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I. INTRODUCTION
A. Purpose

. The present electron diffraction problem can be divided into thfee
parts: {a) an investigation of the'strﬁétures of NHj and NDs, () a
study of the conformational behavior of cyclopropyl carboxaldehyde,
cyclop;opyl methyl ketone, cyclopropane carboxylic acid chloride aﬂd
isobutyfaldehyde, and (c) an analysis of a complex of Ny05 and HF.‘
Improved rotating sector techniques and refined microphotometry (1, 2,

3, 4) have made possib1e the attainment of diffraction data for these
molecules of high accuracy.

Tﬁe structural parameters of ammonia and deuﬁeroammonia were deter=
mined for comparison with the corresponding spectroscopic values. It
was hoped that isotope effects on thé mean bond lengths and'amplitudes of
vibration éould be observed for this system. An isotope effect on the
bond lengths and mean amplitudes of‘CH4 and CD4.has been measured by
Bartell et al. (5) usiﬁg electron diffraction.

A new proéedure for anaiysis was tested with the NHj and an
difftactién-éata. Unsmoothed e#perimehtal intensities were compared with
“calculated intensities ﬁSing a least squares technique (6).  Ana1ysés
were aléo perfbr@ed using the conVentionaliradial distribut;on method
in which manually smoothed to£a1 intehsity curves -are treated“by Fourier
techniques (7).

A series of carbﬁnyl compounds with the formula RCOX was selected
for analysis in order to investigate how_chénges in che_R‘and X substitu-

ents affect internal rotation about the R-C single.bond. Cyclopropyl



carbonyl‘compounds:we:e studied in which the X'grqup was a hydrogen atoﬁ,
a methyl group and a chlbrine atom, respectively. A study of the struc¢-
ture of cyclopropyl carboxaldehyde itself is of interest because of
the possibility suggested by physical organic chemists that it might
simulate a nonclassical carbonium ion in some structural charécteristics.

Isopropyl carbbxaldehyde.(i.e., isobutyraldehyde) was studied as a
reference for comparison with cyclopropyl carboxaldehyde. The environ-
ments of the R-C single bonds in these compounds are similar except for
the carbon-carbon-carbon angle in the R'gfoup which is approﬁiﬁately 112°
15 the.former and 60°‘in the latter. It was hoped that information on
the form and barrier heights of, the potentials which hinder rotatioh of
the aldehyde grouf'about the carbon-carbon bond in these two molecules
could also be determined.

A 68°C consfanc boiling complex was received from.Dr. F. Seel who
proposed that the vapor consisted of mohomeric NOF « 6HF moleculeé (8).
He also speculated that HF might‘tfimerize to form two six-membered
rings which coula associate with an NOF molecule. As will be pointed
oﬁc later, however, the existencé of the NOF-.6HF compound is extrémely
uunlikely,.and the 68°C boiling complex is actually an azeotroﬁe of Np03

and HF.
B. Previous Determinations

In 1940 Dennison (9) carried out a comprehensive analysis of the
‘infrared spectrum of ammonia from which he determined its structural
parameters. More recent infrared studies have been conducteéd by Palik

(10) and Benedict and Plyler (I1).




Structural parameters were also obtained by Weiss and Strandberg
(12) from‘microwaye ﬁeasurements. "A recent analysis cf the1Raman
.spectfum of ammonia was reported by Cummings and Welsh (13).

The mean bond lengthé of NH# were determined from the electron
diffraction investigaﬁion of Almenningen and Bastiansen (14). A mére
detailed electron diffraction study of both ammonia and deuteroammonia
.was carried out later by Bastiansenl.

The structures and cénformational behavior of cyclopropyl carboxal-
dehyde, cyclopropyl methyl ketone, cyclopropane carboxylic acid chloride
and isopropyl carboxaldehyde have not been determined. A few analogous
compounds have been inVestigated, however; as discussed below.

The cyclopropane molecule ﬁas been the subject of many theoretical
and experimental s;udiés. An electron diffraction investigati§n of its
structure was conducted by Pauliﬁg and Brockway (15) in 1937. Subsequent
studies were carried out by Bastiansen and Hassei‘(lé), and Sinha (17).
The most recent electron diffraction determination of the structure of
cyclopropane‘wés done by Bastiansen et al. (18);

| The interétomic distances in the aldehydic portion of cyclopropyl -
carboxaldehyde should.be similar to those in acétaldehyde. Structural

studies of the latter molecule were performed by Ackermann and Mayer

t al. (20), and Kilb et al. (21).

(19), Stevenson
The molecular cbnfiguration of isopropyl éarboxaldehyde has not been

previously studied, but nuclear magnetic resonance and microwave studies

1Bastiénsén, 0., Chemical Institute; University of Oslo, Blindernm-
Oslo, Norway, Electron diffraction study of NH4 and ND3. Private communi-
cation. 1961 ,
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h#ve been conducted on the related molecule, propionaldehyde, by Abraham
and Pople (22), and Butcher and Wilson (23), respectively. Although

these temperature dependent methods have certain limitations, both
investigations suggest that the gaughe form is more stable than the s-trans
with a A R difference of approximately 1.0 kcal/mole.

The molecular structure of NOF-6HF has not been established if, |
indeed,.the molecule exists gt all. The structures of its two components,‘
ﬁOF and HF, are known, however. Magnuson (24) has determined the bond
lengths and angles in nitrosyl fluoride, whereas Naude and Verleger
(25), and Bauer et al. (26) have s;udied-theﬂmonomer'énd polymer forms of
-hydrogen flouride, respectiQely. The self-assoclation of HF vapor has
been investigated by Smith (27), Franck apd"Meyef (28), Briegleb and
Strohmeier (29), and Maclean et al. (30).
| As will be shown later, the alleged NOF:6HF complex was actually an
azeotrope of N203 and HF. The structure of NOg, oné.of the decomposition
products of N203,:has been studied by Moore (31) and Bird (32). The bond
length in NO, the othgr.decompositionvproduct, has beenldetermined by

Bartell and Kuchitsu (33), and Nichols et al. (34).



II. EXPERIMENTAL PROCEDURE
A. Apparatus

The electron diffraction unit used in this investigation was con-
structed‘at Iowa State University. It is similar to the apparatus
constructed at the University of Michigan by Bartell and Brockway (1).

The electron beam is acéelerated by a potential difference of 40,000
volts and focused on the photographic plates.by a ﬁagnetic lens. Diffrac-
tion patterns are recorded on Kodak 4" x 5" process plates using an r3
rotating sector of 48 millimeter radius. This heart-shaped sector
compensates for the steep drop-off in intensity of the scagtered electrons
with increasing scattering angle.

The specimen injection system.cdnsists of a platinum pozzle, a
sample bulb and a stopcock-microswitch attachment. Whenever ﬁhe stopcock
is opened, the microswitch triggers the electrdstatic’shuttgr so that
the electron beam and the emerging gaseous sample beam intersect for a
specified length of time. The sémple pressﬁre anq exposure time are
carefully‘determinediand controlled to reduce extraneous scattering.

.Exposure‘times used in this study ranged from 2 to 45 secqﬂds'depending
on the sample being studied and the distance frod the ﬁozzle to the
photographic plate.

' Difffaction data from the 21 and 11 centimeter camera distances.
employed in this study cover the range from s‘= 4.0 X'l to s = 40.0 Z’ln
where s is the scattering variable (4n/x5sin(¢/2). » is the wavelength
of ‘the electron beam and g is the scattering angle. The camera lengths

are measured with a high precision cathetometer.
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Intensities'of diffraction patterns are deéermined by measuring the
absorbancies of four apparently flawless plates for each ;amera disténcé.
These measurements are made with a modifiéd Sinclair Smith microphotometer
in conjunction with a voltage-to-frequency converter and a Hewletﬁ
Packard electronic counter-digital recorder system. 'Thé instrument has
a random fluctuation of less than one-tenth of one percent of the intenéity
measurements. |

During micfophotometry the plates are rotated at 600 rpm to average
out possible defects in the photographic emulsion. Voltage readings are
recofded at quarter-millimeter intervals starting at the outer edge of
tﬁe plate'and progressing gcross the center to the oppdsite edge. Since
bofh the right and left hand sides of the spinning plates are read,
eight measurements in all are averaged at each pafticular.valug of s.

The coupling of the refined'rotéting sectbr technique with precision
microphotometry has made possible thevattainment of high accuracy. This
is accomplished only with an enormous increase in compﬁtational work which
makeS'it necessary to use digital computers. For this analysis,vIBM 650
and 7074 computers were utilized for coﬁVerting voltage data into intensity
"values. Most of the calculations associated with the reduced molecular |
" intensity function and the radial distribution function were also carried

out using these computers.

B. Method of Analysis

1. ‘Calculation of reduced intensity function
After the photographic plates are read with the microphotqmeter, the

mean absorbancies, K, are calculated from the measured voltages. In the




b |

following equations, the subscrip; R refers to the measuremenﬁs made from
the'right outer edge of the plate to the center; the subscript L refers

' to those measurements made from the center to the left outer edge.
A= (ag +A)/2 - (1/4.6) D I ¢ 3
where D= (AV - AV, )/(v - vh +AV/‘(V - vi)
r 0/ % = Yo o/ MR T Yo/
A = log [(Vygg, - VH)/ (Vg - VD)1,

& = log [(V100 = V§)/ ¥y - V)1,

Vé and Vg are the initial and final voltages, respectively,

measured with the shutter closed,

Vi00 is the initial voltage at a clear portion of the plate measured

with the shutter open,
avy = (v§ - v,
AV = (Vg - V) at r = 43.75 millimeters.and

V.

M= VR at r = 43.75 millimeters.

A}plot of the difference between the two set$ 6f absorbancies for
’ea;h plate indié#tes_the centering error'for that ﬁarticular plate and
the amount of random scatter in the‘readings‘cadsed by microbhotometer
fluctuations. A set of absorbanc;es is considered ﬁsabie if the undula-
tions’due to the centering error are n§ more than 0.4% and the fluctua-
‘tions due to random scatter are less than 0.1% of the absorbancies. The:-

»abso‘rbancy difference, A A, is calculated using



8
AA = (Ag - ap) + (1/2.3) D [(x - rmin)/(rmax - rmin)] - (2)

where r is the plate radius. The terms in Equations 1 and 2 which con-
tain the quantity D are the corrections for the voltage drift of the

microphotometer-converter system.

The next step in the analysis is to convert absorbancies to average

.

intensities by

I=I20-d)/N 3)

L v -1

where @ is the photographic emulsion calibration constant (5), and N is
the number of plates to be averaged.

Leveied total intensities are calculated from the exPreSsion
L@ = @ - 1A+ /DY 2 /1, @

where thévéuéﬁtity 1+ (r/L)2)3/2 corrects for inverse square fall off
of tﬁe_intensity on ﬁhe flat photographic plate. The sector correction
term is ¢Sc/r3 and the'extréneous scattering correction is I, =

(ar? + a(ar2)2] E®*t where a,o and E®*t are constants. The theoretical

_atomié intensity, I, used to level the intensities is given by
. 42 4 -
L, = Z{lz - R@I + @] /g (5)

where Z), is the atomic number of the kth atom,
Fk(q) is thé glastic étbmic scattering facﬁor,
Sk(q) is the inelastic atomic sc;ttering factor and
q is the scattering v#riéble (40/\)sin (gf2).

The elastic scattering factors are computed from approximations of the



type (35, 36)

Fy @ = Z ag/(1 + bygh)n @)

 where a, b, and 1 are constants. The inelastic scattering factor is

approximated by the analytical expression (37)
S, (Q) = B, [1 - 0.200/(1 + 4.252v2) - 0.302/(1 + 9.907v2)2
‘ o ¢))
- 0.217/(1 + 31.9v®)* - 0.216/(1 + 108.2v2)8]

where Bk'is a constant and V = 0c176nq/(102E/3).
. A smooth background intensity.curve, IB; is drawn through the total
intensity curve (4, 7)7 This background deviates from the ideal form of

a horizontal straight 1iﬁe because of errors in theory, varying sensitiv-

ity of the photographic emulsion, inadequate extraneous scattefing

correctioné, and inaccuracies in the sector correction. An experimental
representation of a reduced molecular intensity function, M(s), is now

deriﬁéd from the relation
M(s) = (I (s)/Ip) - 1 . (8)

where s = (x/10)q.

- -Ideally, the M(s) function is defined as

M(s) = LTy = (Ioo./1a) - 1 (9)

_where,Itot = Iy + I, (38), and Iy is ;he molecular intensity. In practice,

since the function IA is not a direct observable, it is necessary to

resort to a plausible estimate, IB' which can be refined as the analysis
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proceeds.

The theoretical reduced molecular intensity fumction, M(s)th, nay

bg calculated from
M(s) ¢, = zz" c (s)e'(lr%)ijsz/ 2(cos A 1)
LR & B S Lk M

: ' , (10)
x (sin s(rg(l)ij + ¢(s)ij))/8(re)ij

where C;j = ZiZj/E(iﬁ +2.),
wy = (2 - Fo)]lz, - Fy(0)] 2 @+ 2/

2.2, £ (@ - F ()2 + 5,.(0)],

(lm)ij is the root mean square amplitude of vibration of the ijth

~ atom pair (39),

cos (A nij) is the phase shift correction due to the failure of the

- Born approximation (40),

) rg(l)ij is the center of gravity of the ijth peak in the f(r)

funétiOn,

ﬁ(s)ij is the frequency modulation term associated with the ijth

anharmonic oscillator (5) and

(re)ij is the equilibrium distance of the ijth atom pair.
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2. Structural Earametérs from radial distribution function

The radial distribution function (7) is given by

_ s~4 _ 2 s
£(x) =b/\ SME(s)th e bs (sin sx)ds +\/ﬂ max sMc(s) e"b82
=0 . o sx4 S .
x (sin sr)ds ' ‘ ' (11)

where exp(-bsz) is a combinatiop weighting function and damping factor
éo compensate for lack of diffraction data to s = »., The function Mé(s)
is given by M(s) + A M(s) where A M(s) is a function to correct for the
variation of “ij in Equation 10 caused by scattering frpm planetary
electrons (41). A constant coefficient molecular.intensity function,
M.(s)¢n» is grafted onto the experimeﬁtal M, (s) data in the inacessible
small s range. Values of M.(s)., are ;ompﬁted from Equation 10 with the
function pij'replaced by unity.

A synthetic radiai distribution function, f(r)th, can be calculated
from Equation il'using a theoretical rather.thap an experimental feduced
intensity curve, M.(s). As will be seen in the discussion of the structure
dgterminations of the cyclopropane derivatives, this relation is useful
for comﬁarison with f(r)exb'

| Corrections WQre made to the expefimental radial distribution function

for integral termination errors (42). The asymmetry of f(r)exp peaks was

paftially removed by the addition of the quéntity

2,1/2 - '
KRR S SCRRWICCRNC Rt 21} 16 - @/

' (12)
(2b + 1§)]3 expl-(r - (re) )3/ + 21D)]
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where a, K and b are constants. This correction.converts the anharmonic
nf(r) function to a nearly harmonic, or Gaussi?n radial distribution
function, fc(r).. Such adjustments_are important when extreme accuracy
is sought.

The fiﬁal step in a structure analysis requires a knowledge of the
rougﬁ structure of the molecule being studied. With this information a
synthetic radial distribution function, f(r)syﬁ, can be computed varying
the'structufai‘pa;ameters to thain the closest match with f(r)exp. This
is accomplished by minimizing the sum of the squares of tﬂe différenceS'
between the‘experimental function and the synthetic one. The synthetic

functibn (7) used in the least squares analysis is represented by the

equation
Ew)gyn = K T {é_j/[rJ @ + 19Y2) ] expl-(x - r%/ o - D] (13)

-wheré K, ¢y and b are constants.

The electron diffraction bond iengﬁh obtained from the least squares
- analysis of the corrected radial distribution function, £.(r), is rg(c).
It corresponds to the center of gravity of the peaks in £,(r), whereas the
parameter'#ought, rg(O), coriespondslto the center of gravity of the

probability'distribution_funétion,'P(r), where
) o |
M, (s) = c\/ﬁ P(r) (sin sr)/sr dr . - (14)
» 0

‘ , 2
and ¢ is a constant related to the scattering power of atoms™.

2Equation 10 was derived from Equation 14 using & Morse oscillator
potential function (39).
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' The equation relating rg(c) to rg(O) is

rg(O)

[

.rg(c) +12/r, + [3a2/2re - 5a/2r2 + Z/rg s

+

a/(4b + Zlé)}lg + (gas delocalization corrections)

where b is the cénstant in the artificial damping factor, exp(-bsz),
a is the Morse asymmetry constant and ‘ |
la is the harmonic root méan square amplitude of vibration (39).

The gas delocalization corrections (43) were not made in these experi-

ments since the pressure buila-up in the main diffréction'chamber was

negligible during the time of plate exposure.

3. Structural parameters from experimental intensity function

Two aspeéts of the £(r) analysis technique described above should be
pointed out: (a) a considerable amount of manual data ﬂfocessing is
éometimes necessary, and (b) operator judgemept and manipulation of data
is unavoidablé in cexrtain key steps. Althouéh the first feature is

sometimes desirable3

» the second factor cannot be overlooked. ' Operator
judgement is used in drawing the smooth background curve, IB(é), through
the oscillations in Io(q) . The use;bf an analytical functidnbcalculated
by the_computer in place of a manually drawn béckground curve would help
‘to make the analysis more objeﬁtive; It would also reduce the amount of

- data to be manually processed.

In this least squares procedure (6), the observed‘total intensities

3When the approximate structure of the molecule being studied is in
~ doubt, frequent pauses for re-evaluation are recommended.
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are compared to a calculated intensity function, [Io(s)Jcalé; The latter

is given by
(1) leate = Ip(s) [RM(s)yy + 1] | - (16)

where R is the index of resolution, M(s)exp/M(s)th, M(S)th is the theoret-
ical reduced‘intensity'function, and I,(s) is an analytical background

function of the. form

X
Eb ansn . ¢%))]

I (s) = A exp (-as) + 0
- The constant 0 is selected to give the proper bend in the background at
small s values; the coefficients A and aniare varied during'the anaiyéis.
An initial trial background is obtained by using a least squares
methoh.to fit akcalculated ba;kground,'[lb(s)]caic, with the analytical
funéﬁion of Equation 17. The background, [Ib(s)]calc, is computed from
Equation 16 assuming(trial values for the molecular parameters i“lM(s)th
and using experimental Io(s) values. This is the only important step in
the least squares analysis where operaﬁor judgement ié‘exefcised.

Refinement of the initial trial background is achieved by minimizing

the weighted function

’

' 2
Zwy { [To() Jeate = [To()ops 5 - oas

Both the molecglar parameters and the background coefficients are allowed
to vary. Theidbserved intensity Qalues,_Io(s), consist of raw, unsmoothed
' data, as opposed to the manually smoothed reduced intensities used in

the £(r) technique.

The least squares intensity method was used primarily with the NH3
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3
compared quite well with the output’polynomiai backgrounds. Polynomials

and ND, data. The manually drawn backgrounds used in the £(r) analysis

of degree five to eight were used in the latter.> The structural parameters
were also in good agreémeht, within the limits of the eétimated error,
with those obtained from the f(r) analysis.

Although the least squares'intensity program wés used quite success-
fully with NHy and Dy, its application is of limited utility in the
#nalysis of very complex strﬁctures. The procedure requires more accufaté
trial values of molecular parameters fof convergence thaﬁ does ﬁhe
‘radial distribution analysis. Experience has shown that tbis new scheme
is no real substitute for the older procedure. In some ways, however, it
is a more §owérful tool for obtaining optimum molecular paraméters, and
it also partially eliminates operatof‘bias in electron diffraction

determinations.

4.  Internal rotation

_ A rough estimate of.the barrie; hindering free rotation of the '
aldehyde groups in cyclopﬁopyl carqualaehyde and isopropyl carboxaldehyde
was obtained in this électron diffréction investigation. Onée the skeletél
paraqeters.of a molecule afe determined, the effect of the intgrnal
rotation on thé radial distribution curve can be studied. |

Internucléar separations invélved in internal rotation are weighted
over all angles of rotation by the distribution function P(0) =
N‘exp (-V(G)/RT)_where N'is a normalizing factor and V(8) is the potential
function for internal rotation (44). The contributions to the M(s)

function or the radial distribution function are then computed.  For



16

cyclopropyl carboxaldehyde, the potential function was considered, for

sake of analysis, to be represented by the relation
V(0) = Vy(l-cos 26)/2 | - 19)

where V, is the potential barrier and & is the angle of rotation measured

from the s-trans poéition. -The function used in the isopropyl carboxalde-

hyde analysis was

V() =V (1 + cos 6)/2 + V3(1 - cos 36)/2 (20)

where & is the angle o% rotation measured from the s-trans position and’
3Vi/4 is the approximate energy differencg‘betweenvthe s-trans and gauche
forms. The barrier to free rotation is approximately Vy + (Vl/Z). All
the torsion-dependent distances were calculated at'30° ihtefvals‘of
internal rotation of the aldehyde group about the carbon-carbon axis.
The potential function parameters Vo and V5 were varied and the con-
‘tributions to the reduced molecular intensity function from the atom
,/pai;s involved in internmal rotation were calculgted. Subsequently, the
corresponding s&nthetic‘radiél distributipn functiéhs were computed.
Approximate values of the potential function parametérS'for the two
compqupds could then be determined by comparing f(r)exp-with the various

f(r)syn curves..

5. Treatment of errors
An important part of every experimental analysis is the estimation
of errors. Detailed discussions of errors in electron diffraction have

been presented by Bartell et al. (5), Bonham and Bartell (7), Bastiansen
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t al. (45), and Morino et al. (46). A brief review of an error analysis

method is givén below.
Experimental uncertainties of the pérameters measured by electron
diffraction fall into three classifications (41). First, there are

systematic exrors which primarily affect the determination of the bond
distances rather than the vibrational amplitudeé. Sources of these
errors are: (a) the measurement of the scattering angle and, (b) the
setting adjustments and calibration of the electron diffraqtion unit.

A second class of uncertainties consists of systématic errors in the
'intepsity mé#sureﬁents. These errors ﬁave little affect on the bond
~distance determinatlons, but they do influence the amplitudes of
vibration since they alter the degree of damping of the M(s) function
rather than the nodal positions. Possible sources of systematic errors
lie in the uncertainty of establishing a proper emulsion calibration
constant or a suitable extraneout scattering correction. Errors in the

‘vibrational amplitudes were estimated by
og(l) = 0.7 1 [o(R)/R] . (21)

where R is tﬂ;'index of resolution, 1 is the amplitude of vibration, and
o(R) is the standard deviation of R.

A third_group contains systematic and random errors which afﬁect
both the internuclear distance parameters and the amplitudes éf vibration.
These uncertaintiet are associated with the determination of the intensity
as,A function of the scattering angle and show up as base line fluctua- .
tions in the f(r) function. Uncertéinty in the sector shapé is a

systematic error which belongs to this group, whereas microphotometer
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fluctuations and emulsion irregularities are sources of random error.
The standard deviation of the bond distance, o(r), and the standard

deviation of the vibrational amplitude, o(l), were calculated using

o(r) = 1.94 o(£) (b +12)1/2/¢ )
and |

o(1) = 1.33 o(f) (2b + 12)/1fm , o (23)

—

respectively (7). The quantity,'a(f), is the étandard déviation of the
~ least squares fit of the f(r)exp function, b 1s the artificial damping
constant, 1 is the amplitude of vibration, and £ is the ﬁaximum height.
of the f(r)exp peak associated with the distance T,

After the diffraction pictures of cyclopropyl carboxaldehyde,
cyclopropyl methyl ketone, and isopropyl carboxaldehyde were taken, it
was discovered that the sector‘mounting inside the race had been slipping.
Consequently, the magnetic disturbance correction associated with the
- incompletely demagnetized ball bearing race was not constant as had been
assumed. ' An additionai random error of approximately 1 part per thousand
of the bond distance was therefore included for these moleéules!

Fof a favorable case, the'approximate contributions of the various
~elements affgcting the error in the bond distances are listed in Table 1.

The correction factor for sector slippage is not included.
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Table 1. Estimated uncertainties in bond lengths for favorable case,
parts per thousand (angstrom units) Co

Source
Electron wavelength : 0.2
Camera length 0.3
Gas spread . 0.0 - 0.2
Sector imperfections : 0.6
Fit of overall £(r) curve | | ‘ 0.8

Estimated net ' o 1.1
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III. STRUCTURE ANALYSES
" A. Ammonia and Deuteroammonia

-Samples of NH 4 and ND4 were purchased from the Mathesbn‘Company and
Merck and Company, Limited, respegti#ély. Both compounds were 99.9%
pure and the isotopic purity of deuteroammonia was greater than 98%.

Electroﬁ diffraction pictures of both substances were taken_by Dr.
K. Kuchitsu. Initial sample pressures of épproximately 40 torr were used
for the long camera range exposures, and pressures of approximately 60 torr
were used for the middle camera range. Plate exposuré times varied from
11 to 15 seconds for the long distance and 30 to 50 seconds for the
middle distance.

After the photographic plates &ere read with the microphotometer-
converter system, mean abéorbancies and experimental fhtensities were
calculated using the methods previously deécribgd. These cbﬁputations
were performed using the IBM 650 cdmputer. 'Intensity cuives for the long
and middle camera distances of NHy and ND; are shown in Figures l_and 2,
respectively. The calculated background curves, Ib(q), and the difference
plotﬁ; [Io(q)]obs - [I,() lcales illustratéd in these'figures will be
discussed later.

The inténsity curves for the long and middle distances were over-

- lapped at q = 50 and the theoretical intensity function was joined to
the experimental curve at q = 19. Radial aistribution functions were
then calculated and are shown in Figure 3. A damping factor of
exp(-0.00180s2)_was used. Indices of resolution were unity, to w;thin

the limits of experimental error.



Figure 1.

Long distance intensity curves for NH, and ND,. The
experimental backgrounds (solid curves), Ig(q), were
selected to minimize negative regions in the corres-
ponding experimental radial distribution curves.
Calculated backgrounds (dashed curves), Iy(q), were
selected by the computer. The lower curves are the
di fferences between the experimental and calculated

intensity curves, [I,(q)]ops - [Zo(a) lcale
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Figure 2.

Middle distance intensity curves for NH, and ND,. The
experimental backgrounds (solid curves), Ig(q), were
selected to minimize negative regions in the corres-
ponding experimental radial distribution curves.
Calculated backgrounds (dashed curves), Iy(q), were
selected by the computer. The lower curves are the
differences between the experimental and calculated
intensity curves, [I5(q)]lops = [Io€d) lealc
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Results of thé least squares analyses of the radial distribution
. functions are listed in Table 2. The mean bond length is greater for NH
than for ND as a result of the larger amplitude of vibration of H atoms
in the asymmetric force field of the molecule. In this determination,
an isotope effect on the bond length of [rg(O)NH ;_rg(o)ND] = 0.0025 +
A 0.0021.2 was found. The effect is not unequivocally demonsttated,'how-
ever, because of the lafge uncertainty. Smallér amplitudgs of vibration
in ND3 also result in sharper ND and D'‘D peaks in the £(r) curve, as
‘can 5e seen in Figurer3. | | |

kecent variational calculations of Ransil 47) iﬁdicate that the
éffectivé'nuclear charge on hYdrdgen in hydride moleculesvis greater
than the free atom value of unity. Bersohn (48) showed tha£ the cal;
culated field gradients for D-C:z molecules were vastly improved by using
Zéff = 1.2 for the hydrogen atom invaccoun;ing for quadrupole moments.
Bader and Jones (49) assigned an effective nucleér charge of 1.29 to the
hydrogen ls orbitals in the determination of the electron-density distri-
bution for NH3. Hence, the elastic scaftering factor.for the hydrogen
atom was recalculated for an effective atomic number of 1.2 in order to
vtgst.the sensitiQity of the electroh diffraction analysis to (Zﬁjeff. The
new scattering factor was then used in computing the theoretical non-
nucleéf scattering, A M(s), for NH3,.5nd the radial distribution function
was re-evaluated. A least squares analysis of the £(r) curve indicated
that using this_effective atomic number produces a change in rg(NH) of
lesslthan 0.0002 X and a change in rg(HH) of not more than 0.002 X. |

The raw intensity data of NH4 and ND3 were'processed.through ﬁhe

least squares intensity program pfeviously described, using an IBM 7074
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Table 2. Molecular parameters for ammonia and deuteroammonia derived
from radial distribution analyses (in X units)

Molecule Distance rg(O) o(r) - lg o(l)
NH, N-H 1.0289 . 0.0019" 0.0734 0.0022
H-H ~l.644  0.014 0.090 0.012

LHNH = 106.03 + 1.32°
NDy o ND 1.0264 0.0017 0.0623 0.0018
D--D . 1.645 0.011 0.077 0.010

ZDND = 106.55 + 0.84°

digital competer ‘ Polynomial backgrounds of degree 4, 5, and 6 were used
for the long distance intensities with ¢ = 0.2 in Equatlon 17 For the
middle distance data, backgrounds of degree 7 and 8 were used neglecting
the.term A exp(-as) in Equation 17.

Calculated intensities and analytical Background functions are shown‘
in Figures 1 and 2. Standard deviations begween calculated and experi-
mental intehéity curQes were 6.8 and 6.2 parts per ten thousand for the
}ong distance data of NH3 and ND3, respectively, with polynomial‘baek-
;rounds of degfee 5. Corresponding standard deviaﬁions for the middle
distance &ata were 3.5 and 3.9 parts per ten thousand with backgrounds of
degree 7. The use of the other polynomial backgrounds (i.e., those of
degree 4 and 6) for the long d1stance data resulted in slightly larger
standard deviations,'but”the output rg and lg parameters for ;he bonded

o
distances differed by not more. than 0.0013 A from those obtained using

backgrounds with 5 coefficients. Similar disagreements were observed
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in comparing the 7 and 8 coefficient backgrounds of the middle distance
data .for both NH3 and ND5. The corresponding differences for the non-
bonded parameters were less than 0.606 K for the long distance data and
not more than 0.016 X for the middle distance data.

Results of the least squares intensity analysis are feporte& in

Table 3. Indices of resolution for both camera distances of both mole-

'~ . cules were again essentially unity. The mean bond lengths and amplitudes

listed are weighted avérages of the correSﬁonding long and middle distance
~values. The weigh;ing factéf used for each parameter was assumed to be
'.inQersely proportional to the square of the standard deviation of that
parameter (50).

Bond lengﬁhs and amplitudes determined from the least squares
- intensity analysis are in good agreement with those from the f(r)
anaiysis. Complete agreement was not expected, however, since the former
analysis u#ed'raw, uﬁsmobthéd intensity data while the £(r) analysis used
m;ﬁ;ally smoothéd data. Furthermore,'thé intensity analysis method does
not weight the data in»the same way as the f£(r) analysis, and the system-
atic errors mQy influence the long and middle caﬁera data differently.

The unceftainties computed from the intensity analysis (6) for the
nonbonded distances and amplitudes‘are small compared to those computed
from the f(r)lanalfsis. Experience has .shown, Bowever, that when
slightly different starting values of the trial nonbonded parameters are
used in the least squares intensity method, 'the output.H':H and D' ‘D

bparameters differ by 0.002 fo 0.010 X from those listed in‘Table.3. This -
implies that the errors listed in the table should be larger. In view

of this lack of agreement between the Io(s) and £(r) analyses, the larger
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Table 3. Molecule parameters for ammonia and deuteroammonia derived from
least squares intensity analyses (in )y units)

Molecule - Distance rg(O) . o(r) 1g : o(l)
NH3 N-H 1.0285 0.0011 0.0718 - 0.0015

H-H 1.6607 0.0032 0.1116 _  0.0031

| ZHNH = 107.67 + 0.32° |
ND3 8D 1.0259 0.0011  0.0577 0.0013
DD . 1.6526 0.0018  0.0904 0.0022

£DND = 107.33 * 0.20°

error estimates in Table 2 seem more appropriate.
B. Cyclopropyl Carboxaldehyde

The properties of cyclopropyl derivatives have attractgd increasing
attentioh in recent years. These highly strained molecules have been
the subject of many studies t6 determine the influenée of molecular
strain on bond lengths, bond angles, bond energies, and re#ctivities.
The preéent investigation prdvides‘;nother striking manifesfation of the
. distinction bétween bonds attached to cyclopropyl rings and bonds joined
to unstrained saturaﬁed analogs.
| A sample‘of cyclopropyl.carboxaldehyde was donated by Professor C. H.
DePuy. Gas phase chromaﬁograms indicated that its purity was greater
than 98%. The vépér from thé liquid sample at room temperature was
Ainjected into the specimen chaﬁber under its vapor pressure of approxi-

mately 38 torr. Exposure times of 2;3 and 6.9 seconds were used for the
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long and middle distance plates, respectively. Four plates for the long
camera range and four for the middle distance were selected for micro-
éhotometering. Long and middle distance intensities were calculated and
the corresponding curves are found in Figure 4. Calculations involved
in the analysis of the data were done entirely on the IBM 7074 computet.

Several molecular configurations were considered in the structural
anaiysis. These include s-cis, s-trans and gauche isomers as illustrated
in Figure 5, and a configuration simulating that of a nonclassical
carbonium ion. In every synthetic radial distribution curve celculated
for mixtures of isomers with classical structures, it was assumed in
order to make the analyses tractable that: (a) ail C-C bonds had the
same length, (b) all C-H bonds had the same length, (c) all ring C-C-H
angles were equal, and (d) bond lengths and angles did not depend on 6,
the ang;e of internal'rdtation. To the extent'to which éssdmption (@
is valid, the bonded and nearest nonbonded peaks of the 0 - 2.6 g region
~of the £(r) curve are independent of internal rotation. The principal
bond'lengths and bond angles can therefore be determined without knowledge
of the distribution emong.rotational isomers.

The'torsion-independent distances and root mean square amplitudes
of vibration were determined by a least squares resolntion of the
experimental f(f) curve shown in Figure 6. Final results are listed in
Table 4. The errors for theAC;H and C=0 distances were calculated using
a method for estimating errors in composite neaks described by Bartell

and Carroll (51).
| The relative strengths of the longest nonbonded peaks in the £(r)

curve are a measure of the distribution among the rotational isomers.
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Table 4. Molecular parameters for cyclopropyl cgrboxaldehyde derived
from radial distribution analysis (in A units)

Distance : rg(O) o(r) 1g o(l)
C-H - 1.115 +o.037,-o.021v 0.087 +0.030,-0.004
c-c 1.507 0.002  0.056 0.002
c=0 o 1.216 | +0.06£;40.018-' 0.046 40.010,-0,006
-0 (eis) 2.925 - 0.009  0.103 0.007
C**0 (trans) 3.641 0.007 0.093 0.006

4CCO = 122.0 + 1.8°, LCCHgyer = 117.1 + 3.1°

%s-cis = 55 + 10, Z%s-trans = 45

For CgH5CHO, the most important distances are the 2.9 and 3.6 A peaks
which can be ascribed to C-+0 distances invg-cis and s-trans conformefs;
respectively. The absence of a peak in the 3.3 g'region'indicates that
a gauchelisémgr cannot be éresent in appreciéblé éoﬁcentrétions.

Radial distribution curves were computed for several concentrations
éf isomers, assuming reésqnable values of skeletal parameters. Four dif-
ferent isomeric concentrations are illustréted in Figure 7. The curve
computed for a compositibn of 66.6% gauche and 33.3Z‘§-trans isomers
represents the distribution'corresponding to a simpie 3-fold potential
barrier of the form found for acetaldehyde with minima at g = + 60° and

180°.4 The curve is clearly not acceptable. A second synthetic curve for

4The angle of rotation, &, defined in Equations 19 and 20 is measured
from’ the s-trans position, whereas the "twist" angle, g, is measured from
the s-cis position. As will become obvious later, certain isomers are
more easily visualized in terms of the "twist' angle.
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Figure 7. Experimental and calculated radial distribution curves for
various isomeric concentrations of cyclopropyl carboxaldehyde
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66 .6% gauche and 33.3% s-trans calculated withAthe gauche angle narrowed
down to ¢ = + 33o was examined to test the possibility that g(gauche) fﬁr
a cyclopropyl derivative might be smaller ﬁhan for an Acyclic derivative.
:Thié curve is nbt within aéceptable limits.

Least squafes fittings of experimental f£(r) curves by calculated

curves were run assuming various proportions of s-cis and s-trans isomers.

Distances and amplitudes were optimized for each assumed proportion. The
étandard deviations between experimental and calculated curves in ;he range
froﬁ 2.6 to 4.7 X imply thatvthe equilibrium.concentration is 55%.§~¢is:
and 45% s-trans with an uncertainty of about + 10%.

A structural modél.was considered in which the'carbonyl carbon atom
ﬁas Bent back over the cyclopropane ring to simulate the structure proposed
‘for'é nonclassical carbonium ion. The best compfomise to yield a co?re-
‘spondence between experimental and calculated £(r) curves sgemed to occur
for the foliowing model. The CO bond was stretched to fall under the 1.50
X,peak and the C--C and C--0 distances were adjusted to 2.56 and 2.90 X;
reépectively. The coméarison between calculated and observéd f£(r) curves,
as shown in Figufe 8, lends no supporﬁ‘for the existénce of the.nonclassi-'
- cal structﬁre.

Iﬁ the above analyses, rotational isomers were assumed to have fixed.
values of 8. As previously discussed, the potential eﬁergy for internal
rotation of the carbonyl group in C3H5CHO was considered to have the form
Vo(l-coﬁ 20)/2. Least squares fittings of the experimental £(r) curves
by calculated curves—were run with various values of Vd until optimum
struétural'parameters were obtained for each Vg - The standard deviétiohs

between calculated and experimental curves suggest that the barrier is in
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excess of 2.5 kcal/mole.
C. Cyclopropyl Methyl Ketone

A liquid sample of cyclopropyl methyl ketone was purchased_from the
Aldrigh Chemical Company. Gas phase chrométograms of the fractionally
distilled sample indicated that its purity was not less than 99%.

vDiffractionvpatterns were taken at room temperature using>a sample
préssure of approximately 30 torr, the vapor pressure of CgHSCOCH3. Ex-
posure times were 5.5 seconds for the long camera distance and 14 seconds
for the middle camera distance. Experimental intensity curves used for
~ calculation of the radial distribution functions are shown in Figdre 9.
Calculations were carried out on the IﬁM 7074 digital computer.

Various isomeric possibilities weferconsidered in this analysis.

In addition to the s-cis (g = 0°),-§-trans (g = 180°) and gauché

(g = i 339 and 60°) conformers (see Figure 5), an antigauche (g = 147°)-
configuration was tried in an effor;_to.estéblish the disﬁribution of
isomers present. Thé reason for cqnsiderihg tﬁe latter isomer will be
discussed later. .As in the case of cyclopropyl carbbxaldeﬁyde, it was -
assﬁme& that f&r all theoretical models tested the C-C bonds wefe the same
length, all C-H bonds were the same length, and the ring C-C-H angles were
all equal.

The expe;imental radial distribution curve is shown in Figure 10.
The torsion-independent bond distances and amplitudes of vibration were
detérﬁined from a least squares analysis of this curve. Final results
are reported in Table 5.

At an early stage in this anal&sis it was realized that there was a
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Table 5. Molecular parameters for cyclopropyl methyl ketone derived
o]
from radial distribution analysis (in A units)

Distance . rg(O) o(r) 1g a(l)

C-H - 1126 10.0153 0.076 0.013%

c-C : 1.510 - 0.003 0.048 0.003

c= 1.225 -~ 0.0112 . 0.049 0.012%
£CCO e, = 121.8 + 1.6°, ZCCHayer = 117.2 * 2.8°

%s-cis = 80 + 15, % antigauche = 20

2Because of severe overlapping of peaks in the £(r) curve from which
these parameters have been obtained, the precision has been arbitrarily
given by three times the standard deviation calculated using the inde-
pendent peak formula.

substantial concentration of the s-cis isomer. Preliminaryf(r)exp curves

>0 |u

exhibited peaks at 2.90 and 3.85 the positions'and areas of which corre-
sponded closely to those of a pure s-cis model. These-distances.can be
ascribed to the 0--Cy and CM--CR distances in thé latter where the sub-
script R refersAto the ring atoms and M refers to the methyl group atoms.
The absenc;.of a peak in the 3.4 X’region indicates that essentially no
gauche conformer is present. In this isomer, the longest 0°''Cy distance
vand the shortest Cy'-Cp distan;e_are approximately 3.4 X in length.

Many dlfferent isomeric combinations were used in caleculating radial
distribution curves. Acceptable values of the skeletal parameters were
assumed in all these cases. Five of the more infdrmative concentrations

, : v , o) '
are shown in Figure 1l for the 2.6 to 5.2 A region of the £(r) curve. A

comparison of the experimental and calculated curves for the pure s-trans
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model indicates that this isomer cannot be present in large concentrations.
This can be e#plained by noting that the closest Hy- -HR distance in the
s-trans conformer is 2.02 X, whereas the sum of the corresponding van der
Waals radii is 2.4 X (52). Hydrogen-hydrogen repulsions, consequently,
destabilize theAg-trans isomer. The} apparently stabilize an antigauche
form (g = 147°) where the methyl group eclipses the ring C-C bond and a |
distorted s-trans form where the Cy-C,-Cp and Co-Cx-H angles are distorted
to increase the Hy' *Hp distance to‘2.30 X. The subseript O refers to the
carbonyl carbon atom.

A least squares analysis of the experimental f(r) curves was carried
out using calculatea curves for various.concgntrations of s-cis, s-trams,
distorted s-trans and antigauche isomérs. The lowest standard deviation
" was obtained when the 80% s-cis + 20% antigauche model was used. An
acceptable fit between experimental and calculated curves was also observed
 for the 80% s-cis, 10% distorted s-trans, and 102 antigauche tﬁeoretical
model. The standard deviation associated with the f£(r) curves coﬁputed
for the concentration of 80% s-cis aﬁd 20% distorted s-trans isomers was
at the outer limit of écceptability.‘ This implies that fhe equilibrium
concentration of C3H5COCH3 consists of 80% s-cis isomer and 20% ofla |
distribution of forms betﬁeen the two antigauche positions (i.e., g =

147° to 213°) with an uncertainty of + 15%.
D. Cyclopropane Carboxylic Acid Chloride

A sample of cyclopropane carboxylic acid chloride was purchased from
the Aldrich Chemical Company and purified by-fractional distillatibnf Its

purity was checked with an Aerograph gas chromatograph and was estimated
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to be not less than 98.5%.

The vapor from the liquid sample was injected into the diffraction
chamber at room temperature and under a vapor pressure of approximately
14 torr. Plates were exposgd for 2.7 seconds at the long camera range
and 9.5 seconds at the middle camera range. The leveled intensity and
background curves for the long and middle caﬁera distances aré shown in
Figure 12.

Three configurations were originally considered in this analysis:
(a; s-cis or ﬁ0°-twist" where g = 0°, (b) s-trams, and‘(c) gauche or
"330-twist"”. These configurations are pictured in Figure 5. The s-trans
isémer tested is actually a distorted model where the Cl-CO-CR and Cp-Cr-Cp
angles have been increased from 110° and 118° to 114° and 121.5°, respec-
t;vely; in order to inqtéase the otherwise unduly short Cl--Hp nonbonded
distance. |

‘Those parameters which are independent of internal rotation were
determined by a 1éast squares resolution of the experimental f£(r) curve.
The radial distribution function used in this anaiysis is shown in Figure

~13. Finél'reSults are reported'in Table 6. |

Radial distribution cutves wére.calculated for various assumed con-
centrations'of isomers for comparison with the exéerimental curve.in the
2.6 to 5.2 X region. Five sets of these curves are éhown in Figure 14.
For C3H5COC1l, the major nonbonded distances which depend upon inﬁernal
rotation occur beyond 2.8 X in the f(r) curve. By comparing the experi-
mental and theoretical curves computed for a pure s-trans configuration,
it can be seen that a large concentration of. this isomgr.does not exist.

Visual comparisons of the experimental and calculated f(r) curves



Figure 12. Experimental I,(q) and Iz(q) curves for the long and
middle camera distances of cyclopropane carboxylic
acid-chloride
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Figure 13. A plot of the experimental radial distribution function for cyclopropane carboxylic
acid chloride with an assumed distribution of 45% "0°-twist", 45% "33°-twist' and 10%

s-trans isomers. The lower curve is a plot of the difference between the calculated
and experimental radial distribution functions
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Table 6. Molecular parameters for cyclopropane carboxylic acid chloride
derived from the radial distribution function with an assumed
distribution of 45% "0°- twist”, 45% "33%-twist'" and 10% s-trans
isomers (in A units) :

Distance : rg(O) - a(r) , 1g o(l)
c-n 1.107 0.021% 0.082  o0.018%
c-cP 1.506 0.002 0.049 | 0.002
C=0 1.197 0.0092 . 0.039 © 0.0102
c-cl 1.797 0.009 0.071 0.009

2.99, [CCHSyer = 120.7 + 3.9°

I+

£CC0o% = 127.6

ccccl® = 110.0 + 1.3%, £0cC1® = 122.4 + 1.4°

3Because of severe overlapping of peaks in the f£(r) curve from which
these parameters were. obtained, the uncertainties have been arbitrarily
taken as three times the standard deviations calculated using the inde-
pendent pgakvformula. :

bAll_,xhe C-C distances were assumed to be equal.

®These angles correspond to those in the "0°%-twist" and "33°-twist"
conformers, within the limits of experimental error. : -

suggested that the isomeric corcentration in C3H5COCI'is composed primarily
of a continuous distributioh of forms in the vicinity of the "O°-twi$t“
 conformer. In order to obtain a preliminary estimate of the equilibrium
c0ncentratioﬁ, therefqre, a ieast'squares comparison was carried out using
various proportions of only the s-trans, “0°-twist" and "33%-twist"
isomers. Distances and amplitudes were optimized for each assumed .
proportion. The lowest standard deviation was obt;ined for a concentra-

- tion of 50% "0°-twist', 40% "33% twist" and 10% s-trans isomers.

A new least squares approach was also tested in this analysis. In
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the first step, radial distribution curves for each isomer are computed.
The theoretical curves are then mixed to obtain the best fit with a
corresponding mixture of experimental f£(r) curves using a least squares
criterion. The molecular parameters ﬁhemselves are not varied but are
kept geometrically consistent for each isomer model. For C4H5COC1, this
least squares mixing process yielded an equilibrium concentration of 42% .
”0°-twist7, 53% "33°-twist" and 5% s-trans conformers. A compafison of
the results of both least squares ﬁethods su;g;sts that if the presumably
continuous distribution of isomers is represented, roughly, by "Oo-twist",
"33°% twist", and s-trans components, the best fit is found for 45%,

45% and 10% concentrations, respectively.

In the "0%-twist" or s-cis configuration, tﬁe closest Cl°-Hp distance
(Qhere Hp is the tertiary hydrogen) is 2.7 X as compared to the sum of
van der Waals radii of 3.0 X (52). The resulting nonbonded repulsion
tends to destabilize the "0%-twist" form. 1In order to obt#in more infor-
mation about the '"twist' distribution, the f£(r) data were reprocessed
through the least squares mixing routine using 0°, 15°, 336 and 60° "twist"
theoreticallmodels to z;present, roughly, the continuous distribution in
g of the isomers. The best fit was obtained with concentrations of 35%
"0O-twist”, 15% "15°-twist", 40% “33°-twist”, 5% "“60°-twist" and 5% dis-
torted trans, with an uncertainty of perhaps * 15%.

It is not easy to establish the precise shape of the distribution but
it may be concluded that the shape is distinctly non-Gaussian. If the
potentiql.function'for internal rotation had been a simple parabola

about g = 0°, the distribution would have been Gaussian with a root-mean-
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square displacement from planarity of perhaps 10° to 20°.5 The observed
flattening and'broadening of the distribution can be attributed to the
nonbonded repulsion between the Cl--Hp atom-pair which is strongest at

small values of ¢g.

E. Isopropyl Carboxaldehyde

A sample of isopropyl carboxaldehyde was obtained from Eastman
Organic Chemicals. Approximately twenty miliiliters of the-sample were
purified by fractional distillation.b Gas chromatograms indicated that the
purity was not less‘thgn 99% pure.

; Thé vapor from theﬁliquid sample was introduced into the diffraction
chamber at a pressure ofbapproximately 4Q torr, the vapor pressurevaﬁ
-7°C. An ice-water-NaCl bath was used to maintain this temperature.
Exposure times were approximately 4 seconds for the long camera aistance
and 12 seconds fdr the mi&dle éamera distance. Data from four photographic
plates were analyzed for each camera distance using an IBM 7074 computer.
The I,(q) and Ig(q) éurves for the long and middle distances are ilius-
trated in Figure 15. | |

The g-cis,‘g-trané and gauche configuraﬁions pictured in Figure 16
were tested in this structural analysis. Iﬁ order to make the analy#is
more‘maﬁageable, it was again'assumed'that for eaﬁh of these models all
C-C bonds had the same length and all C-H distances were‘equal.

Calculated and experimental £(r) curves were compared for different

5The potential energy of twist was assumed to have the form
Vo(l - cos 29)/2 where Vg is given the cyclopropyl carboxaldehyde value
of 2.5 to 10 kcal/mole.



Figure 15. A plot of the I, (q) and 1, (q) curves for the long and middle camera
distances of 1sopropy1 carboxaldehyde
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GAUCHE

Figure 16. The s-cis, s-trans and gauche isomers of 1sopropyi carboxalde-
hyde '
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isomeric éoncéntrations, assuming plausiﬁle values of the skeletal
parameters. Five of tﬁese sets of curves are shown in Figure 17. For
C3H,CHO, the relative strengths of the 2.8 and 3.5 )y nonbonded peaks are

a measure of the distribution aﬁong the rotationéi isome:s. Using this
information, it can be easily seen in the plots mentioned above that the
concentration of s-cis isomerxmust be very small. It is also apparent
that the calculated £(r) curve for a pure gauché model compares quite well
with thé'experimental function. Consequently, the 2.8 and 3.5 R péaks can
be ascribed to the twq O-fCR nonbonded distances in this isomer.

Least squared fittings of experimental radial distribution curves
by calculated curves were run assuming various concentrations of s-cis,
s-trans and gauche isomers. The region ‘from 2.5 to 4.2 X was fitted, and
distances and amplitude; ﬁere optimized for each proportion. The best
fit, as implied by the lowest standard deviation, was obtairted between
curvés calculated from a concentration of 90% gauche and 10% s-trans
isomers. A plot of the compléte experimental f£(r) cuxve usiﬁg this
model is shown in Figure 18. The values of parameters obtained from a
‘least squares analysis of this cuxve are listed in Table 7.

As in the analysis of cyclopropyl carboxaldehyde, an attempt was
made to obﬁain some information about the distribution in 6. The
 potential energy for internal rotation of the carbonyl group was assumed’
3(1 - cos 39)/2. The energy

difference between the s-trans and gauche forms is approximately 3V1/4.

to have the form V(8) = V;(L + cos 8)/2 + V

Ffom the trans to gauche ratio, this energy difference was estimated and
the magnitude of V; was found to be approximately 1.1 kcal/mole. Least

squares fittings of the experimental f(r) curves by calculated curves were
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Figufe 17. Radial distribution curves for various concentrations of
isomers of isopropyl carboxaldehyde



Figure 18. A plot of the experimental radial distribution function for isopropyl carboxaldehyde
with an assumed distribution of 90% gauche and 10% s-trans isomers.

The lower curve
is a plot of the difference between calculated and experimental radial distribution’
functions :
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Table 7. Molecular parameters for isopropyl caBboxaldehyde derived from
the radial distribution function (in A units)

.

" Distance rg(O) o(x) 1g a(l)
C-H 1.127 0.0128 0.087 0.010%
c-¢ 1.528 0.002 0.044 0.002
c=0 1.206 0.0082 0.041 0.0082

= - o -
LCCO = 123.3 + 1.7°, LCCH yep = 110.8 + 1.9°

% gauche = 90 + 15, % s-trans = 10

8Because of severe overlapping of peaks in the f(r) curve from which -
these parameters were obtained, the uncertainties have been arbitrarily
taken as three times the standard devaitions calculated using the
independent peak formula.

then run using various values of V3 until optimum parameters were obtained.
From the resulting standard deviations, it was found that the barrier to

rotation, V3 + (V;/2), is in excess of 2.5 kcal/mole.
F. NoO3-HF Complex

A 11quid sample of a fractlonally distilled 68°C ‘constant boiling
complex was received from Dr. F. Seel who proposed that the vapor was
primarily NOF :6HF (8). - Because of the extreme‘react1v1ty of the com-
pound, the sample bulb, injection s&stem.and nozzle barrel used in taking
the electron diffraction photogrephs were cbnstructed“entirely of Kel-r.
The yapor/ftom the lieui& semple was injected into the diffraction chamber
at room tempereture and under a vapor pressure of approximately 85 torr.

Exposure times were approximately 2.0 seconds for the long camera range
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an&v6.0 seconds for the middle camera range. Calculations involved in
this anélysi; were doﬁe using the IBM 7074 computer. Long and middle
distance intensity curves are éhown in Figure 19.

The experimental radial distribution curve was first compared to the
theoretical curve for a mixture of independent NOF and 6HE molecules.

The absence of a peak in the f(r)exp curve near 1.52 X; the rgpofted NF
distance in NOF (24), suggested that either there was no ﬁitrosyl fluoride
present or the NOF molecule was extremely diéforted. Furthermore, the
area aséoéiated with the theo:etica; NO peak waé cdnsiderably less than
that of the corresponding f(r)exp peak.

The unrefined radial distribution curveAhad three particularly
prominent peaks: (a) one at approximaﬁely 0.9 g thch cor:espond5'£§
the HF distance, (b) a secénd peak at r = I.IQVX, a distance which is
longef than the 1.13 Z NO distance in NOF, and (S) a smaller peak at
approximately 2.20 X.

The F* F apd H-:'F nonbonded distances in polymeric hydfogen fluoride
‘have bgen found to be approximately 2.55 + 0.03 and 1.55 + 0.06.2, re-
épectively (26):‘ There is no peak in the 1.55 X region of the experimental
f(r) curve and only a sméll,peak in the 2.55 K region. If more than two
HF molécules are hydrogen-bonded to NOF, the‘magnitudeé of ;he areas in
the calculated. curve which are associated with these nonbonded distances
will exceéd those in thé f(r)exp.curve;. As ; result, only the NOF'HF +
SHF'and NOF-ZHF'+ 4HF theoretical models were‘tested where first cne,
then two hydrogen fluorides were hydrogen-bonded to nifrosyl fluoride.
.The NOF segment itself was diséorted to yiéld the best correspondence

between experimental and calculated £(r) curves. However, visual com- .
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parisons of these curves lend no support for the existence of the hydrogen-
bonded strucﬁures.

Recent studies by R. S. Siegel6 have sh§wn.that the 68°C boiling
material is actually an azeotrope of composition Ny0g + 12.6 £ 0.2 HF;
He demonstrated that this azeotrope is formed when water is added to a
.95°C constant boiling complex or when NO is added to a NOZ-HF systém.
The 95°C material was called NOF-3HF by Seel, but Siegel sﬁowed that it
is an azeotrope'of N,O3, NOF and HF containing primarily NOF and HF
molecules. |

Seel reporﬁed that the 68°C material was preéared from NOCL and HF
(8). His infrared analysis 6f the vapor from the sample gave a band which
he described as being due to solvated NOF molecules. .Siegel investigated
spectra of 68°C boiling samples prepared from N203-HF and showed that the
"INOF' band was probably due to NOC1 formed by reaction of N203, HF and
the AgCl windows of the cell. He also reported that the results of
chemical analyses for nitrogen and fluorine'gerformed on 68°C boiling
samples prepared from both NyO3-HF and NOCl-HF mixtures were similar.

Dinitfdgen trioxide is esseﬁﬁially_completely dissociated to NO, and
NO at room temperature and a pressure of approximately 80 torr (53).
Figure 20 shows the radial distribution curve for NO, + NO + 12.6 HF.
The peak at 2.20 g corresponds to thevO"O'nonbdnded distance in NO,
while the shoulder at 2;55 X ma& be associated with either the F';F

nonbonded distance in HF polymer or the N--0 distance in N204 (54) or

6Siegel R. S., Brookhaven National Laboratory,-Upton, New York,
Products of the reaction between liquid nitrosyl chloride and hydrogen
fluoride. Private communication. 1964.
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Figure 20. A plot of the experimental radial distribution curve for
NO2 + NO + 12.6 HF. The lower curve is a plot of the
difference between the experimental and calculated radial
distribution functions '



65

N203 (55). The concentrations of both of the last two mdlecuies wére
probably less than 10%vas suggested by fhe magnitude of the area of the
2.55 Z peak and the absence of 2 peak in the range from 1.6 to 1.7 X, the
NN distance in NOg.

The shoulders at .1.85 and 2.55 K could both be explained if NOél
impurities were present in the 68°C sample. A chlori&e ;nalysis of the
material, however, indicated that no such impurity was present.

The parameters determined for NO, + NO + 12.6 HF are liste& in

Table 8.

Table 8. Structural parameters for NO, + NO + 12.6 HF derived from the
radial distribution function (in 2 units)

Distance rg(O) o(r) 1g ' o(l)
HF - 0.944 0.004 0.069 ~0.003
NO ‘ 1.187 0.002 0.036 0.002
00- 2,204 0.012 0.061 0.012

G. Discussion of Structures

-1. Ammonia and deuterocammonia

The center of gravity r_ obtained in the experiment is considered to

g
be related to r,, the equilibrium distance, by rg =r, + (A r) where
(A r) is the instantaneous displacement of the bond length from re,
averaged over the vibrational and rotational states. A rigorous calcula-

‘tion of the correction from mean to equilibrium distances, '<A.r) » was
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carried out By Eartell,gg al. (5) for CH, and CD,. They were thus able
to make the first critical experimental comparison of the electron
diffraction and spéctroscoﬁic methods, properly taking.into account the
different types of averaging over moleculaf motions.

Dr. K. Kuéhitsu has carried out a normaljcoordinate analysis of
NH4 and ND37 using approximgté values of cubic force constants evaluated
from the §pectroscopic data of Benedict and Plyler (11). ﬁe reported
that (A r) NHg = 0.018 X and (& r) NDy = 0.015 X.v These displacements
were used in calculating mean NH and ND bond lengthé from the spectro-
scopic r, values. It was found, as shown in Table 9, that the calculated
parameters are in goéd agreement with those derived from the ﬁresent elec-

tron-diffraction study.

2. Cye 16propy1 carboxaldehvde

A comparison of results obtained from this study'oflcyélobroﬁyl
carboxaldehyde, cyclopropyl methyl ketone, cyclopropane carboxylic acid
chloride and isopropyl carboxaldéhyde with those from compounds containing
similar bonds is made in Table 10. Bond distances and angles are in good
agreement within the limits of expe:iﬁeﬂtal error.

The original objeét_of this‘study of cyclopropyl carboxaldehyde was
not so much to investigate its unknown conformational behavior as to
determine thé placement of the aidehyde carbon with respect to the ring.
The investigation failed to detect any isomer approaching a nonciassiCal

cyclopropyl carbinyl cation in configuration and provided no evidence -

7Kuchitsu, K., Department of Chemistry, University of Tokyo,
Bunkyo-Ku, Tokyo, Japan, Effect of anharmonic vibrations on the bond
lengths of NH3 and ND3. Private communication. 1963.
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Table 9. Comparisgn of results of structural determlnatlons of NH3.andi
ND3 (in A units)

Method NH M , LHNH LDND

IR?  ro(exp) 1.0173 1.0155 - 107.78° 107.59°
r, 1.0124  1.0108 106.67° 106.70°
rg(calc) ©1.0304 1.0258 |

SMEDP  r,(exp) 1.0289 1.0264 106.03 - 106.55

+0.0019 +0.0017 +1.320 +0.840

qInfrared method. : See reference 1l1. The order of magnitude of
error in the distance parameters is approximately O. 001 X-as’implied by
the difference between re(NH) and re(ND).

bpresent study using the sector mlcrophotometer method of electron
diffraction.

for an uﬁusually free Cp**Cq bond.motionf

Nearly equal fractions of s-cis and g-trans molecules.we;e‘present
in ﬁhe sample of CsHSCHO. Once recognized, this behavior is readily
rationalized in terms of the m-electron character ofteﬁ proposed for the
cyclopropane ring (56, 57, 58).

Extended Hickel calculations by Hoffmann (59} indicate that in the
classical structure of the cyclopropyi carbinyl cation, the carbonium
ion prefers to érient itself so that the--CH2+ and the tertiary hydrogen
are coblanar. The results are in agreement with those of this electron.
diffraction study in conformationalkimpliéations.

According to the’n-electron viewpoint, cyclopropyl carboxaldehydé

is analogodé to 1,3-butadiene and,acrdiein, both of which have long been
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" Table 10. Comparison of results of various structural determinations (in A units)

Molecule cid  cc® co? cc1? £C-C-H £C-C-0 Method  Reference
CHg 1.095  1.511 117.68 SMEDP 18
- #0.003  +0.002 - - +0.42° .
CH3CHO 1.086  1.5005 1.2155 | 123.92 w2
+0.005  +0.0050 +0.0020 . | 40.1° .
C3H5CHO 1.115 1.507 1.216 . 117.1 122.0 SMED ~  present
+0.037  +0.002 +0.002 +3.1° +1.8° study
-0.021 -0.018 :
CH3COCH; 1.086 . 1.515 1.215 110.27 121.88° M@ 60
+0.010 +0.005 (assumed) +1.00
) \
C3H5COCH 3 1.126 1.510 1.225 117.2 121.8 SMED present
+0.015  +0.003 +0.011 +2.8° +1.6° study
CH4C0C1 1.083 1.499 - 1.192 1.789  110.35 127.08° MW 61
+0.005 +0.010 +0.010 +0.005 +0.17° +0.17° <
C4H5COCL 1.107  1.506 1.197 1.797  120.7 127.6 SMED present
- +0.021  +0.002 +0.009 +0.009 +3.9° +2.9° study
C3H,CHO - 1.127 1.528 1.206 g 110.8 - 123.3 SMED present
+0.012  #0.002 +0.008 +1.9° *1.7° study

8parameters are T, values for spectroscopic work and Iy values for electron diffraction results.
bSector-microphotometer method of electron diffraction.

SMicrowave method.

89
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assumed to exist as planar and, presumably, s-cis and s-trans forms by
virtue of conjugative stabilization. Fifm evidence exists, however, only
‘for the planar s-trans form of‘butadiéhe (62, 63). Similarly, microwave
‘studies (64) reveal a number of torsional states of trans-acrolein but
provide no evidence for the existence of cis despite estimations that a
concentration of‘several.percent,wou;d have been detectable._

The occurrence of nearly equal amoﬁnts of s-cis and g-frans isomers
of cyclopropyl carboxaldehyde_discloses a significant distinction between
the cyclopropyl and Qinyl groups. This distinction may be steric in
origin. ‘For example,lclearandes bétween thevnonbonded atoms in cis-cyclo-
propyl carboxaldehyde are longer than in acrolein. A factor which ﬁafs
this explanation, however,vis that corresponding clearances in gauche-
isopropyl carboxaldehyde, the predominant form in C3H7CH0, seen to‘be

similar to those in cis-acrolein.

3. Cyclopropyl methyl ketone

The conformational behavior of cyclopropyl methyl ketone can be esti-
mated from the behaviors of n-butane and cyclopropyl carboxaldehyde.
‘The steric properties of the ketone are analogous to those of n-butane,
and the nonsteric torsionai potential‘should be similar to_that of
C3H5CHO. Nonbonded clearances in the antigauche and cis forms of

C3H5COCH3 resemble those in gauche and trans-butane, respectively (65,

.66). Bonham and Bartell (65) have found that the trans form of n-butane
is more stable than the gauche by approximately 600 cal/mole. If the
energy difference between the ¢is and antigauéhe isomers of C3Hg5COCH3 is

assumed. to have this'value, then the approximate ratio between these
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conformers can be estimated from the simplified equation
exp(- A Egor/RDger = (Na/Nger = exp(- A Etors/RT)ald

x exp(- A Egreric/RDbut - (24)

The fraction (Ng/N.)ker represents the antigauche to cis ratio in
cyclopropyl methyl ketone, and exp(- A Ecors/RT)ald is evaluated f?om

the 55 : 45 cis-trans ratio in cyclopropyl cafboxaldehyde. The term

exp(~ A Esteric/RT)put is calculated using the trans-gauche energ& differ-
ence in g-butgne. Application of Eﬁuation 24 suggests that the equilibrium
concentration of C3HgCOCH3 should contain approximétely 90% g-qis isomér.

This is in agreement with the results of the least squares f£(r) analysis.

4. Cyclopropane carboxylic acid chloride

Replacing the adehydic hydrogen atom in‘C3HSCH0 by a chlorine atom'
substantially alters the confofmational behavior of the cyélopropyl
carbonyl compound. It was fpund that approximately 95% of the total con-
centration of C3H5COC1 consists of a broad distribution of isomers in the
" region from about g = + 30° to - 30°. The flat and broad shape of the

distribution is probably a result of. the Cl-*HR nonbonded repulsion in

the “0%-twist" form.

5. Isopropyl carboxaldehvyde

Isopropyl carboxaldehyde, unlike cyclopropyl carboxaldehyde, prefers
a given géuche configuration over the trans by a relative proportion of
approximately 4.5 :"1. The former may be considered a key fragment of

2-méﬁhy1cyc10hexahone, where the equatorial form comprises about 93% of



71

the total sample (67). Gauche-isopropyl carboxaldehyde is analogous to
equatorial 2-methy1cyclohexaﬁone, and the trans form is analogous to the
axial conformation except for its freedom from the CH3--H repulsions
encountered in the axial derivative. The present results, unobscured

by axial steric effects, show an intrinsic stabilization resulting from
eclipsing the C=0 and CH3 groups. This is in agreement ﬁith the inferences
made by Abraham and'Péple (22), and Butcher and Wilson (23) with respect

to the configuration of propionaldehyde.

6. N203-HF complex

The present electron diffraction study of the 68°C constant boiliﬁg
material together with Siegel's report offer rather conclusive evidence
that the complex is an azeotrope of N203 and HF. Bond lengths and angles
Adete:mined in the present aﬁalysis are'listed in Table 1l. Also reported
- are HF and NO internuclear distances determin;d in.other structural in-
vestigations. A 2>: 1 weighting of thg reported NO distance in NOj Qith
the NO bond length in NO gives an average length of 1.185 X when r(NOj)
~ is corrected to an rg value. . This is :n gogd agreement with the least
squares f(r) result of 1.187 + 0.002 X. |
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Table 11. Comparison of results of various structiiral determinations of
NO, NO and HF (in & units) -

Molecule NO HF 00 Method Reference
NO2 1.197 2.206 oM 32
NO © 1.1552 SMEDP 33
+0.0008

(NO, + NO)  1.185%

HF (polymer) ' 1.00 VED® " 26

+0.06
HF (monomer) 0.932 IRe 25
NO, + NO 1.187 0.944 2.204 SMED present

+12.64F +0.002  +0.004 +0.012 study

Qe
Microwave r, values.

bSector-microphotometer method of electron diffraction. Distances
are rg parameters.

CWeighted average of NO distances in equimolar mixture of NOy and NO.
Distances have been corrected to rg values (68).

'dVisual electron diffraction method.

€Infrared method. The reported r, value has been corrected t:o»rg
(69) .
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IV. SUMMARY

The structural parameters of ammonia and deuteroammonié were deter;
mined for compérison with the corresponding spectroscopic values. ‘Aé
shown in Table 9, satisfactory agreement was obtained. Excellent
"internal' agreement between the results from the least squafes f(r)
and least squares intensity methods was also achieved in this analysis.

It was hoped that an isotope effect on the bond lgngth might be
observed in the NH3-ND3 system. The effect was not unequivocally
established in view of the uncertainty in the observed differenée of
£0.0025 + 0.0021 &. '

The analysis of.cyclopropyl carboxaldehyde &ielded normal balﬁeg
for bond ang;es and amplitudes'of vibration and revealed no ;endency of
the aldehyde to assume a nonclassical structure of thé/sort hypothesized
fo; its analog, the cyclopropyl carbinyl cation (70). It was found thét
the vapor con;isted of essentially an equal mixture of s-cis and g-t;aﬂs
conformersﬂ This behavior, which is surprisingly different from ﬁhe
trans-gauche isomerization found in unstrained saturatgd aldehydes, was
rationalized iﬂ terms of thé n-electron character of the c§c1§propane
ring proposed by Waléh (58). The 2-fold barrier hindering rotation of
the aldehyde group was also estimated and found to be greater than‘2.5
keal/mole.

For cyclopropyl methyl ketone, an equilibriqm concéntraticn of 80%
s-cis isomer and 20% of an antigaﬁche-distorted trans distribution was

found. The Hy--HR nonbonded repulsions apparently destabilize the trans

configuration.
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The equilibrium concentration of cyclopropane carboxylic acid
chloride consists primarily of a broad distribution of '"twist" isomers
in the approximate range -30° < g < +36°. This distribution is distinctly
non-Gaussian in shape. The Cl"HR nonbonded repulsion in ;he-"0°-twist”
conformer destabilizes this planar isomer and is probably responsible for
the broad and flat shape of the "twist" distribution.

Tﬁe isomeric conﬁent of isopropyl carboxaldehyde, which may be con-
sidered to be a key fragment of Z-methyléyclohexénone, was found to be 90%
gauche and 10% s-trans. Stéric'effectS'which had been propésed to account
for the greater stability of equatorial 2-methylcyclohexanone over the
axial form are not encountered in C3H7CH0. Hence} thg‘presence of a
large fraction Qf gauche isomer in-tﬁe latter molecule implies a stabil-
izatién'resulfing from the eclipsing of a methyl group By a carbonyl
group. The barrier to rotation of the aldehyde group was estiﬁated to be
in excess of 2.5 kcal/mole.

A 68°C constanﬁ boiling complex was studied by the electfon diffrac-_
tion technique. Although it was claimed by the supplier that the sample
was NOF 6HF, this‘analysis, in conjunction with a study by Dr. R. S.
Siegel, indicated that the vapor composition corresponded fo NO, + NO
+ 12.6HF. The experimental NO, 0::0 and HF intgrnucleat distances in'the
present sample are in good agreement with the values reported for inde-

pendent determinations of NO2, NO and HF molecules,v

SV T DN R PR



9.
10.

11.

12,

13.
14,
15.

16_:

75
V. LITERATURE CITED

Bartell, L. S. and Brockway, L. O., Review of Scientific Instruments
25, 569 (1954).

Bastiansen, 0., Hassel, O. and Risberg, E., Acta Chemica Scandinavica
9, 232 (1955). : :

. Debye, P. P., Physikalische Zeitschrift 40, 66 (1939).

Karle, J. and Karle, I. L., Journal of Chemical Physics 18, 957
(1950) . - <

Bartell, L. S., Kuchitsu, K. and deNeui, R. J;, Journal of Chemical
Physics 35, 1211 (1961).

Bartell, L. S., Kohl, D. A. and Carroll, B. L. Least squares
determination of structures of gas molecules directly from electron
diffraction intensities. Unpublished mimeographed paper. Ames, .
Iowa, Department of Chemistry, Iowa State University of Science and
Technology. 1964. :

Bonham,.R, A. and Baftell, L. S., Journal of Chemical Physics 31, 702
(1959). '

Seel, F., Birnkraut, W. and Werner, D., Chemische Berichte 95, 1264
(1962) . - .

Dennison, D. M., Reviews of Modern Physics 12, 175 (1940).
Palik, E. D., Dissertation Abstracts 15, 2247 (1955).

—Benedlct, W. S. and Plyler, E. K., Canadlan Journal of Phys1cs
35, 1235 (1957)

Weiss, M.‘and Strandberg, M. W. P., Physical Review 83, 567 (1951).

Cummings, C. and Wélsh H. L., Journal of Chemical Phy51cs 21, 1119-
(1953)

Almenningen, A. and Bastiansen, 0., Acta Chemica Scandznav1ca 9,
815 (1955). ,

—

Pauling, L. and Brockway, L. 0., Journal of the American Chemical
Society 59, 1223 (1937).

Bastiansen, O. and Hassel, 0., Tidsskrift for Xjemi, Bérgvesen‘og
Metallurgi 6, 71 (1946). Original available but not translated;
abstracted in Chemical Abstracts 40: 6059. 1946. i :



17.

18.
19.
20.
21.

22.

23.
‘24
25.
26.

27.

28.
29.
©30.
" 3l.

32.

33.

34.

35.

76

Sinha, S. P., Journal of Chemical Physics 18, 217 (1950).

Bastiansen, 0., Fritsch, F. N. and Hedberg, K., Acta Crystallographica
17, 538 (1964).

Ackermann, P. G. and Mayer J. E., Journal of Chemical Physics 4,
377 (1936).

Stevenson, D. P., Burnham, H. D. and Schomaker, V., Journal of the
American Chemical Society 61, 2922 (1939).

K11b R. W., Ling”C. C. and Wilson, E. B., Journal of Chemical
Physics 2671695 (1957).

Abraham, R. J. and Pople, J. A., Molecular Physics 3, 609 (1960).

Butcher, S. S and Wilson, E. B., Journal of Chemical Phy51cs 40,
1671 (1964)

Magnuson, D. W., Journal of Chemical Physics 19, 1071 (1951).

'Nadde, S. M. and Verleger, H., Proceedings of the Physical Society

(London), Section A, 63, 470 (1950).

Bauer, S. H., Beach, J. Y. and Simons, J. H., Journal of the American
Chemical Society 61, 19 (1939).

Smith, D. F., Journal of Chemical Physics 28, 1040 (1958) .

* Franck, E. U. and Meyer, F., Zeitschrift fur Elektrochemle 63, 571

(1959).

Briegleb, V. G. and Strohmeier, W., Zeitschrift fiir Elektrochemie

57, 668 (1953).

Maclean, J. N., Rossotti, F. J. C. and Rossotti; H. S., Journal of

-Inorganic Nuclear Chemistry 24, 1549 (1962).

Mooré, G. E., Journal of the Optical Society of Ameriéa 43,
1045 (1953).

Bird, G. R., Journal of Chemical Physics 25, 1040 (1956).

Bartell, L. S. and Kuchitsu, K., Journal of the Physical Society of
Japan 17, 20 (1962). : :

Nichols, N. L., Hause,‘c. D. and Noble, R. H., Journal of Chemical
Physics 23, 57 (1955). :

Hauptman, H. and Karle, J., Physical Review 77, 491 (1950).



36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

47.
48.

49.
50.

51,

52,

53.

77

Atoji, M., Acta Crystallographica 10, 291 (1956).
Bewilogua, L., Physikalische Zeitschrift ég, 740 (1931).
Debye, P. J. W., Mathematics and Physics 4, 133 (1925).

Kuchitsu, K. and Bartell, L. S., Journal of Chemical Phy31cs 35,
1945 (1961).

Bonham, R. A. and UkaJi T., Journal of Chemical Physics 36, 72
(1962).

Bartell, L. S., Brockway, L. 0. and Schwendeman, R. H., Journal of
Chemical Physics 23, 1854 (1955).

Bartell, L. S. and Brockway, L. 0., Journal of Chemical Physics

32, 512 (1960).

' Bartell, L. S., Journal of Applied Physics 31, 252 (1960).

Bonham, R. A. An electron diffraction investigation of free hydro-
carbon molecules. Unpublished Ph.D. thesis. Ames, Iowa, Library,
Iowa State University of Science and Technology. 1958.

Bastianéen, 0., Hedberg, L. and Hedberg, K.; Journal of Chemical
Physics 27, 1311 (1957). ’

Morino, Y., Kuchitsu, K. and Murata, Y., Acta Crystallographica 16,
A129 (1963). ’ B .

Ransil, B. J., Reviews of Modern Physics 32, 245 (1960).
Bersohn, R., Journal of Chemical Physics 32, 85 (1960).

Bader, R. F. W. and Jones, G. A., Journal of Chemical Physics 38,
2791 (1963).

Scarborough, J. B. Numerical mathematical analysis. 2nd ed.
Baltimore, Maryland, The John Hopkins Press. 1950.

Bartell, L. S. and Carroll, B. L. Electron diffraction study of
diborane and deuterodiborane. Unpublished mimeographed paper.
Ames, Iowa, Department of Chemistry, Iowa State University of
Science and Technology. 1964.

Pauling, L. Nature of the chemical bond. 3rd ed. Ithaca, New
York, Cornell University Press. 1960.

Beattie, I. R. and Vosper, A. J., Journaliof the Chemical Society
1961, 2106.




54.

55,
56.
57.
58.

59.

60.

61.

62.
63.
64 .
65.
66.
67.
68.

R 69-

. 70.

78

Broadley, J. S. and Robertson; J. M., Nature 164, 915 (1949).

Devlin, J. P. and Hisatsune, I. C., Spectrochimlca Acta 17, 218
(1961)

Cromwell, N. H. and Hudson, G. V., Journel of the American Chemical
Society 75, 872 (1953).

Kosower, E. M., Proceedings of the Chemical Society 1962, 25.
Weleh, A. D., Transactions of the Faraday Society 45, 179 (1949).
Hoffmann, R., Journal of Chemical Physics 40, 2480 (1964).

Swalen, J. D. and Costain, C. C., Journal of Chemical Physics 31,
1562 (1959).

Sinnott, K. M., Journal of Chemical Physics 34, 851 (1961).

Almenningen, A., Bastiansen, 0. and Traetteberg, M., Acta Chemica
Scandinavica 12, 1221 (1958).

Marais, D. J., Sheppard, N. and Stoicheff, B. P., Tetrahedron 17,
163 (1962)

Wagner, R., Fine, J., Simmons, J. W. and Goldstein, J. H., Journal
of Chemical Physics 26, 634 (1957).

vBonham, R. A. and Bartell, L. S., Journal of the American Chemical

Society 81, 3491 (1959).

Bartell, L. S. and Kohl, D. A., Journal of Chemncal Physics 39,
3097 (1963) : _

Allinger, N. L. and Blatter, H. M., Journal of the American Chemical
Society 83, 994 (1961). -

Laurie, V. W. and Herschbach D. R., Journal of Chemical Physics
37, 1687 (1962).

Bartell, L. S., Journal of Chemical Physics 23, 1219 (1955).

Mazur, R. H., White, W. H., Semenow, D. A., Lee, C. C., Silver, M.
C. and Roberts, J. D., Journal of the American Chemical Society

81, 4390 (1959)




79
VI. ACKNOWLEDGMENTS

I wish to thank Dr. L. S. Bartell for the vgluable advice and
assistance given during thLa course of this réseafch. |

I would also like to thankar. K. Kﬁchitsu for taking.the diffrac- -
tion pictures of‘amm;nia'and deuteroammdnia and Dr. H. B. Thoﬁpson for |
his many helpful suggestions.

For their aid and advice, I wish to express my gratitude to Ben
Carroll and Harlan Higginbotham.

I also want to thank Miss M. Dunlap and Miss A. Parks for their
ﬁelp in the analyses bf cyclopropyl carboxaldehyde and cyclopropane.
carboxylic écid chloride.

And finaily I wish to th%nk my wife, to whom i dedicate this work,
for the patience an& understanding she has shown and the moral support

she has given throughout this study.



