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Interaqtion Energles from Scattering Cross Sections of
Hydrogen Ions in CH)#’ CFh, 02H6, and 021?6.*
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ABSTRACT

-

The potentlal energy curves for the interactions between hydrogen ions

(", H2+) and CHy, C H¢, CF), and C,Fg have been determined from the elastic
scattering cross section measurements of Simons and coworkers. The scattering
meapurenments indicate no minimum in the H*-CHh potential curve as one might
expect from the fact that mass spectrographic results indicate a proton

8ffinity of 5 ev for CHh. Reasons are suggested why no minimum is

indicated.
Various crude semi-empirical schemes are suggested for correlating

the potential curves for the different interaction systems. All suggested
fchemes are tested on the experimental results and are found to reproduce

the measured potentials to within a factor of two.

* This research has been supported in part by the National Aeronautics
and Space Adminigtration.
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INTRODUCTION

¥

1

The preaent paper repertzx on tha results of seme esloulationy of .
short-range forses hetwesn hydregen iens (E', Hy*) awd pelygtomia melesules.’
The ch’a;ie moattering measurements of hydragen itma in cl!'h,]' 62116,2 c)',‘, :
and °2"5 have been used to determine the parmmstery in asmumsd ferce laws,
The potential functions me obtained have then besn usad a5 2 hamin in Juiging
various semi-empiricsl schemes to ebtain ferces hetwesn imns and ctmpliocated

- pelyatemic moleoules.

Petential curve informatien can, of oourss, be obtained from the b
initie caloulations of melecular quantum mechanion: Unfertunmmtsly; this:
appreach is still too cemplicated to be prasticable fer axy but the mimplest
lntm One such study was made of the greund stste of pretenated mathane,

, by mmukih uomuu te a revised HeitlersLendeneSluterePauling
-ithod. The extensien, hmunr, of a wtudy 1ike thixw te sven mlightly mere -
complicated syntexs involves axmumptions that severely qugliry the resulty.
Less accurate studies have alee been made, such a¥ the Wimple UADUSNO e&mloue
latioms on cn; by Higuehi.5 Here the dimerepaney betwesn the onlsulated
proton affinity and the experimentally sbierved valus Nesma unavoidadble in
light of the reoughiy appreximxted MO's. In lieu of neceszary refinementy in
such studies, indirect and memisempirical sethods are eften necessary and
deairable. : : :

In the prement study, various semi-empirical xchemes te corrslate
the experimental petential curves feor the various interxcting speciss were
trisd. The most mophisticated scheme used wam tb ssmume that the isn-melesule
potential was due simply teo the sum of the potentizls beiween the ion and

the peripheral atoms of the moleculs. This followe a Wuggestion made exrifer -
by Amdur and ctworkerl‘ in their treatment of the interastiomsx of He with

cnk and cl?h. With this sssumption it hax bsen pcninn te predist for lXII)l.
the H -celI‘ potential ecurve from s knowledge of the H -cnh )utnntnl ourn.
The same schems was used to predict with lurpriun; nccmcy the X' -uers,

H2 -czns, and n2 -021'6 potontnll from the H -cr,‘, Hy ~CK,‘ and Ky 40!',‘
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potentials, respectively.

The second general scheme used was to aggume that 0236 and 02F6 behaved
like diatomic molecules and that the ion-molecule potentiasl was just the sum of
interactions between the ion and two point centers of forces which were taken
to be CHh or CFh molecules, respectively. This approach also gave surprisingly
good agreement with the experimental curves.

The third and crudest scheme was to assume not only that 02H6 and cars
behaved 1ike diatomic molecules but also that the H2+ scted as a single point
center of force. In this way, the H2+;02H6 and H2+Q02F6 potantiall.wera
calculated from the H2+-CHk and H2 -CFh potentials, respectively, with results
comparable to the previous two approaches.

POTENTIALS FROM ELASTIC SCATTERING CROSS SECTIONS

Simons and coworkers ™ analysed their scattering measurements for the
systems of interest under the assumption that the potentials were monatonie
attractive inverse power ones. Such an assumption appears quite unreasonsble
at Internuclear distances of 1.5 to 3.0A, the range of distance covered by

T

their experiments.

Plots of 52 vs log W, where S 1s the measured elastic cross
section and W 1s the beam energy, were linear within experimental errer for
each of the reacting systems studied. This suggested that a simple expo-
nential potential function (assumed to be repulsive) would explain the
scattering measurements over the range of energy studied.7 Hence, the ugual-
procedure7 was followed in evaluating the parameters, V, and a in the potent%al

-expression

v(r) = v, e R (1)

for each of the systems under consideration. The potential functions obtained
and their range of validity are tabulated in Table I.




THE H'-CH4 POTENTIAL

Some remarks should be made about the H+-cHh potential determined
from these scattering measurements., As mentioned above, the experimental
results indicated that the potential was of an exponential form which we
have asaumed to be repulsive. _

On the other hand, mass spectrographic measurements” indicate that
CH5+ is a stable specieshuith a binding energy of morp than 5 ev. Yamagaki's
theoretical calculations are in substantial agreement with this estimate.
However, it does not seem possible to explain the scattering maalure;nnts for
the H*;cnh system on the basis of a bound state with a proton affinity of 5 ev.
The curve of log S vs log W does not show the curvature one would expect from
scattering due to a potential curve with such a deep mininum.7 Indeed our
attempté to rit the scattering results with a Morse function model led to
physlcally ridiculous parametars.‘ One possible explanation wou{d be that
the cnh molecule does not have time to rearrange itself -from a fetrahedron
towards the trigonal bipyramid structure of CH5+ as the fast moving H+
approaches, 80 that the normal CH5+ curve is not followed.

Also, the H+ sees all possible orientations of the CHh molecules as
it approaches and 1t 1s likely that only relatively few directions of approath
would follow the normal CH5+ bound curve. For purposes of explaining the
present experiments it appears as if the CHh is "frozen" in its normal

configuration during the scattering.

8

02H6 and C2F6 Potentials from Effective

H'-H and H'-F Potentials

We now wish to generate potential expressions for the interactions
of hydrogen ions (H', H2+) with CoHg and C,Fe from a previous knowledge of
the interactionz of hydrogen ions with C2H6 and 02F6. The first approximstion
one could make is to assume, for example, that the H+-0Hh and u*-cans potentislns
were due solely to the sum of the interaetions between the H+ and the periph-

eral hydrogen atoms on the carbons. With this assumption it is possible to

\




obtain an effective H'-«+H potential from the experimental n*-cnk potential
and use this to determine the H'-CoH potential.

This can be done in the following way. Previously, it has been sh
that 1f the potential energy between two atoms, A and B, 1s of the form
'V =V,e™", and 1if one of the atems 1s at a distance d/2 from the center of
mass (see Fig. 1), then the potential averaged over all orientations of the
B atom, always keeping the distance d/2 fixed, is given by

10

{vr) = v ™R (sFra)? [2(&3-}1):1:1)1(11:1/2) 2(3 coah(hd/?)] , (2)

where R is the distance frem the center of mass to the A atom. With our
assumptions, the measured H+-0Hh potential should be Jjust four times Eq. (2)
ir d/2 1s taken to be the C-H distance in CH, and V, and a are the parameters
in the effective potential between the B and a hydrogen atom in methane. 16
and a were determined by successive approximations until four times EBq. (2)
ritted the H'-CH, potential within experimental error. The H'-C,H potential
could then be determined from these parameters. Under our assumptions, this
potential should be six times Eq. (2) with 4/2 being the distance from a
peripheral H atom and the midpoint of the C-C bond in ethane. The result
1s given in Table IT A and is shown along with the experimentally determined
H+i02H6 potential in Fig. 2. The two curves agree to within a factor of
two over the ranges covered in the experiments.

An exactly similar procedurs was followed for the H*—CFh _and
H*-C,F; potentials and the result is also given in Table II A. The
nf=c2r6 curve along with the experimental one is shown in Fig. 3.
They agree to within a factor of two.

The H2+-CHR and K; 'c2H6f potentials can be handled in s somewhat
similar manner if one assumes that the potential is just the sum of the
potentials between the hydrogen in H2+ and the peripheral atoms in cnh
and CH . Instead of Eq.(2), we have 11 (gee Pig. 1Db)




™

<v(n)> = v e R(a’re ) E;(ama) #inh (ad, /2) »inh (2d,/2)
<b(ad, /2) sinh (2d,/2) cosh (ad,/2) (3)

~4(2d,/2) sinn (ad,/2) comn (ad;/a):l .

This cerreasponds to a potential between two species A and B whigh are at

. fixed distances, 41/2 and d,/2, from two points O and O', the potentisl
being averaged over all relative orientatiens of A and B subject only to
d,/2 and d,/2 being held fixed. V, and a are aghin the parameters in the
potential between A and B, R 13 the distance between O and 0'. If our
assumptions are correct, the H, -cn,‘ potential should be eight times Eq. (3)
ir dl is the bond distance in 32 and de/é iz the bond length in methane.
Y and a were accordingly determined by successive approximations until
thn Ha -cnh curve was reproduced to within experimental error. With these
parameters, the H, -0236 potential was easily determined since it should be
Just twelve times Eq. (3) ir d /b is the distance from a peripheral hydrogen
atom and the midpoint of the Cdﬂ bond in ethane. The result is given in
Table IIA and the calculated curve along with the experimental curve is
shdin in Pig. 4. Again the curves agree to within a factor ef two.

The same procedure was used to correlate the H2+-0Fh and Hz+-caF612

potentials with the results given in Table ITA. The experimental and calcu~
l1gted curves are shoup in Fig. 5. The agreement i3 within & factor of twe.

POTENTIALS FROM POINT CENTER OF FORCE ASSUMPTIONS

It is interesting to compare the above approximate procedure with
one which assumes that the interactions are between various point centers
of force on the interacting iyutons. For example, ethane was regarded as
two methane molecules separated by the normal c-g distnncn in ethane. Then
from qu. (2) and (3) one can easily caleculate the H'=C oHgs nt ~CoFgr Hy e g
and n2 -cérs potentials. In these cases the parameters V. and a are simply
those obtained from the experimental scattering data on the corresponding
n*-cn,‘, H+-CF,‘, B;-cnh, and n{-cr,‘ systems., The results are given in Tsble IIB
and are shown in Pigs. 2-5. A comparison of these values with the results




of the former approximation shows that the average calculated potential
increased by from ten to thirty percenf for all systems. This means that
the experimental potentials were more cleosely reproduced in all but the H+-6286
system by a crﬁde assumption inwolving point centers of feorce. These

two approximate methods of deducing average ion-molecule potentials lead to
strikingly similar results, particularly for the H2 -c He interaction.

A further calculation on the H,*-C H. and H2+-c F6 systems assumed
that 32 was one point center of rorce. These potentials were then cale
culated from Eq.(2) with V_ and a determined from the corresponding
experimental n2+-cnh and H,"~CF) potentials. This assumption, within
experimental error, did not appreciably change the results of the other
point center of force assumption. The results of this calculation are
given in Table IIC and are shown in Figs.(L4) and (5).

SUMMARY

The potentials for the interactions between hydrogen ions (H+,Ea+)
and CHh, 02H6’ CFh, and 02F6 have been determined at small distances of
interaction from the experimental elastic scattering cross sectionms for
the various syatems. The H+'CHM potential governing the scattering appears
to be purely repulsive. There i3 no indication that this potential has a
deep minimum as one might expect from the existence of the stable CH5+ ion
and the mass spectrographlc estimate of a proton affinity of more than
5 ev for cnh. It iB postulated that the CHh molecule in these scattering
measurements does not have time to rearrange itself as the fast moving
H+ approaches and s0 the normal potential curve is not followed.

It has been possible to correlate H+-CH H2 -GHh, H -CFh, and
H, -crh potentials with the H' ~CHg H, te oHgs H =C Fp and 32+;c Fg potentials
by several crude semi-empirical approximations. One approximation assumes
that the potential between the ion and the organic molecule is due mainly to
the sum of the potentials between the p-:ripheral atoms and the ion. This
assumption enables one to calculate the H+-c2H6 potential to within a factor
of two from a previous knowledge of the H+-0Hh potential. The same procedure




gives similar results for the other pairs of interacting systems.

The second scheme 18 & point center of force approximation in whiech it
is assumed that C,He (C,Fc) looks to the oncoming ions 1ike two CH, (CF))
molecules separated by the normel C-C bond distance. The potentials so calcue-
lated are generally in even better agreement with the measured potentials than
the previous approximation. The further assumption that Ha"' 18 a single point
center of force leads to results almost identical with the second approximation
scheme.

These results suggest that 1t may be possible to predict interactions
between complex systems with falr accuracy on the basis of a limited number
of measurements on simpler systems.
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TABLE I. Average potential functions of hydrogen lon intéractions
with methane, methforane, ethane and ethforane from

scattering data.

System Potential (ev) Range (A)
H*-bnh 1.0k x 10" exp(=3.627 R) 1.97 - 3.39
HyV-cH, 2.7h x 10" exp(~4.192 R) 1.9% - 2.9%
H‘“:bané 1.8% x 107 exp(~2.546 R) 2.0k - 3,27
H2+-C-2H6 6.99 x 10" exp(~3.754 R) 2.34 - 347
H+-CFh .94 x 101 exp(<1.333 R) 1.42 - 3.20
na*’-;th 1.88 x 10° exp(~1.9%1 RZ 1.76 - 3.16
H*-02F6 1.81 x 10° exp(-1.452 R) 2,02 - 445

Hy¥ 0P 6.16 x 10° exp(-1.850 R) 2.5% - 4.16

————



TABLE II. Average Potential functions of hydrogen ion interactions with
ethane and ethforane from hydrogen lon -methane and -methforane

scattering data.

System Potential (ev) Range (A)
A. From Effective H'-H, H'-F Potentials
H+-CEH6 2.52 x 10h exp( ~3.452 R) 2.17 = 3.5
H2+-02H6 2.45 x 10" exp(~3.517 R) 2.16 -~ 3.07
H+-02F6 8.64 x 10° exp(~1.293 R) cee = 3,33
HytC,Fg 2.02 x 10° exp(~1.706 R) 2.11 - 3.30

B. Assumption: 02H6 and 02F6 are Di~point Cénters of Force

H+'C2H6 3,92 x 10h exp( ~3.536 R) 2,07 = 3.45
H, " ~C B, 1.07 x 10° exp(-4.003 R) 2.05 « 3.01
HY -0 F 9.60 x 10% exp(~1.297 R) 1.55 = 3.26
Hy ' ~C,Fg 3.89 x 10° exp(-1.882 R) 1.71 = 3.13

. + + -
C. Assumptilon: H2 -0236 and HE -02F6 are Tri-point Centers

of Force.
Hy¥-cH, 1.25 x 10° exp(=4.059 R) 2.05 - 3.01
H2+-02F6 4.00 x 102 exp(~1.890 R) 1.87 - 3.22
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FIGURE CAPTIONS

Diagram 1l1lustrating distances involved in obtaining average
molecule~-molecule potentials from a knowledge of effective
atom-atom puotentials,

H'-C,H potentials obtained by different methods.

Curve (a): from scattering data.
Curve (b): from peripheral atom treatment.
Curve (c): from point center of force assumptions.

H*-caF6 potentials obtained by different methods.

Curve (a): from scattering data.
Curve (b): from peripheral atom treatment.
Curve (c¢): from point center of force assumption.

H,'-CoH, potentials obtained by different methods.

Curve (a): from scattering data.
Curve (b): from peripheral atom treatment.
Curve (c): from point center of force assumption.

He*-ceF6 potentials obtained by different methods

Curve (a): from scattering data.
Curve (b): from peripheral atom treatment
Curve (c): from point center of force assumption.
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