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> 0 } c_/) Communicated by Linus Pagling, jun: 2, 1952
’ 'Q’J_\ m', pontaborane, B.H,, is one of the boron hyvidrides, a short, compara:
’i tively bttle studied sepes of extracrdinary compounds for whic: a satis-

factory clementary valence theory islacking  1n 1947 we decuded to uader
take new slectron diffraction studies of the inoleculer structures. The
", early difirection work and iiiost of the theoreticai discuission hod heepy ton
k. 2 much influenced (it now secms) by unforunate anslogies to ordmary
valence compournds, and it had become reazonably cicar that at least the
N old, ethans-lke structure for diborane vas incorrect ind that a bridge
i structure {1} was more likely. [ the case of Baldy, also, the structure from
H H H
\8{__\8/
/N N
H H
(1)
the previous diftraction STuOy: wus aui 1 vuinpicic Qgricment =sth the
appearance of the phutographs, cne of which was availuble to us. The
bridge structure of dihcrane has now been well established,? the crystal
structure of decaborane (P.H.) bhas been :determined.? and the BgH,
structure has been deternmined, both from the gas diffraction pattern in the
work here to be described? and from an x-ray study of the crysiel by Dul-
mage anc Lipsconb.® The most impressive attempt ot a theory of the
compositicns and structurcs, however—Pitzer's protonated double bond
theory,* which based the stiuctures of alf the boron hydridcs on diborane
bridges and on some plausibly assumed conjug:i ion propertics of these
bridges—has been a casualty: each of the new boron hydride structures has
shown little over-al! relation to the previous ones and neither involves
the diborane bridge.

The Structure Delerm:nation.—The method used has bsen outlined in
reccent reports from this laboratory.”

New photographs were taken with samples kindly provided by Professor
H. 1. Schlesinger of the University of Chicago and by Goctor I. Shapiro
of the Naval Ordnance Test Station, Pasadena. The camera distance was
10.94 cm. and the electron weve-length 0.0008 A, Indeperdent visual
interpretations of the phatagraphs were made by two observers (see Fig. 1).

The radial distribution curves, showing ouly two strong peaks, at 1.74 A.
(B—B) and 2.57 A. (B- B and B- - -H), exclude both the sirncture ad-
vocated in the original study! (IT) and that proposed by Pitzer® (111):
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\ 17 wouid requie signifieant B+ B intesuctions at 1.74 /2 = 2.46 A, and

At2 X LTS 1357 2 = 522 0 at least if it were normally rigid, and 111
a:anaverage of 2 X 171510 O8N 2 = 280 A (Tne original specificatien
of 111 would wis» reauire the 1.74 AL peak to be obviously doubled.)  The
radial distribution curves did uot lead directly to the structure, mainly d
because neither the relative areas of the widely separated inain praks nor
the indicated absence of minor interactions outside theni could be relied
. upoa.
| Nevertheless, the radial disiribution mfoermation provided a starting
point for a more detailed unalyss. oi the visual curves themselves.  This
analysis first showed that the observed doubled character of inaximuin §-10
' requires two groups of B—-B intcructious, of about equal weight, separated
by 0.11 £ 0.01 A. Even then, the outer part of the observed intensity
curve, including max. 9-10, could not be reproduced without secverely
restiicting the distribution of weights and distances within tha 2.57 A.
radial distribution peak, either by making the distribution essentially

continuous (corresponding to severe ‘‘tempera‘are’’ factors) or in other A ;
ways which, given the B—B split, were fairly obvious. TFinally, when this i
was done on the assumpticn that the 2.57 A. peak was due nainly to rigid ]

B- - -B interactions, it appeared that the B-—H terms were probably also {
‘. split, by about 0.15 A. into two groups of about equal weight. Corre- i

sponding to this distance information three unsymrnetrical arrangeinents of

the boron atoms, a puckered five-membered ring, a dimethylcyclopropane-
! like arrangement, and an ethylcyclopropanc-like arrangement. all actually |
[ rather closely similar, were found. .
| Before constructing and testing actual models baserd on these arrange-
ments of boron atoms (the theoretical intensity curves already ealculated
lacked the B- - - H terms), we decided to re-cxamine the tetragoral pyramid
arraugement, which had been considered but rejected in the orginal dif-
i fraction study, had more recently been further advocated by Pauling,?
and, unlike our unsynmumetrical arrangements, was in egreement with ro
cent indications of high symimotry froin spectroscopic® and calurimetric'
data. The 2.57 A. peak now had to be attribated main!y to B- - H rather
than B---B intcractions, contrary to our previous assumnption,'! but with |
the help of the previous unalysis a sutable disposition of hydrogen atoms
wae readily found (Fig, 2) and all others of full eymmetry (Co) were ten
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i . FIGURR 1. i
‘ ; ¥ Electron diffraction curves.  The theorctical intensity curves are for the following i
] [4 pyramida) models:
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tarseely chmirated The dew strecinre, with (e By 8y and Ry—H,
distances the Jorger of then respective bapls, seemed plapsibie and et
wetly mmediate surcess.

Al exeept o0 1 terun weve uichuled foe thie thecretime! mtensity cureves. The
coefiicaens a,, of U tciperatire factors expl - a,, 9% were teken as 0.00016 fer ¥, -H.
and 0 0, NS e By 30, GaadMu) for B 1 ana zeru ocherwise, as for dibo-

raac,™ and (e eflccaie wubue V29 was gsed t e 2y G the sclection of curves shown
w Fiw 1, G il and 2wt weoptanle, A 8wt Care donbtiul, and D, E, and F are un:
acceptable.  Liaportant stems (o0 these concin acns gre the depnh of min. 4, the shape
ol doubles 2.5, the relative infensitien ol wunwena € 7, X and 9, the shaoe f max. 7-
min. R and the pooon amd stvor o doclile: G210 e the besi caives, the only point
of substantial disagreemont covcerys the haghts of tlie fir<t three main naxima; it s
wlmost inconsequentiul for thie purimeter detvrucination and probably arises from an
underestimaie, such as could he expeciced, of the heigirt »! the broad inner max. 1-2.

In terms of B B,, = 1.740 A, the best shape parameter values und
estiniated limits of error, together with the ranges for which intensity
curves were calculated, are: B--H,., 1288 + 0.044 A. (1.22 1.35 A,
DIl C125L0.000 A, (0.05- 630 Ay, B—Bepny 0.105 = 0.010 A
{0.08 0.12A.); Z B ~By—Hy, 120 £ 20° (85-125°); and external dihedral
angle B,B;B,-ByByH,, 187 £ 10” (165-200°), all for the assumed C,, sym-
metry. These values and the values of (Qule./Qobe.)av. (see table
! for un example) lead to the following results for the bond lengths:
Bi—B,, 1.706 ~ 0.0i7 A.; By—B,, 1.805 + 0.0i4 A.; B,—H, and B—H,,
1.234 + 0.086 A. (B,—H, = By—H, assumed); and By—i1,, 1.359 = 0.077 A.

The limits of error are conservative except that no allowance has been made for the
possible effects on the angle determinations of our rough assumption that the previsre
guess for ap . u in diborane should apply to BiH,, lor all the different B- - - H terms.
The concentration of all the B+ - H distances within the 2.57 A. peul makes the ques-
t.on of interaction betweer teinperalure factor and distance purameters more serious
than usual, but the boron parameters and probably the B—H distances shouid not be
much affected, since they ar+ determinai lai 2y bty the outer part of the pattern, where
the B - - H contribution is in any case amall It inay he noted that the crystal® and gas
vulues for the bond angles und bond jexgthe in ByH, are In good agrcement except for the
B-—B lengths, for which the crystal values (188 & 002 A. aad 1.77 £ 0.02 A.)are
shorter than ours by possibly signilicant amouiis compared to the limits of error.  Our
B--B lengths, however, re In good agreemment with the preliminary results 1.68 A and
1.80 A. of a recent microwave investigation,’? irom which none of the other parameter
values have ye«t heen reported.

The x-ray confirmation of the structure type, which was cammunicated to
us during our parameter determination, made unnecessary any further
study of other poseibilities, including the unsynimetrical ones described
above. ‘The high over-all sayminetry and especially the C,, skelctal sym-
metry have also Leen confirmed by the microwave investigation.'?

Discussion.—The ByH, structure has high ligancies, two for the bridge
hydrogen atcms, five for thie apical boron atom, and six for the basal boron
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atems, in agreement with the principle’® that electron deficiency pives rise
to structures showing igancies in excess of the respective numbers of anit.
abie atomic v.hitals.  For the count of ligands, we take the direct B —1B

interaction of & Uridge bond as honding, although the related B+ B nter-

tion 13 the more likely onc in view of the comparatively short B-—13
distanice. It aie makes the ligancies m hvdrogen and borou in the boron
hydrides and other high-ligancy compounds of boron more uniformly
consistent with th.- high-ligancy principle, and is the uatural assumption
to make i these comnpawuds are to be relat :d - ordmary covalent coinpounds
in terms of resonance, following Pauling’s Jiscassion of the metuls.'t  Paul-
ing's relation ry »= 1y — 0.300 logio 1 yields an attractive conielation of tha
actualiy very widely varying bond distzaces,' as well as inferences about
certiin other aspcct. ¢ the structures.  For excriple, the Loron radius
which wousld be exactly conipatible with

the bond distances of our prelininary
e MU a0 b il o

P e lovad
SNPUA Y SV aspear U Uis uu skl dee LALLLLISL

agresment with the average 0.794 A. cb-
tained froin all these compounds.

The basal HYoron atoms of ByH, and
the apical horon atoms of B,oH,, formn
just the same set of bonds; similarly,
the apical boron atoms of ByH, resemble
the boron atoms of the calcium boride
structure in an octahedron arrangzment
cxcept for replacemcent of external B by
H. As King and Lipscomb pointed
out,' moreover, the whole BH, struc-
ture is related to the calcium btoride
structure in alraost pracisely the same way as the BiHy struciure is
related to the boron carbide structure.’” We may add that t= - Lasal
boron atoms of Byl and all the boron atoms of decaborane, as well as
the boron atoms of boron carbide and the icosahedron atoms of ele-
mentary boron (in the modification of known structure'}, all have six
tigands in the icosahedron arrangement, with bond angles approximating
the ideal values of 60°, 108°, and 121%/,° ubout as well as would seem pos-
sible under the constraints imposed bv differing bond lengths and incompat-
ible over-all symmetries.'® Accordingly, it seeins reasonable to suggest
that these structures all reflect a strong tendeucy for sexihgated Loron te
sdopt approximately the ideal icosashed:on urrangement. g

The occurreace of the icosahedrun and octahedron arranguments is
remarkable because thay are uotably anisotropic, in violation of what
might be expecizd to result from the sp? (and sg, for the hydrides) hybrid

PIGURE 4.
The ByH, structure.
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; orlytuls on whicn the honding s presunably snamly based and because [
( there s surely wo lael ot miore conventional alternauves.  For evlementary )
horen. ter evimpl | ocdiiary octaliedrz] coordinstion o the simple cubic

structure would seem suitoble, especially in view of its frogucit oeengrence

U1 cotipica structures for other atinas which wre resonded L0 Cormmg v

half-bends. ™ I's be sure, the scosabedron and octabedron arrangemenss

woutld seein Tess amsotropic if the external tomds were stronger than the

internal bonds, as indeed 1s the gencrai indication for BgH, and decaboranc.

‘ tor the bosal boron utowis of ByH,, for evampie, the brildge: B+ H, bridge

B-—8B, and slant B—B bonds have the respective Panling hond nuinbers .
V.40, 0.45, and 0.67, with a total ot 2.49, or oni- abont three times the bond !
nmber 0.77 of the R—H external bond.* But for borun Carlnue, eie-

TABLY
CoMPALISONS OF OQuSERveh any CALCULATED POSITIONS oF MAZIMA AND MiNIMA FCR
Moo H

— grokr /9ohs ———————— }

—— e e Aty =

—v. 8- — —_— W ——v A —

NO. MAX, 1 HN MAX. i, MAX, Min Max L IHE

11.19 7.7 16.80 R.08 (9.969) (0. 979) (".083) (0.943)

16.41 13.31  17.31 13.8%  (1.012) (0 938)  (0.959) (0.901) |

25 00 20.47 25 34 21.03 1.012 vI02Y 0.998 0.904

33.87 20.70 33.33 29.77 (1.02.')") 1.4 (1.041) 1.021

38.52 36.41 39.66 39 .42 0.971) (1.001) (0 943) (0.983) ‘

48.70 43 40 48 AD 43 62 1.008 0.999 1.011 0.995

59.51 53.53 o0 15 5425 1 060 1 014 U 991 1.007 i \

72.60 66 95  T1.87 44 6] 0.908 1.004 1.009 1.009

R3.20 7803 8223 73.50 (0. 984) 0.993 (0.wW7)  1.013 '

w).017 86 50 84.97 85 67 (U 989) 0.961 {0.901) 1.002

11 .. $3.28 .. Bi.59 0.992 1.007 l
Avcrage, 12 fealures 1.0047 1 (048

Average deviation 0.009 0.007

.

-
O % W VDN b W —

mentary boron, and calciumn boride there is no dzéinice indication one way !
or the other. Altogether, a proper undersiunding of the details of the
bonding is laeking. !
Nevertheless, it seems unlikely that the inmediate bond arrangement in
thesc structures is superior.  Instead, the essential point mmay be that they I
allow an increace in ligancy without a corresponding increase (or even with
a decrease) in the number and severity of close non-bond interactions:
compare, for example, the joined icusahedron unit of the boron and boron
carbide structures wiu: the simple cubic structure. In the latter, each
atom has twelve next-nearest neighbors related to it by 90° bond angles,
“whereas the icosahedron atomn has only five internal next-nearest neighbers
at 108° and five external next-nearest neighhora at 122°  This strongly
suggests that the next-ncarest interactions are repulsive and important
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1 !
§ '
! and that the high-tgancy principle should be rovised to iy that the hngh
! leancics tena to in achieved msuch 2wy s fomimemaze the pumbers and !
R : maxintee Shedistances of next-ncarest noyhbors, even if the resuliag bond ’

Ui anens wolilt appear by standards of ordinary covalonce to he un
duly stianeet fe i aléo actonat for the lack of apparent extre strength
of the exiurnal bonds where *wo octahedra or two icosahedra are joined:
tor the icasahedron. aguin, cach externai bond would be epposerd princi
pally by ten next-nearest interactions at 1227 and ten serend ticarest i
teractions (assuming the stagrercd nrientation ol groups aboui tire externiul

| bond) of the tvie
B ..-.B
. \ /,
B D .
whereas coch internal boud is opposed (i fnll counting shows) by only one
¥ interial next-izearest tateraction at JONT, two external next-ivarest interac-
& tions at 122°, aud one exterual interaction of the type
) $ Beowoonnn B

in the opposed orientation. The present situatiou is evidently rclated to
! & the cases of cycloprepane andd cyclobutane,?' where the energy and C—C
hond length in cyclobutane arc both greater tliur nonnal, apparentiy
because of cross-ring repulsion, while in cydiopropanc, in which the repul-
] sion is avoided by formation of the three-membered ring, the bond length
15 less than norninal and the energy still greater than normal, both apparently
in cousequence of the angle strain. ln the high-ligancy boron compounds
. the reletionships are no doubt different, especially because oi the comph-
cated rcsonance situation; uevertheless, the importance of next-nearést
neighbor repulsions seems to he verified and there 15 the additional indica-
tion that angle-strain shorteninz ot the internal bonds may also occur.
For the calcium boride st ucture, of course, the role of the wictal atotns
has also to be cotisidered.
We should like to express our thanks to Professor Pauling for his con-
tinued helpful interest in the investigation.
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and Sevast'yanov, N. G., Corip¢. remnd. acad. sci. U. S. 5. R, 32,432 (1041).

¥ Hoard, J. L, Geller, 8., and Hughee, R. E., J. Am. Chem. Soc., 73, 1802 (1951).

? Our values for ByH, are ZB,ByBy = §8°, £LEByH, = 48!/,° and ZH;BH; =
113°; £B,BH, = 108°, £ZByB,H, = 113°, and B,B;B; = 90“. and £ KyB:\B, = 120°,
LZHB4By » 134°, and ZH,B;H, = 108°. Here the four-membered ring, the differences
of B—H (bridge) and B—B hond lengths, and the evident need for large £H:BsH, to
provide a icasonably long H, - - - H, distance, which we presume to be non-bonding, are
obviously scrious constraints; nevertheless, the average external angle is 121°, in rur-
prising agreement with the ideal valuc. Alzs, our value 120° for £B;BsH; approxi-
matcly equalizes the external angles, and the smaller, crystal value of 118°, which hy the
quoted £5° limit of error is considerably more rcilable than ours, equallzes tke apparent
strains very well indeed.

® Runi's, R B, J Am. Chem. Sac, 59, 1327 (1947).

" Dunitz, J. D, and Schotuaker, V., submitted for publication In the Journal of Chem-
scal Physics.
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= f Je hove reinvaeztigated gaceous tetraborane by elsct-on dif-
};aceion. Tre bufaﬁe—like mod:l vith tetrahsdral bend angles as
reported by Bauarl is incompatidla with our data; values of

[ B-B-B = 30° and / B-B-H m 133.5° do bring it into agreement, but
ths latter angle i3 out of “hz gusstion, espa:lally for the 'methylenic!
bydrcgen atoms, No exhauetive investigation of the butana-like
structure was attempted, however, tiycause a structure (Fig. i)
plausidbly related to the ¥.. . horen hydride -t:uctvrosa was dis~
covered and shown to be in excellent agreement with the diffraction
pattern early in our workj'u. and has since been estadlished by
Nordman and Lipscomb by the crystal structure invectigation reported
in the following Commminication. The atomic arrangement is closely
similar to that of the apical groups in decaborane and ie somparadle
to the arrargements in didborane and stable pentaborane,

Approximste values for the numerous parameters of the C2v model

are:
B,~B, = 1.85 %, By-Bg = 1.76 },
By...B, = 2.88 &, (Dihedral / B;ByB,-ByByBy = 124e32!)
By-g u Bp-H, = BR, = 1.9 X,
By-Hg = 1.33 %, B,-H, = 1.43 %, B, in plans of B,B,B,,
[ Bs-By-Eg = 118°20', and /

B, ‘5-32-37 p 117%6°',

poinarily froam vhie radial distribution
curve ('’ig. 2); they were reiined by a (necessarily incomplete)
corrolation treatment, The Hy parameters are highly uncertain, but
the B-H distance, 1.19 2. ard the B-B bond distences warrant conm-

parison with the crystal valuos.
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We xro indebted tc Professor A, B, Burg and Mr. . S, auijiza
for the samples nf tetrabcrare and to the Office of Haval Research

(Consraot ¥Gonr 24423) for eupport during this ipvestigation,

Relazonce
1. S. H. Bawr, J.An.Chem.Sac., 6C, 803 (1938),
2. For references and disoussion see K. Hedberg, k. B, Jones, and
V. Schomaker, Proc. Kat. Acad. Sci. U.S., 38, 679 (1952).
3. Q',mrtorly Progress Report, Cctobsr 23, 195i, Contrmct Nbonr 21423,

4. A. B, Burg and 2, A. Store, J.Am.Chem.Soc., 5, 228 (1953).
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Fig. ¢ Visual, radial distributicn, and thecoretical
intensity curves. Theoretical intensity
curves are for butane-like model with
/B-B-B m 90° and LB-B-H = 133.5% aud
for C,,, model de: cribed in text.
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Studies of the Theory of Electron Diffraction
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Introduc tion
The Treory of Electron Diffyaction. Roy Glauber
and Varaer Schomaker

Reprinted from Phys. Rev., 89, 667 (1953)
Complex Amplitudes for Eleatron Scattering by Atoms,
Jear A. Hoerni and James A, Tdars

Accapted for publication in the Physiocal Revisw.
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Introdustion

In our laet Technical Report (#3, Juns 19, 1952) a short account
was given of how the unsymmetrical moleoulnr.ntructure- that had been
derived for a number of compounds of heavy elemente are incorrect;
how the features of the diffraction patterns that had seemed to demend
thees unsymmetricei strusturss are instéad & ocharacteristio manifest-
ation of failurs of the (firet) Born approximation, coumonly ueed in
thie work; wnd how satiafactory agreement for symmetrioal molecular
structures wae obtained with & new epproximate thecry of electron
scattering equivalent to the eecond Born gpproximation. Thie ascount
hae now been published’, as has the somewhat longer and more thsoreticsl
artiole whioch forms the following seoticn of the present report. The
technical prospect presanted by thess articles is of a atill attraotively
simple theory.

Mearwhile, however, the 10 kev UFg pattern and the improved cal-
oulations mentioned in the seoond artiocls have ehown that both the
second Born approximation and the assumption c2 the soreened-Coulomd
field, which we have uesed with it, are inadequate, ths uniformly good
agresment with the 40 kev experiments epparsntly repreeenting a quite
fortuitoue cancellation of the reslevant resulting errore. The second
following seotion descridbes caloulations that agree with all the pre-
senily available data on UF6 and are reliabls, we believe, both with
respect to the atom models and the theoretioal trestment of atomio
sleotron scattering which were used. The caloulations are lengthy but
we hope to extend them sufficiently to provide values of the complex
roattering smplitude, | £(%)f dxp{ﬂ‘l(z)} » edequate for the

usual (~v40 kev) electron diffraction study of any molecule,

— A A——— . e
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Vol B89, No. 4, (07 -¢71, Febracry 15, 1953
Prioied in U. 5. A

The Theory of Electron Diffraction

Rov Guauser,® Norman Bridge Labovatory of Physics, Califormia Institute of Technalogy, Pasadena, California

VERNER SCHOMAKFR, Gates and Crellin Liborsiories of Chemistry, California Instituis of Tecknology,} Pasadsna, Culifornia
(Reccived October 14, 1952)

It 13 shown that the omission of an angle-dependent p

hase factor in the scattering amplitude constitutes s

signi6cant error of the Born approximation, ss customarily applied to electron diffraction experiments.
Some general properties of the scattering amplitude are discussed in ralatios io the Borz apprezimation
and used to derive a simpie estimate of the required phase. The theory, thus corrected, is found to remove
the need (o1 assuming rather distorted structures in some molecules containing beavy atoms. The effect
discussed is present quite generally in the interference of waves scattered by differing potentials and becomes
more prominent as the particie energy is fowered. In the Appendix a semiclaseicai procedure is used to treat

the analogous effect in proton diffraction,

HE Born approximation is well known to predict

exactly, tn the nonrelativistic region, the intensity
of electruns scattered by a Coulomb feld. Although still
a perturbation method, it has seeracd in this case near’y
immune from the usually attendant inaccuracies and
has been widely 2nd successfully used in the analysis of
electron diffraction patterns. Confidence in the approxi-
mation as ordinarily applied to molecular structure
determinations has extended even ¢o 2 number of cases
which have seemed to reveal rather improbable stru: -
tures. On re-examining several of these (which are
briefly noted in Sec. 1), we have found that & phase
change, heretofore neglected, which takes place on
scattering is the probable cause of the anomaiies.! It
may, in cxtreme cases, lead to strikinglv altered con-
clusions about molecular structure. Tne error is one
charactenstic of the Born approxunativi and &j:pears
whenever it is applied to the interference of waves
scattered by potentials of different strengths. The phase
shift in question, which depends significantly on the
effects of screening, is calculated approximately in Sec.
I1, and the results are then compared with experiment.

1. NATURE OF THE RFFECT
The diffraction patterns of electrons scattered by
gascs coisist of weak concentric rings superposed on the

® Present address: L. Laboratory of Physics, Harvard
University, Cnubndge Maszsachusetts.

t Contnbuticn No. 1743

'\". Schomaker and R Giauber. Naiure 170, 200 (1932).

intense forward maximum of Coulomb scattering
{modified by screening). Fourier analysis of the ring
structure gives the distances between the scattering
centers of the molecule. In some molecules containing
heavy atoms a curwous effect involving these distances
has been found. Uranium hexafluuride, in which the
effect was first noted, might be expected to show octa-
hedral symmetry about the uranium atom. The mole-
cule has instezd appeared rather puzzlingly asymmetric:
the calculated curves showing the Gistribution of inter-
awomic distances! have two distinctly separated peaks
at 1.87A and 2.17A rather than a single one corre-
sponding to & unique U—~F bond length. Information
{rom other sources, howeaver, in no way confirms this
picture. The data on infrared spectra, molecular
entropy, and the dipole mement are all consistent with
the symmetrical atructure.® Similar apparent asym-
metrizs have also been found to occur in a number of
other molecnles of the form MX,., containing single
heavy atoms. The distances between the heavy atom
and its neighbors are apparendy zplit into two equal
groupa diff-ring by an amount roughly proportional to
Zy—~2Zx. For equal atomic numbers as in the heavy
molecule {,, nothing unusual is observed.

We shall not dwell upon the valence-theoretiral

'S H. Baw,] Cbem Phys. 18, 27 (195C).

9 See especially , Mayrr, Stevenson, and Turkevich,
J. Chem. Pbys. l6 2 (19‘8). lnd Burke, Smith, and Nielsen,
J. Chem. Phys. 20, 447 (1952).
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668 R GLAUBER AND V. SCHOMAKER

attempts which have been made to explun these
results. The smootimess of the dependence or nuclear
charges indicates an inadequacy of the scatteiing
theory rather then any aciual effects of chemical
bo.ding. In demonstrating this e shill show that the
molecules in question are in facl s accurately symn-
metrical as the present diffraction techniques iray
discern.

Of the various naccuracies imolicit in the conven-
tional calculations, the most obvious, perhaps, is the
use of the Born approximation for the atomic scattering
amplitudes, Other points more specifically molecular
in natute are the neglect of multiple scattering ‘by the
diferent atoms) and of valence distortion of the charge
distribution. A strong dependence on the difference of
atuiic vl cannot, howcever, be nroduced by either
of 1he latter two effects, whereis interference between
corrections to the atomic scattering amplitudes may
e«sily do so. For this reason we assume that the wave
scattered by a molecule may still be represented by a
superposition of waves f,(k’, ke /r acattered by the
individual atoms (=1, 2 3, --+) from the direction k
to the direction k',

The amplitudes f,(X’, k) may '+ shown quite gener-
ally (see Sec. II) 1o be complex functions of the scat-
tering angle. 1t is characteristic of the Born approxi-
mation, however, that these amplitudes, given by the
familiar matrix clement,

Ia(K’, k)n__m__ fc(ﬂ-l')"V(t)dv, (1)
2xht !

are always real for atomic scattering potentials 1'(r)
(or more generally, for any potential unchanged by
inveirion in the origin). An example close at hand is
scattering by a pure Coulomb field, for which the
expressiun (1) predicts exactly the sbsolute value of
the scattered amrvlitude but omits at the same time a
phase facto. sensitively dependent on the angle of
scattering. Abbreviating the amplitudes for the
moment, as f,{8), we take explicit account of their
phases by writing them as | /f/(8)| exp(i5,(8)). The
intensity of the scattered electrons averaged over the
mndem orientstions of the gas molecyles is then
proportional to

Sin.l’fu
L JE O e —==T 1 [0} /ion
0f Ty “f
ﬂin".;
X cos{n:(6)—ns(6)) v ()
L2 £7]

where s= |k—X%'| = (4x/N\)sin(8/2), and r,; is the
distance between atoms ¢ and .

To see the way thc phase 5{f) may cxplain the
apparent asymmetry, let us supposc the amplitudes

¢ For the exact solution sce N, F. Mott and H S. W. Maseev,
Theory of Atomic Callision: (Oxford Viniversily Press, Londos,
1949), second editin, p 48.

£.(8) arc real. ‘Fhen the sum of the terms contribited
by a spht pairof distances v, =r,—d and r,, = ro+ & with
<imilar atoms 7 and j’, would be approximatcly

21/,26)11 f (8)] cossd sinsry/srq. (3)

{The amplitude Jifference, of order 6/7, 1s neglected.)

Thia expression is of just the form that would be
given by (2) if the phase difference "n,(8) = n,(8)] were
proportional 1o s, and if no distance splittings at all
existed. The scattering angle at which the amplitude ol
the wave corresponding to (3) first changes sign (and
vanishes) is given by !9n.(6)—n.(8), =#/2. Ir practice
it is the behavior of the diffraction pattern in the
neighborhiood of this critical angle that has been
principaliv responsible for the interpretation in wems of
beating ruie waves and its implied molecuiar azym-
metry. Tt is hoped that in future experiments the very
faint cnuter fringes of the diffraction pattern may be
observed at scattering angles sufficiently large to
include the second critical angle | n,(6) —n:(8) | =3x/2.
Since these data are lacking, the correct prediction of
the scattering angle for which the phase difference is
x/2 is the only quaniitative test now available.

Moderate deviations of the phase shift from linearity
in s on either sidc of the single critica! angle observed
wiil not very noticeably cnange the character of the
predi<ted pattern. Indeed the desire that | n,(8)—n,(8):
Le linear in s comes from comparison with the asym-
metric model, whose 1it te the experimental ditfraction
pattern, although good, is not beyona improvement.
The theoretically predicted phase differences (see Sec.
IT) which arec monotonicaliy increasing functions of s
(but not proportional io s) appear in fact to fit the
observed patterns more satisfactorily than the asym-
metric model.®

f1. THEORY

Before specializing 1o the atomic case, it will be useful
to discuss several quite general properties of scattering
amplitudes. Let us suppose ¢x(r), da{v) and ¢ (1)
are solutions of the Schrodinger equation for equal
cnergies arising from initial plane waves in the direc-
tions k, k', and —k’, respectively. They then obey the

relations
Vo Vi — Vi 4y =0, (4a)
w.:‘V‘\h—%v%"no, (4b)

which, integrated over the volume of a sphere sur-
rounding the scatterer, are immediately expressed as
the surface integrals

%] 2]
f("-t'"“‘t“'t""-v)ds=0, (5a)
s ar or

a3 ad
f (w.ﬁ-w.—w.—-w) $=0, (Sb)
s ar ar

¢ G. Felsenleld acd J. Ibers, pnvate communication.
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with 28 an derent of surface. Y othe radius of the
sphere is made sufhciently large, the wave functions
assumce their asy.aptote values on the surface. We
may tnei substitute

ve(r)=exp(ik-t)+ f(k,, k) exp(ike) r

(where K, is a propagation vector w the direction r;
|k, =4) together with the analogous expressions for
the other wave funciions. FThe asymptotic vaiues ¢f the
surface intcgrals for large sphere radii ure then easily
found and furnish two important relations involving
the scattering amplitude. The first of these, coming
from (52), 18

k', K= f(—k, =k, (6)

which expreises the revemibility of the scattering
between any pair of directions. From 5h} we find the
relation

—U(k' k)= (K, k"1=— f ok, k) f1K, KD
@)

in which the vector k'’ on the right is intcgrated over
the sphere [k'’| = 4. For the particular case k' =k, Eqs.
(4b) and {5h) erpress the conservation of the particle
curreni. Equation (7) then reduces to

Imf(k, k)= (k/dx)s (8)

(where ¢ 18 the total scattering cross section), 2 relation
which illustrates how fundamental is the requirement
that the amplitude of the scattered wave be complex
rather than real.

The more general form of Eq. (7) may be simplified
Ly assuming that the scattering potential has inversion
symmetry V(x)=V(—rt). Nothing then is changed by
inverting ail vectors in the origin, and it {ollows, in
particular, that f(k’, k)= f(—k’, —k). ‘The latter rela-
tion together with the principle of rc\'ersibility (6)
shows that the scattering amplitude is symmetric:

S, )= Sk, k). ©

Equation (7), under our assumption, then reduces to
k

I fW, U=4—ff'3\'. "y /R RdQye,  (10)
L

a relation we shall have frequent occasion to apply.

The reason for the inadequacy of the Born approxi-
mation (i.e., the first term of n power series expansion
in a= —Z¢/hv) in the present context is easily seen
from (10). For f(k', K)=O0(1) we have Imflk’, k)
= ()(a?), from which it follows that the phase increases
with a, n(k’, k)= arg f(k’, k)= O{a). Clearly then we
wust either go beyond the first term of the series ¢
employ a fundamentally more accurate formulation of
the scattering problem. In the present work we shall
use some assumptions based un our cxperience with

Coulomb scatiermg to simplify the higher terms of the
Jorn seri o, there by avoiding a guod deal of numeri- al
work but allowing stil! a yeasonable cemparison with
c.periment. We shall leave to a later trentment the
renmuncn:sntroduced by = basically differeni and more
accurate procedure for apy-rodmating the scattering
amplitude, caleulations for which are nov. in pisgross.

At the energies at winch ditfractior experimenis are
performed (~3) K:vj, electron wavelengths are sub-
stantially smuailer than the atomic radius a6, (2a~1) to
20). For all save small angles (6~1.ka), therefore, the
intensity of scattering is negligibly affected by the
screening ol atoraic fields. For these angles the Ruther-
ford formula and, hence, the Born approximation
intensities are nearly cxact. At smaller angles the
eflects of surecning are particlly uccounted for by the
struclure fuctor implicit in (1). We shall assume for
simplicity that the Born approximation (1) renresents
the absolute value of the scattering amplitude at all
angles. The charactariatic features of the simpler dif-
traction patterns are in any case (uite insensitive to the
over-all atomic scattering intensitics.

The difference Letween screened and unscreened
CoulomD fields Leeomes particuiarly important for the
phase of the scattering amplitude. For the unscreened
fieldt the phase of the exact solution? contains principally
the coordinate-dependent term —aiog(kr(l—cus&)).
which increases indcﬁnitcly with r, 1he distance frz,
the scatterer. This is, of course, a property pecatiar 10
the slow decrease of the Coulomb potential and is absent
for screened fields. A simple estimate of the phase in
the screened cas: may be obtained by substituting the
Born approximation ampiitude fa(k’, k) on the righn
side of (10) und equating hoth sides to order a®. We
ohtain

k'k=—————-f &, %) fu(k", K)ditenr (11
k' )= o J kK A Wi, 1)

an expression which is equivalent to the second Born
approximation.

To evaluate the phase, we chose as an analytically
canvenient model of the screeaed field the exponential

form
V(ir)= —Zce"'%/r, (12)

for vhich the Born approximation ampl tudde is
[a(K' k)= —2aka*/([k'—k!%?4-1). (13)

The angular integration of (11) is not difficult to
perform, and the resulting phace, as a function of the
scattering angle 6, is

—\.4 tanh='4, (14)
4k'at sin®(6/2) /

!ln(0/2)

P —

C(+ (17 2k2a%)) = cos’os 2]

n()= —2a( 1+
with

(15)
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Since 2k%u*>>1 thess expressions may he reduced to

i+s"a?

sa
el e e (16)

L CORRENT
sa(4sta?) (~H s’a’)‘

in whicl: we have once again used the notation
s |k —k| =2k sin(8,Z;.

A graph of | n(#)/«| according tu Eq. (16) ic given in
Fig. 1. ror the forward direction, the value 9(0) = — a/2
is quite insensitive tv the screcning radius. For large
angles the phase i3 asymptotically

n(6)~—2a log(zku sind/2), Q17)

the value of which may in practice be appreciable, even
for the lighter elements.

The vaiidity of the expresc.on (16) for the phrse, at
least for large angles, is somewhat stronger than its
derivation by the present perturbation procedure might
imply, This may be seen by axploiting the similarity of
the large engle scattering by screened and unscreened
Coulomb fields.® In particular the dependence of the
asymptotic phase (17) on § iy the same (apart from an
additive constant) as that of the exact Coulomb phase,
a fact which implies corrc:tl) that for angles 8>>1/%a
the scattering amplitudes for the screened and un-
screened fields differ only by a phase factor, inde-
pendent of angle.”

In undertaking comparisons with experimental results
we shall assume that the estimate of the phase given
by (16) is sufficiently accurate to be used directly® in

K

A

1

] 1

—h -

E sesghasiad

Fi0. 1. Graph of the dependence of the phase on scattering ungle:
|9(0)/ex| vs 2ba 6in(0/2), as givcn by Eq. (16).

* It may also Le seen from the work of R. Dalits [Proc. Roy.
Soc. (London) A208, 309 (193111, who ha* deriven the asviaptotic
form (17) and shown that its occurreice as a phase is tent
with the third Bom roximation as well as the second.

" This behavior Is Implicitly made use of In computing the
Coulomb ocatmin; ol identical icles when one of them is
screered (e.g., p-§ wattering). - constant fhue factor by
which the Coulom and corcectly screened solutions differ is not
observed. For othier potentials Interference effect Invoived in
the acattering of similar particles will also require a know
of the u.gk- ependent part of the phase, omitted in the fint Born
Apfroxlma on.

rp ure here actually goes Feyond the second Bom
Our procedure h i} } h d B
approximation, which, =trictly speaking, would only consider the
terms of (2) to order of, and would t creby chmmn(c the con-
tribution of the phase cnhmly

" J
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the formalism of Sec. I. The accuracy of this method is
difficull to estimate without perferming numcrically
more involved calcnlanons. We may mention, however,
that the preluinary results obtained uaing a more
accurete method (based on the smaliness of a’ka
rather than o) are favorable. They indicate that the
necuracy of (16) for a~1 is roughly commensurate witl:
that of the screenirg model (12).

III. COMPARISON WITH PYPERIMENT

While the phasc shift we have discussed will modulate
the intensitics of the diffraction patterns of all heter-
alomis molecules. its efiect is most strongly felt when
large differences in the nudlear chaiges prevail. u such
cases the attempt to account in the conventional way
for the obscrved modulation has led, aswe have alrecdy
noted in Sec. I, to the assumption of curiously ursyn-
metrical molecular strectures. For a proper interpre-
tation in the light of the present work, the diffraction
data for each of the molcrules in qucmon will eventually
require detailed rc-analysis. A simple way, however, of
checking the corrected theory is to show the way in
which the treatment based on symmetrical modele with
phase shifts is able to duplicate the numerical results
previously arrived «t for the apparent asymmetries. To
do this we note by cemparing (2) and (3) the approxi-
mate relation
(18)

in which s.,.. is the value of 2k sin(6/2) for which the
phase difference is x/2. An approximate value of the
screening distance, adequaic for the calculation is
a=0.528Z-1A. The predicted apparent “‘splits” (25)
that resuit are listed in Table T slong with the cor-
respending experimenta! values. Their agreement, it
may be scen, is quite close. It follows that for these
molecules the diffraction patterns predicted by the
present formulation will be in good agreemient with
thuse observed. The intensity curve calculated for UF,
at 40 kev seems 1o show even better agreement than the
previous work for the central and outer parts of the
pattern.t ‘This is a consequence of the deviation of the
phases from proportionality to s.

A large number of electron diffraction studies of
moiecuies containing beavy atoms are on record in
which nothing anomalous was observed, a circumstance
which no doubt helped delay the recognition of the
phase shiits, It is important, therefore, to remark that
in all the adequately reported cases, the pattern was
oheerved only at angles at which the phase difference
is less than the critical value »/2.

The phase given by Eq. (16 is increased by lowering
the electron energy, and its modulation of the diffiacticn
pattern varies more rapidly with ¢. The resulting energy
dependence of the pattern 1s a featu:e absent from any
treatment based on the first Born approximation. Some
photographs of UF,, taken at 10 kev do indecd show
changes in the direction predicted,* and wilt he analvzed

28=«/5qem1.,
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The partiul waves acattoring theory has been
applied to eleotron scottering by U and F atoms at
40 and 11 kev, The electron scattering bty the UFg
moleculs, pradicted from these results, is in good

agreement with experiment,

I, INTRODUCTION

Recently, Schomaler and Glauborl

have pointed out that anomalies,
e.8., apparent asymmetry, in ths structures of molecules containing bdoth
heavy and light atoms as determined by electron diffraction can be re-

moved by using complex atomic scat’ering emplitudes, £(8), and hence by

rejecting the firat Born approximation vhich gives only resl amplitudes.
This approximatici, although theoretically justified only for -a = Z¢/(hv)
small, lias nevartheless been universally‘:mmloyod in investigations of

the molecuiar structure of xuses by electron diflfcactiovn, Uslig the

second Born approximation, Glauber and SchomaXer? evaluated the phase of
the complex amplitude, - (8) = arg £(8), for the acreensd-coulcmb field, |
In this wvay remarkahbly gool agreement was obtainsd for a large group of

molacules at 40 kev, However, good agreement is not obtained for the )




| UFg pattern at 11 ke‘v,3

and, irn any case, the second Born approxiration

and tho assunption of a scresned-seulomd £ield ars

(44

oth wicerxrtain, sc that

& more adequate calculation is desired. ile describe below the application
of the partlal waves scattering theory to the proLlenm of the scattering

|

| of electrons by atoms (U and F). The energies considered (11 and 40 kev)

are sufficiently high sc thcot clactron exchenge and polarization effects
can be neglected.

II, THEORY®

The solution to the problem of the elastic scattering of a beam of

particles by a central potential V(r) is given by

(00}
£8) = (21x)F X (2£’1)(ezi‘& -1} Py(cos 6), (1)
4=0

' vhere 6 is the scatterins angle, k is 2 #/A\, and the phases, § ., may
be interpreted as the phase differences between the perturbed and unper-
turbed radial furnctions at large dist~nces from the nucleus. The §.'s

can be evaluated in several ways for electron scattering, Whea &, -+ 1,

l¢o

(1) oen boe rowritten as

(8 o]
£(8) = Kk gb (2¢%1) &, P,(cos @), (2)

and tho 8_1’3 are given by




©
5 - ;z“—g{—'-,/ V(r) ¢3,, (kr) rar (3)
© 2

Substitution of (3) into (2) yieids the firsi Born approximation for

the scattering amplitudes, namely

©
P(e) = %;;‘jo v(r) alen) 2 o, (%)

vhere s = 2k 8in(8/2). When the §,'s are rot small, they may be
'J % 5
evaluated conveniently ty the WKDB method., Sterting with t..e relativ.

intic Schridinger equation

v + KDy = o 5)
where
) 2 ;
27 . [E-V(r))3_mao4 2 V2(-Y.2E Vig)
| K (r) /h'%r_’—— kg + Ko ’
ve ottain

P R

P = — - m—— - — - -




® @
sz ’j G(r) or -j Go(r) dr (6)
r

| T2

vwith

G(r) = {fl"(r) O R R NOR o {(C%)/r]z}.‘/z

u
o]

Here, the energy E includes the rest energv, and r,, r: ) 0 arc tha
zeros cf the respective integrands, 1in accordar.ce.uith the work of
I-angax-.5 we have replaced 2(2%1) by (_&%}2.‘ The Si'a may also be
evaluated exactly. %his has been done by Bartlett amd ‘.’el’con6 with o
differential analyzer for Hg at 100 end 230 kev stariing uith Gordon's
solutions of the Dirac equation, though the ;i’s from the WKB
mothod are gensrcliy suppo’ed to be reliable only wvhen large, and hence
only when & is smail, Bartlett and ‘‘elton found these values t» be in

exccllent agreement with the oxact values over the entire range of &;

they found the Stg 40 be roliatle st large L.
y = &0

IIT, PROCFMMINE AMD RESULTS
We first compute the complex atomic scattering amplitudes for U
and F at 1.0 and 11 kev and then apply these to the scattering by the
UF¢ molecule, 01;5 vas selected because 1t offers the most severe tast
{the moleculo exhibits the largest apparent asymotryl) and because
only for it do we have olectron diffraction protogrophes preparsd st

11 kev as well as at the usual 40 kov.
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For U we adcpied the Thonmas.-Fermi poteniial, using the approximata

form7

3
V(r) = - 2ol z.a e.bir/a {2)
r .31

where 9’1 0.0y & 8, = 0, 55. a, " 0.35, b, = 6.0, 92 «1,2, 92 « 0.3, and 1,
-

the screening radtus, is O. k685/4*/3 For F we used the Hartree po'l:er:tial8

in the approximate form
« 2 - -
Vr) = -2 (07T 4 o p o7RT) (8)

where a = 3,94, ﬂg = 17.0, and g = -2,67, Preliminary calculations
indicated that the effect of electron apin would be iuportant only for
L £ 2,9 and 8ince in the final summation (i) these terms are roduced in
importance by the. factor 2% + 1, we (Telt justified in adopting the
relativistis Scnr&dinger equation (5). For small %, the S 8 were
oaloulated for 40 and 11 kev from the WKB expression (6); for large

2 (3 25), il was found that the S,Jg's (3) and  &£'s (6) vers in ex-
cellent agreomsnt, o5 antigipsted ;rom the vork o; Bartlett and Uelton.6
With the ‘_3'8 obtained in ti:ts way (Table I), we have avaluated the
magni tudes -l £(8)} and the arguments "}(0) of the complex scattering
amplitudes (Table II), The S:’s for U cen also te computed over the
entire { renge from the asympt;tic expression (15) below., Ir this case,

although the § .'s differ from the above by as much as 8% at 40 kev
-

and 15% at 11 kev, the resuliant mugnituces and argumei.i in no case
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10
15

25

35
40
50
70
100

40 kev

6.11
349
2,47
1,87
1,53
1,26
0.847
0,602
0,452
0.353
0.282
0,228
0.155
0.076

0,028

Table I

Urenium

1l kev

7.2C
4,67
2,96
2,06
1.52
1,16
0.679
0,442
0,302
0.212
0,152
J3.110
0.059
0.018

Selected Values of S,

Fluorine
L0 kev 11 kev
0.57M1 1.05
0.414 0.555
0,317 0.391
0.258 0,297
0,218 0.23&
0,189 0.188
0.135 0,113
0,101 ¢.0M
0.077 0,046
0.059 0.029 |
C.046 0.019 i
0.036 E
0.022
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differ by nore than 3% from troure in Tatle II, the relctirs error ine
creasing with increasing 8.

In the aprlication of these results to the moiecule UFg¢, *he assump-
tion is made thet multiple scattering and veienoe distorhion are negligible,
Then for visual data the follcuing expression for the intensity function
(specialized for the case of UFs) 15 suitable:

I(s) K(a) = (6/ry_z) coe [77,(0)- m.(8)F sin (r; pe) + (e(6)] /|2 (0)})
(9)
X {(IZ/rF.F)( expf-(aF_F-aU_}.)sz]):ain (rp p8) *

(3/ep ) (2g gty )87 ] ) etn (ap g0

vhere I(s) is the modified scattering intensity, K(s) is a smoothly de-
creasing function of 8, and g' Lk is the temperature facior fer the
distance Ey between atoms i and 1.1’10 Using the complex amplitudes
obtained above and a symetric UFs model (ry p = 2.00 Ay gp_p = 2483 4,
ard rp.p ® 4,00 Ao) vith gy p = 1.5 10~2 and-g;_F 2,2 lo's,ﬁ we have
oValu;t;d the function I(:).;.(s) at 11 and 49 1:0;. Fig. 1 compaies the
ocalculated und the visually estimated versions of this function, When
one considars that the visual curves sre significant only for comparisons
of intensity over a small range of r (e.g., that one usually can compare
the height of max p only with the average of the heights of max a*l and
max p-1), the agreement is excelient., TFor the present murpose, the most
significant parts of tho patierns are ithe very sensitive regions vhere
‘)‘/‘U(_O)- %(6) = J7/2 and these are reproduced satisfactorily (Table ITI),
Tahl: IT aleo provides a comparison with the mesnitudes {2-(9) cal-
culated by the first Sorn e\pproxi.::m:1.<ml:2 (using (18) and (19)) and the

phase angles 1;9-(9) for U calculated by the second Born approximation,

= —_— . . . e s " ——
o - — ——

e as
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For the latter it wos ~er:omaary (0 extend the calculaticns of Glauder

and Schomko:z tc the p.-erntial for U used here, Their formula 1s

0O = MR W) < | 20, PR, Dang, (10)
U=(0)
vhere }3 and f' vefer to tle directionse of incidence and scattering res-

pectively, aud k" is intzgrated over tho sphere | k'| = k., Whien the

potential (7) for U was inserted ani the integration performed there resulted

3 3
%) - ;5'*"--:3 AR = 1 Bl Mkl
(0)cos(wja} 11 o1 Pay €y48y4= 002°(0/2)
b, cos(6/2)
e ) )
8y4844 = cos®(9/2)

'YERE. (b: + b:)/!&%.' .
n, = [ (5] - ))3/(W3a%)% — (g, - c0s®(0/2)}t «o/z)]ll2
14 1= Yy a - "»J ) &0 ) .

which i3 in seriosus disagreement with the partial waves values and with
experiment, as may be eeén from Tadles II and III. The good agreenent
vith exporiment obtained pmwitml].y:E mst be dus .0 a fortuitous cancel-
lation of errors: For hoavy atoms the soreened~coulamb field is quite
unsatisfactory and (10), even at U0 kev, 1s iradequate.

It is planned to extend the calcuiations for 4O kev electrons to c. ..r
atoms with the hope of achieving a suffiolently general theoretical dasis
for eleotyon diffraction studies of the molucular structurees of gases,

We thazk Professor Verner Schomaker for eading this paper and for

mtx'ng wany helpful suggestions,

—— ~e ad




Tatle III

Uolues ¢f 3 whese !?U(O) ° '-‘7}‘(0) ® ”/2

Voltage, kev Sobserved °partial waves
L0 1¢.7 * 0.6 10.9
1 6.6 £ 0,6 e

8.’an Born
7.7

3.8

s W = —
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IV, 7 270X ~ MATHSMATICAL DETAILS

0
The Phases S_& and S.‘:

When computirg Ss 1t s oconvenient to split up (6) as fecliows:

rra Ts 00
S‘ -J G{ 1y - Go(r)dr + [G(r) - Go(r)] ar = 1, - Ig + I3, (12)
= Ty Ts Ts

Here, ry is sufficiently large so that for * > rs, 0(r) and _qo(r)

do not differ by more than 108, Then 13 reduces to

o0

I, = .‘g,jr [V(r)/co(r)]dr. (23)
Ts

I wvas evaluated graphically and i; was integrated pumetrically using
Simpson's rule; I; oan be iategrated anaiytically. I, (13) can be
expressed in terus of various pover expansions and vhen ¥(r) is given

by (7). the foliowing expression is oconvenient:

00 . 1/2 '
I Z . dr o D456 [ (s + §)%/x )
Ta
(14) 4 )%
-0 él .1{20(%) - ln-u, %;- + (3~\ ANE: -)—; - (mx +3g, ~ 15;;1)-9/...]}
u = byt + )/, 0 cosh™2 (rek/(2 + 4)). |
o |
For lasgs values of £ (3 25), it was found that ¥ = Fe= r; . 60 that
(12) roduces to
5 . Z L K
/) =1 By (15)

- — e iy o et
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For the sams potential, (3) bacomeu

-
b
[+)
<o

3
° b
b 1‘?1 AR X0

The QL'I were computed for Os 4 < 10 using the rolynomisl oxpnnuonl.l}

for £ 2 .7 thry wers coeluated using atson's relationm :

Qcosn & ) ~ exp[=(2 + 1) € tamh 2)] sec?/? Y x, [(¢+ 3)tams %]
+ o(e~2% /2). (i7)

At £ » 10, (17) gave values in excellent agreement with the exact valucs
and therelore its use vgs Jmtified for higher £ . Vher computing the
phases for largs £ (> 25), only the term for § = 3 s of inportence in
(7). B8ince the corresponding f 1s much less than unity, (17) reduces

very nearly to
x e+ T 1 kg [+ /)

°
8o that the SL" and St,-" ere in close azreemant.

Oorresponding quantities for the F potential (8) can be realdily ob~-
gr

tained: Integrals involving & term f the form ore '— are obizined by
differentiuting with respect to B the integrals already obtaineéd for terms

of the Zsim .0_;9}: (tta T potential).
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The Scuattaring Amplitudes
In surming (1), the convergence of the real part i improved by sub-
tracting _1:2(6) as given by its series expansion (2) and edding it as ob-

tained by tho Integraticn of (4). The integrated expressions are respect-
ively for U and F

3
Plo) = 2kan? 2 ag (v} + a?s?)t (18)
i=]1
am
£(6) = czva [(Beat) + (208)(B+s2)"2 ] (29)

By substituting the foilowing asymptotic expmsaiomal5

K (x) ~ (77/(2x))*/% 67 (20)

and

hed

P,(cos 0) ~ (3 £ 8in 9)"'é sin [ (£ + $)6 +<H] £ (-g 4 sin 9)'% (21)

——— e e e =
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into the respective expressions for the ta:l end the imaginery parts of |
£(8), it was shoun that regligible eri=.s5 would arise from termination of
the summation at ¢ = 70 for thne real par: and at & = 100 for the imaginsry
part, for 8 »1° For 8 = 0° P, (cos A) =1 and an exact ternination
correction cun be made, )

The P, (cos 8) were obtained from the available tables up to ¢ = 10

and for 10€ ¢ €100, 1° ¢ 6 < 16°, they were computed from tne relation

P (con §) ~(8/stn 02 1 [ (24d) 6] (22)

which may be derived from the corresponding asymptotic oxpreaaiona.16

Equation (22) was satisfactory for % as low as 5 over the vhole range of
0 ‘ndicated in Tahle II,
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Fig. 1. Intensity curves for UF¢. "V'" visual, ""C'" calculatad
for "40" or "11" kev, Further photographs will be made both at
40 and 11 kev, and the visual curves (40-V is due to Dr. Otto
Bastiansecn and 11-V to Felsenfeld and Ibers3) are not to be regard-

ed as final.
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- Berylliur Boride
) =
L.
&
=

"'_'_ The formation of boron hydrides Yy &cid hydrolysis of the prolust
D gf,heating magnesium vita doric oxide appears to occur in oimilar yleld

A

{f bderyllium 1s used in place of the magneiium.l 8y that 1f the firet
process involves tho magnesium dorids lgB; dsscrihed in sur Tachnical
Report ¥o. 3 (Jume 15, 1952), the second might well involve a similar
beryllium dorids. Howevor, tke beryllium atom ie so small compared to
the other netal atome of the MB, series taat the cumposition BeBg is
rather unlikely., Accordingly, an attempi to prepare & deryllium dboride
and stuldy its orystal structure seenied desiradle. »

Expe riments and Results.- A mixture of approximately equal weights
of commerciel powacred boron (99.C5%) and powdeied beryllium (premium
gradn) wvas heated with a gas-oxygen flama to adbout 1400° C for several
minutes in a bYerylliun oxids crucible uvnder a curieat of helium,
(Recause beryllium 1= so very toxic, all operations of handliing and
heating were carefrlly puerformed in a hood.) The resulting inhomo-
geasous mase contained coppery particles, some of which were powdered,
68alsd in a thin-wall soft plass capillary tube about i/l mm in
dlamater, and photagraphed with nickel-filtered CuKa radiation in a
Straumanis-type camsra of nominal radiue 18/r cm. The photograph,
showing a rathor smail number of macro-orystalline lines in addition
to a complex spectrum of smoother lines, indicated the existencs of at
logast two phases, The macro-crystallina linoas correspond to a face—
ocentered cubic unit cell with a = L.66 % and their intensities

suggested a fluorite type of structure.
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Photographs of further preparations (mostly carrisd out in a
quartz tube rather than the beryllium oxide crucible) indicatsd maximum
yicld of the cudic pnase for an initial atomic ratio Be:B detweer 2:1
and 1t1, dut closer to 2:1 than 1:1, and showed that the other lines
were probabiy due to one or mcre phases with higher beryllium content.
Attoumpts to prapare the cubic phizse in pure form for reliadle deter-
minations of composition and density were uneuccesaful. The positions
and intensities of the cudbic lines wers measured on several of the
photographs dy the methods descrided for magnesium boride., Least
squares refinement on the ainséhkt values then led to ‘he result
s, = 4.6583 + 0.0017 R; the oveerved and calculated valuss of
°1n.°hkt are given in Tatle I.

Structure factors were calculated for a structure with § Be at
(1/%,1/%,1/4;3/4,3/4,3/4) + F.C, and 4 B at 0,0,0 + F.C (the fluo~ite
positions) using the atomic form factcrs of Jamos and Brindlay.z
The resultiang moduli chowed approximate agroement with the observed
intensities, and ths 3igns, togethor wiih the observed moduli ‘Fobu.i .
led tc the plst of e(x.x.x)'!! x shown in I'lgure 1. In addition to tt.
expected peske at 0,0.0 and 1/4,1/U4,1/4, thore is a peak at 1/2,1/2,1/2
abuut one-quarter as high as the main peaks. This position has ei;ht
beryllium neighbors at a distance of 2.02 zr-lols. even, than the
Be-Be single bund distance of 2.14 f--ard cannct contain a beryllium
atom. I¢ thereforec zppcars that, in addition ¢o ecight beryllium atome
and four boron atoms, the unit cell ccntains approximately one other
boron atom randomly distributed anong the four positions 1/2,1/2,1/2

+ F.C., giving a composition approxinmating Be,BS. The structure

RSN
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& Tadle 1
23 o008, calc. obs. cale.
i nlkct 120, , 64020, ., T2 e
H 11 0.08¢2 0.0822 100 572
% 200 L1094 1095 10 11.6
i 220 .2192 .2191 sh2 534
: 311 .3003 L3012 26 2.5
f 222 3269 .3286 L 18.4
Loo L1372 382 374 L26
in 5201 .5203 27 21.6
i 420 SMTR 5477 Vi 15.6
; k22 65712 6473 405 332
{
H 23}3; 7392 7394 3 18.7
; (511)
4o 8765 .8764 235 274
; 531 .9586 .9585 18 17.1
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Fig.| Flactron density aleng the body diagonal
of the beryllium boride unit cell.
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factors calculated for this compoeiticn are snown vith the observed
valuss in fadle I; the roliability fector, R = ;?:i; thlc. - F:bs.,
/ !’:‘bs.\ , 18 0.15.

The density and chemisal composition are consisteant with this
structure, if allowance ies made for the presence of other phases, but
accordingly do not provide any conclusive evidence on the Bosﬁs phase.
The densities «f several of the coppery particles, measured by ¢lo-
tation, ranged from 1.96 to 2.20 g./cc.; the calculated deneity for
five doron and oight beryllium atoms in the unit cell is 2.C71 g./co.
A chemical anaiysis was pads of an 81.2 g, sample of the coppery
material as dissolved in concentraied HCl. Beryllium was firet pre-
cipitated with ammonium hyiroxide, filtered off with Whatman Wo. U0
paper, ignited to constant veight., and 8eterminsd as the oxide. Thenm,
sodivn hydroxide was added to the filtrste, the ammonia expelled by
boiling, bromine added, and the solution boilvd again to insure oor-
versic - of all the boron $v borate. Thne pad was adjusted to corraspond
with a comparison solution containing an approximately squivaleat amount
of borioc acid; methyl red wac ussd as the i{ndicator. Mannitol was added
and the solution was titrated with standard 0.1 X sodium hydroxide
to a phenclphthalein end point. The result of the amlysis was

e = 70.5 atom %

B = 22,2 atom %
The remaining 7.3% was imsoludle in the concontrated ECl, and was
4oudbtlese boron in some form; the sample thererore probadly occntained
29.5 atom % B altogether, as compared to 61.5 atom % berylliux and

38.5 atom $ boron for BoBBS. Since the powdor photographs indicate
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that other phasee may comprise as mucl as 30§ of the coppery material,
and that these phases are oa the high boryllium sice cof 30835. tho
results of the analysis are not uvnreasonabla. Direct determiration
nf the exact compolitio{x will require a sample of much higher purity
than we have so far been abie to obtuin; and Professor Pol Duweg has
kindly consented to investigate the poesibility of obtaining improved
runplu at the Jet Propulsion laboratory.

Discussion. -~ The tentative structure, of gpproximate compositioan |
80885, is truly an interesting and surprising one. The following
reparks may help to lend it credibility.

0Of the many metallic borides which have bdeen studied, the great
majority contain boron frameworks of som¢ sort, such as chains, hex~
agonal nets, or thres dimens ional networks of joined octahedra. The
boron-boron bonds in these borides have lergths in the range l.7-1.8 2.
and would appear to be strong compared to the boron-metal and metal-
metal tonds. Moreover, a given structure type is stable over a
rather wide range of different metal atoms, as for example in the
MBy series. Presumadly, it 1s the ability of boron to form the frmame-
works in these compounds which ie chiefly resporsible for their
Zormation and stabilily.

Zerylliuw ocarbide, BegC, has been otud.iod3 and found to have the
fluorite etructure. We may, therefore, comsider the structure of 80835
to Ye a oompromice between a tendency for dberyllium to adopt ¢the
fluorite arrangement in these structures and the tendency for boron
to form some sort of network containing bdboror-boron donds. This,

borcn does in the proposed 30835 structure, but not in tho :vlated

idea) flvorite arrangemant.




Also, it must "e noted, B°835' {1 contrast to B°8Bh' has almost

identically the same number of valence olectrons per un!t cell as

% Bosc,‘, apd this may be significant.
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Sopper Borils

No. (8 £77

TIA FILE COPY

Our wvork on magnesium doride led also to an interest in Marsden's
D 2“ of a copper boride Cu,B,,u Harsdexn matod a mixture of amorphous
==:£: boron and metallic copper in a porcelaln crucidle for 3 ~ & hours to
A temperaturs above the melting pcint of copper. The brittle, yellowish
product resembled iron pyrites in uppearance, and, by quolitative
am lysis, contained copper, silicon, and boron; the density was 8,116
g/co. Quantitative arelysis for copper am silicon, tcgether with
the assumption that the sample was a mixture of eilica and a coppsr
boride, then led to the foruuia Cds3ge
Our attempt tr prepare this boride was carried out in a similar
manner, & cvrrent of helium being pansed over the mample during the
heating period. In cddition ¢to unreacted copper and boron, the pro-
duot contained small particles of a brittle, silvery sudatance, of
density about 8 g./oc.
X~-ray powder photograpns, propared from & crushed sample of the
sudbstance, ‘urned out to be idextical with photographs odtuined laiss
{rom a sample of ths copper aflicide CugSi. It was noticed that on
st 2ding in eair fragments of the sudstance changed uniil they had the
Appearance of pyritu. The powder, vhen heated to 100° C for a short
time in the presence of air, also developed this yellow color.
The X-ray photographs and the similarities 42 preparation ani
properties of our sample to Marsden's Cu,B,, together with the failure

of otker attempts t0 prepare a copper boride.5'6 seed to indicate

- e




that bocih preparations are actually copper silicids, poss’dly
containing a #2all amouvmnt of boron. The socurce of silicon in the
preparations is without doudt the porcelain cruoibdle.

AU tional attempts using tho electric arc furnace of the
Jet Propulsion Ladoralely were uneauccessfui, and it seems ¢hat no

aopper boride can be formed dy a direct union of the two elements.
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