuming a methyl or a methyl-
ene group as a particle for the trans and 
the gauche forms. The Wilson's G and F 
matrices for the trans form given as 
follows56,51).

(61)

TABLE VIII. COMPARISON OF THE NORMAL FREQUENClES FOR THE TRANS FORM

56) E. B. Wilson, Jr., J. Chent. Phys., 7, 1047 (1939); 9, 
76 (1941).

57) E. B. Wilson, Jr., J. C. Decius, and P. C. Cross, 
" Molecular Vibrations" McGraw-Hill , New York (1955).
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TABLE IX. CALCULATED VALUES FOR THE MEAN AMPLITUDES 

 (skeleton) (in A unit)

where the symbols have their usual mean-
ing 57,59). Two different sets of Urey-
Bradly force constants were taken. One 
set A is that given by ShimanouchiBt3, 
which was selected to the fit to Raman 
spectra of n-butane, 

Ko=4.0, K1=3.2, H=0.11, F=0.96 and F'=0 

The other set B is that reported as the 
force constants of methyl and methylene 
groups59), and taken by Hayashi in his 
calculation of the normal vibration of n-
pentane molecule as a five-body problem6l).

These force constants being inserted in 
Eq. 61, it is an easy and straightforward 
computation to obtain the normal fre-

quencies56,571 and the mean amplitudes62 63). 
A comparison of the frequencies for the 
trans form is given in Table VIII. The 
assignment of the skeleton frequencies 
was made by several authors11,115,60,64), and 
there seems to be no difficulty except in 
the lowest Bu (bending) mode*. Although 
the band 215.0cm-1 observed in the far 
infrared spectra was assigned to this mode 
by Gates, and no other band was found 
between 400 and 170cm-1, it seems likely 
that this mode has a little higher fre-

quency. The agreemment of the calculated 
frequencies with the observed is much 
better for the A-set. Accordingly, the

mean amplitudes calculated with the A-set 
may be the more reliable. 
 For the mean amplitudes of the gauche 
form the barrier against the torsional 
motion was assumed to be 3.6 kcal./mol.141 
An approximate method'-) was applied. 
These results are shown in Table IX. 
The larger amplitude obtained for the 
gauche C-C distance as compared with 
the trans C-C is just as expected. 
 For the mean amplitudes of the dis-

tances including hydrogen atoms, methyl 
groups were approximated by chlorine 
atoms, that is, the mean amplitudes of the 
H-H and C-H atom pairs in 1, 2-dichioro-
ethane were calculated, be cause the L 
matrices for this molecule calculated by 
Nakagawafi51 were available. Although this 
approximation apparently seems drastic, 
past experience on the calculation of mean 
amplitudes assures that it will give suffi-
ciently correct values for this purpose63) . 
The results obtained are listed in Table X. 
The mean amplitude of the C-C distance 
agrees with the previous values given in 
Table IX.

TABLE X. COMPARISON OF THE OBSERVED AND 
 CALCULATED MEAN AMPLITUDES 

(FOR PAIRS INCLUDING HYDROGEN) 
(in A unit)

 The comparison of the calculated am-
plitudes with the observed values is given 
in Table IX and X. The agreement is 
satisfactory, taking account of the ex-
perimental error, and of the uncertainty 
in the theoretical values (possibly a small

 58) J. C. Decius, J. Chem. Phys., 16,1025 (1948). 
 59) S. Mizushima, T. Shimanouchi, I. Nakagawa and 
A. Miyake, ibid., 21,215 (1953). 
60) T. Shimanouchi, Sci. Papers Inst. Phys. Chem. 

Research (Tokyo), 40, 467 (1943); Bull. Inst. Phys. Chem. 
Research (Tokyo), 23, 371 (1944). 
 61) M. Hayashi, J. Chem. Soc. Japan, Pure Chem. Sec. 
(Nippon Kagaku Zasshi), 78, 222 (1957). 
62) Y. Morino, K. Kuchitsu and T. Shimanouchi, J. 

Chem. Phys., 20, 726 (1952). 
63) Y. Morino, K. Kuchitsu, A. Takahashi and K. 

Maeda, ibid., 21, 1927 (1953). 
64) R. S. Rasmussen, ibid., 16, 712 (1948). 

* Although Gates (Ref. 15) assigned the Raman line 

319cm-1 to the lowest Ag mode, this line should be 
assigned to the same mode of the gauche form (Ref. 16). 
The valence force constants determined by Gates are 
therefore not very reliable.

65) I. Nakagawa, J. Chem. Soc. Japan., Pure Chem. 
Sec. (Nippon Kagaku Zasshi), 74, 848 (1953); 75,60 (1954) .
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percentage), caused by the approximate 
nature of the calculation, the uncertainty 
in the force constants, and the neglect of 
anharmonicity in the vibration. 

 Analysis of the Intensity in the 
Small-angle Region

 The intensity curve in a small-q region 
was analyzed for the purpose of obtaining 
further information on the rotational 
isomerism. The detail of the method was 
described in a previous paper19,66) 
 Diffraction photographs were taken at 
the longer camera length through an r2-
sector with a multiple-layer stopper of 
the same type as that used by Bastiansen23). 
The density measured was converted into 
the intensity by Karles' procedure26). In-
dependent observations gave good agree-
ment with one another.

Fig. 12. Small-angle intensity curve of 
 n-butane. (A) f(q) curve; and (B) 
 f(q)I(q) curve.

 The intensity I(q) was multiplied by a 
smooth function f(q) (Fig. 12) to make 
the background line nearly flat, where

(62)

A background function 1b (q) was calculated 
by the following equation,

(63)

plitudes determined by the analysis de-

scribed on pages 750～757 was used to

compute the theoretical molecular inten-

sity, together with the same assumption

discussed in procedure of that section.

Two parameters of the rotational iso-

merismn, the gauche azimuthal angleφand

the fraction of the traps form ne, were

varied systematically. The index of re-

solution was estimated to be 0.90士0.10.

It was foumld that when nt was assumed

to be less than 30%or more than 70%,

the Ib functions (Fig.13) showed such

large fluctuations irrespective of the choice

of angle φ, that the existence of both

rotational isomers was definitely confirmed. 
It gives an independent support to the 
conclusion of the RD analysis. 
 For the estimation of the parameters 

and their limits, the maximum possible 
ripples caused by experimental errors or 
by theoretical uncertainties were regarded 
as about 1% of the lb function*. The 
result of the analysis is

Fig.13. Ib functions of n-butane for

 models (A)traps 100%;(B)gauche

(｢=65°)100%;(C)amixture of traps

 and gauche(｢=65°)in 1:1;and(D)a

 皿ixture of traps and 8auche (φ=50°)

in 1:1. The index of resolution is 0.90. 
The curve C is in the acceptable region. 

The vertical line denotes the amplitude 
of a one per cent fluctuation of the Ib 

curve.
where M(q) calc is the theoretical molecular 
intensity divided by q, and c is the index 
of resolution34,44). A criterion that Ib 
should be a smooth function of q can be 
used to select a reasonable modeh91. 
 The frame structure and the mean am-

66) K. Kuchitsu, This Bulletin, 30 391, 399 (1957).

* This estimation was based on a similar argument 

given in the previous paper on n-propyl chloride (Ref. 
19), but a larger value should be taken for the uncer-
tainty in this case, since the contribution of the internal 
rotation is less (being about 20% of the total intensity); 
and the uncertainty of the assumptions is more serious 
(particularly for the position of the hydrogen atoms).
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TABLE XI. COMPARISON OF THE STRUCTURES OF RELATED MOLECULES

which is consistent with the result on pages 

750.757 within the limit of uncertainty.

Discussion 

The C-H and C-C distances were obtained 
with accuracies of better than 0.01A 
(Table VI). These distances are the 
average values of two non-equivalent dis-
tances, but they may not differ more than 
0.01A. It is seen that the values are close 
to the " normal " bond lengths67 accepted 
generally: C-H=1.091, and C-C=1.541. 
This result therefore gives some support 
for these standard values. 
 The average C-C-H angle was found to 
be slightly larger than the tetrahedral 
angle. The structures of methyl groups 
have been obtained by means of microwave 
spectroscopy for a number of simple 
molecules"); the angles C-C-H differ 
slightly from one molecule to another 
around the tetrahedral angle. 
 The structural data for normal paraffins 
comparable with the present result are 
those for ethane and propane (Table XI). 
The spectroscopic value ro is slightly dif-
ferent from rg(O) (probably about 0.011 or 
less), and the values given by electron 
diffration may be rg(1), although not stated 
explicitly. The general agreement shows 
that there may be no conspicuous dif-
ference between the structures of these 
hydrocarbons. 

Tt wac confirmed that the ancrle C-C-C iR
definitely larger than tetrahedral(112°9').

Asimilar but not so accurate result was

、o tained inro ane 111.5。=±3.5。7. It is

interesting to note that a similar fact 
was known for higher normal paraffin 
crystals studied by the X-ray diffraction; 
it was first noticed by Bunn61), and con-
firmed in a recent study of Shearer and

Vand70), who found that∠C-C-C=112。1'士

21' for C36H74. This fact is consistent with 

the earlier theoretical prediction of In-

gold 71) based on organic reactions. 
As for the rotational isomerism, it was 

definitely confirmed that there are two 

isomers, the trans and the gauche forms, 

in the gaseous phase. The fractions of 

these forms were found to be about 60% 

for the trans form and about 40% for the 

gauche form. Since the complete assign-
ment of the vibrational frequencies is not 

available at present, the partition func-

tions can not be calculated. If the ratio 

of the functions is assumed to be unity, 

(the statistical weight for the gauche form 

being 2), then the energy difference be-

tween the two forms is about 650 cal./mol., 

the trans form being the more stable. 

This value is close to that of liquid n-

butane11,12), as expected. The azimuthal 

angle of the gauche form was found to be 

slightly larger than 60•‹. The effect of 

hindered internal rotation around the 

trans position was observed in the shift 

of the trans C-C distance. An evaluation 

of the barrier height gave a rough but 

reasonable order of magnitude for this 

value. 

 A precise measurement of the structure 

of n-butane has been made by Bartell72). 

His result is in satisfactory agreement 

with the present result, except slight dis-

crepancies in atomic distances (less than 

0.7%) which may be partly due to un-

certainties in the scale factor. 

 Summary 

 The molecular structure of n-butane 

has been investigated by means of the 

sector-microphotometer method of electron 

diffraction. The least-square analysis of 

the radial distribution curve has been 

carried out both for modified and un-

modified curves giving the internuclear

67) L. Pauling, "The Nature of the Chemical Bond". 
Cornell University Press, Ithaca, N. Y. (1940), p. 160. 
68) W. Gordy, W. V. Smith and R. F. Trambarulo, 

" Microwave Spectroscopy" , John Wiley and Sons, Inc., 
New York (1953). C. H. Townes and A. L. Shawlow, 
" Microwave Spectroscopy" McGraw-Hill , New York 
(1955). 
69) C. W. Bann, Trans. Faraday Soc., 35, 482 (1939).

70) H. M. M. Shearer and V. Vand, Acta Cryst., 9, 379 
(1956). 
71) C. K. Ingold, J. Chem. Soc., 1921, 305. 
72) L. S. Bartell, private communication (1958).
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distances as well as their mean amplitudes 
and the bond angles. The estimation of 
experimental standard errors has been 
made by examining various sources of 
errors. Important results are the following: 
 a) The average distance of the C-C
bonds is 1.539士0.003A.

b) The angle C-C-C is 112。9'士9', is

considerably greater than the tetrahedral

angle.

 c) The position of hydrogen atoms is

located with considerable accuracy;C-H

=1.100士0.003A and∠C-C-H=110。22'±15' .

 d) The mean amplitudes measured are 
in agreement with the calculated values 
within the limit of error. 

 e) The existence of rotational isomers, 
the trans and the gauche forms, are con-
firmed. The structure and the fraction 
of the isomers are determined. The 
result is consistent with the spectroscopic 
results.

 The author wishes to express his sincere 
gratitude to Professor Yonezo Morino for 
his kind guidance and encouragement 
throughout this work. He is also indebted 
to Mr. H. Morimoto of Nagoya Univesity 
and to Dr. M. Iwasaki of the Government 
Industrial Research Institute of Nagoya 
for their help in the microphotometry, to 
Mr. R. Tsunoda in the Division of Health 
and Welfare Statistics, Welfare Ministries 
Secretariat for the use of the punched 
cards machines, and to Mr. T. Takatani 
of Hitachi Central Research Laboratory 
for his kind supply of the n-butane sample. 
This research was financially supported 
by the Scientific Grant from the Ministry 
of Education. 

 Department of Chemistry 
 Faculty of Science 

The University of Tokyo 
 Hongo, Tokyo


