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Discussion Chairman: R, 5, Mulliken -
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Al. J. C. Slater Work on Molecular Theory in the Sclid-State and
Molecular Theory Group. ML LT 1
A2. E. Ishiguro ,.--""'Eiesearchea on Electronic Structures of Some Simple
i Molecules FA
al. K. Tomita & K. Fukui On the Electrenic Structures of LiH
Atomie Orbital Approach with Gonfigurational
Interaction 8
az T. Arai Correlational Energy in Atoms and Molecules 10
'aa. K. O-chata The Electronie Energies of the CH2, CH Radicals
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¥
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tea
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41 -ELECTRUN SYSTEMS
Digcussion Chairman: d. C. Slater
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El. C. A. Coulson . Imtroductory Lecture
B2. G. Arald A Review of Recent Works on the 5T -Electrom
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bl. K, Niirs & 1t Interaction in Conjugated Organic Molecules 23
b2, K, Ohno, H, Yoghizuml Non-BEmpirical Calculation of the Diamasgnetic
and T. Itoh Anisotropy of Benzene
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- vork on Moledhlar Theory in the Solid-State and

Molecular Theory Group, M.I.T.

J, G. Slater

(Massachusetts Institute of Technology)

The primary interest of the M,I.T. growp is solid-state the and the molecular
Problems vhich ve have widertaken have been Vith the object of elarifying certain pro
blems in the theory of solids, The first one these was the work of Heclkder on 05
the only one of the problems which has yet been completed. We knew that a simplé ’
mecular orbital theory indicated that the energy of the triplet state should lie

2low that of the singlet state, but would indicate an energy difference between the
ti:;inait.ateg which got greater with increasing internuclear distance, staying finite at
te distance, a clearly wrong result. This situation was like that in the theo-
ry of b;srrmgnetia_m, where the energy hand theory indicates that the emergy differs
ence ween ferromagnetic and non-ferromsgnetic states should persist to infinite
distances, It ssemed to me that the case of O, was the simplest example of the pame
gituation, and that a caleulation which would ind:l.cats how to get around the problem
ilar O would point the way to the same thing for the case of ferromagnetism. It
ear that what was needed was a configuration interaction, just as a configuration
interaction ig necessary in the case of Hp to get a correct solution at infinite
intarﬁ::m distance, provided we start with molecular orbitals.
carried out such a configuration interaction, inclu &n -
tions B0 that he could correctly describe the state of two sepﬂ%atﬁhmiﬁm‘
‘%rou.nd states. This involved using nine configuraticns for the trfplet state, twelve
l‘i:‘hm'--f.he singlet. He solved the resulting secular equation at a pumber of internuclear
infmini “:t and found in fact that his singlet and triplet states came together at
: te distence, He further found that the dissociation energy, internuclear dis-
::m:e, and vibration frequency which he computed were in surprisingly good agreement
th erperin?nt. The energy level curves showed one wery interesting feature: They
showed a waximm at intermediate nuclesr distsnces, the emergy at these distences be-

‘dng higher than at infinity, or at the equilibrium distance. There does not seem to

be m;he eu:perse mﬁ:ﬂ evidence for or against this situation.

8 were encouraging enough so that we have looked for
bleme where & calculation of cmﬁgura:;gn interaction might throw li'g;gdi:i:in:{irp:;-
blems then the structure of a single molecule. In any molecular orbital or energy
l_nnd caloulation, a single determinantal function for the ground state gives guite
lmproper behavior at infinite internuclear separation, for it does not take propar
account of torrelation, the tendency of electrons of opposite spin to gtay apart from
each other on account of electrostatic repulsion, the effe¢t which keeps atoms in
their ground states at infinite internuclear distance. Clearly a configuration
interaction, which corrects this situationm, must be carried out if we wish to get good
results at large internuclear distance. Meckler's work on oxygen indicates that at
least in that case, though the ground state at the equilibrium distance consists of
about 92 percent of one molecular orbital state, nevertheless the mixture of the other
states, or the configuration interaction, has a large effect on the energy. We may
expect, then, that it is rather necessary to carry out a configuration interaction
ewn.::czlrzz i:gq;;lim'i? diat;;z, in order to get good results.

. we have stu the magnitude of the blem of ¢ in -
finguration interactions. What we find is that the mgl;b:r of interm:agmg ::rtzfgzﬁratima
rapldly becomes enormous, as the complication of the molecule increases. For instancs,
::1mstudies mothene, setting up all configurations in which the electrons are dis-

a between the 28, 2p states of carbon (the ls states are assumed always ocou-
pied), and the 1s states of the bydrogen, in all possible combinations of ionized and
nonbilonued states. The number of such states is enormous. We have eight spin-

:r tal functions on the carbon, eight on the hydrogen, or 16 in all, to which we are
0 assign eight electrons. We can do this in 161/(81) 12,870 different ways. Ous
of these, we can show that 104 have the symmetry required for the ground state. Ws:

-)e

should, then, have to solve a 104 x 104 secular equation to do a job on methane compa-
rable with what Meckler has done on oxygen. This, with present numerieal methods, is
boo formidable & task to undertake. And yet we really should solve such problems, not
only for our interest in molecules, bub in erystals, Methane is the simplest example
of the tetrahedral binding which occurs in diamond, silicon, and germanium, All exist-
ing studies of these important crystals are made on the basis of the energy band
method, which is the analog in crystal theory of the molecular orbital method without
configuration interaction. It is very important to know how good the result is, and
what is the nature of the modification of the results produced by configuration inter-
action.

At this point, we began to look around to see whether there was not some way to
reduce the order of the secular eguation required for configuration interactlon; in
order words, can we not conclude in advance that certain imteracting configurations
are lesa important than others? We mey give an example of the sort of simplification
which might pleusibly be expected. In methane, we may set the problem uwp in terms of
directed orbitals, and interms of bonding and antibonding combinations of the carbon
and hydrogen orbitals. These are essentlally the equivalent orhitals of Lennard-
Jones and his collahorators; We have four bonding orbitals of each spin, four anti-
bonding. The lowest configuration comes if all eight electrong are located in the
bonding orbitals, just filling them. Now if we consider just one bond, with two ele-
ctrons in it, we have relatively few configurations: & singlet where both electrons
are in the bonding orbital, a singlet end & triplet if ¢ne is in the bonding, one in
the antibonding orbital, a singlet when both are in the antibonding orbital. The
configuration interaction required to describe the bond correctly in the limit of
infinite internuclear distance is the 3 x 3 secular problem between the three singlets
(in the case of a symmetrical bond between like atoms, this factors to a 2 x 2 and a

1 x 1 problem, for the case where one electiron is bonding, one antibonding, dees not
combine with the others). In a case like methane, with several bonds, we could set

wp just those configurations which had two electrons in each bond, but arranged in all
thess pomsible ways. This is & good deal less than the total mmber of configurations,
for that includes cases where individual bonds contain all the way from zero to four
electrons. In methane, for instance, there are 22 out of the 104 configurations lead-
ing to the ground state which have this character. By combination of these 22 atates,
we can get & wave function which goes to states of the neutral atoms at infinite sepa-
raticn, thog.gh it will not zo to the ground state of carbon, but rather to that state
of the 282p~ configuration known as the valence state. We may hope that a combination
of these 22 configuraticns will be a good deal more accurate at small internuclear
.distances than & singlet configuration would be. :

We can hardly accept this reduction of the configuration interaction problem,
without testing its correctness by direct calculation. There have been altogether too
many cases in the literature where terms were neglected on the basis of intuition,
without caloulation, and when later it was found that the neglected terms are really
large. If we could solve the complete 104 x 104 problem for methane, then the reduced
22 x 22 problem, and show that the lowest states so derived were essentially equiva-
lent, then we should have verified the method, st least in this case. Dut this is too
hard to do, Therefore we have locked for even simpler problems where we might be able
to carry through the calculations, and we have hit one the Hy0 molecule as the most

likely one for the purpose. In Hp0, we can do & configuration interaction, somewhat
similar to the complete methane interaction, with only 18 configurations. Out of these,
12 correspond to configurations with just two electrons in each bond. These are nimbers
which we cen manage. Accordingly Drs. Koster and Schweinler are carrying out the cal-
culation of & configuration interaction between these 18 states of water. When this is
dene, they will set up the simplified case of the 12 configurations, and see how well
this represents the function. We shall also be in pesitien to make other sorts of -
checka of cur wave function, since we shall have presumably a pretty good wave function
involving two separate covalent bonds, The real question under consideration is, how
mich do the electrons in the two bonds affect each other? And water is the simplest
molecule having two such bonds.

There iz one + question which comes up in connecticn with simplified con-
figuration interaction problems of this sort. If we carry out a complete configuration
interaction, as Meckler did for Op, it does not make any difference whether the one-
electron orbitals from which-we ‘construct our determinantal function are correct mole-

r o
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limit where we use only a sin i
i _ gle confipuration, the success of the method depends
:2;}3213 t_mthaving good molecular orbitals. We are thus led to the need of Igzgving a
: smplogg;:de;:tﬁggoogrgig?{ sucﬁ as has been outlined by Roothaan, or possibly with
" L ng the exchange, This is a very diffuclt i
has been carried out, aside from diatomi i Y LA e
- omie molecules, in only a w few cases.
I;ﬁllg:gi ca%cu;.at:}un of COz is probably the best :zxnmple. e :Iri thererm-z facing
i Err x of finding l_nolecular orbitals in more complicated cases, and Dr, Meckler
2 .m:pi:u tﬁee?r:;ﬁf on ghi:r'ﬁroblemée There are two aspects of such a calcula-
A ° on of certain integrals, including three-center i
E;:tis:ndf&:wemlsr are facing this problem, am:’l solving ft straightfmgdt?? ﬂi:.
s Tho the H20_calculation, and Meckler and Kaplan are taking advantage or,thia
Crml. ¢ caleulations are being made essentially by the method of Bernett and
that.s?nl rl"he‘other part of the problem is that of making the sclution self-consistent:
s ;:, inding the coefric%mts in the linear combinations of atomic orbitale which s
i pﬁ::gt_ molecular orbitals in a self-consistent field, Formally, the problem
b s, se1ou] whion 1 ao LeasoubEInt i AR R r G T e
ous that it has rarely been carried through i
;e gg;;:::; g:hwummnorgw'zfc%. Meckler has now approached the proge;n gcapt =
: oble self~consiatency. He has been able to set a
i‘:zizgea:hlrlwind dlg:.t.al_camputer, which will carry through a stage o‘.tz‘pthi?:z::—
einl c:eiﬁii; gsper:;:n, :a :h:; we ;an feed in an initial estimate of the values
: : 33 out a e end with final values. Some judgment must
::lgiz:ixd mﬁ ggcminthzhpg = infj;tial conditions to use for thejnexg? step of :::n
£ is way to get & usable method applicable t
cated molecules than have been att d s Ay
:;apj,a:;hm o empted so far. Thg molecule on which Meckler and
ere are a number of other molecular problems now under wi
; : in the
21;3 t.oh:e;n g::;xgl;::zn :eenﬁde;w:.bebg are enough to indicate the geqz;era.l scogzozﬁé m
: « We-have been interested, nct so much in investipating mole-
m::a:fduhazmal interest, as in studying those whose method of culculiitiengle;d: to
e ed undergtending of the application of quantum mechanics to problems of molecu-
Ehat, Tucture, We feel that quantum chemistry has still not advanced far enough so
sstim::ee:zz‘mw what are the best approximate methods to use for molecules, and can
Db 1 BCCUracy. We are trying by well-chosen examples to learn as-much
n about these methods, %
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cular orbitals or not; that is, whether the Ton
¢ y are solutions of a one-elect self-
ggc::;ﬁg:; S?];rg:inger ;_;roblem or not, As the extent of our configuration interaction i
i comes Important to have good molecular orbitals, wmtil finally in the A2, Rasearches on Electronic Structurgs of

Scme Simple Molecules

Eiichi Ishiguro

(Department of Physics, Ochanomizu University)

1, Intreduction.

Researches on the electronic structures of some simple molecules, now in prugrsss'
in this country, will be reported below.

2. The scheme of the calculations relating to the Liz and Op molecules.

K, Takayanagi, Y. Misuno and K, Kayama are now
s of the Lip and Op molecules by the LCAO-MO and
all electrons are explicitly con-

M. Kotani, E. Ishiguro, T. Arai,
investigating the electronic structure
Heitler-London methods, in which the interactions of

gidered,
(1) They chose the following forms of the A0's for the basis of their calcu-
laticns:
as) = ( ¥/ )lexn(- § ),
a oL
(28) = ( Z/3m)Rexp(-21),
1
(2pr) = ( '2:/11- )2 r cosd exp(-%r),
(2pm) = ( ‘24'/1'7)§ r sin 4 cos ¢ exp(-2r),
(2p7) = ( /)T sin 6 sing exp(-71).
{2) A1l the molecular integrals ceceuwrring in the ealeumlations are calemlated
where R denctes the

rigorously for several sets of parameters o = ER and g - 7R,

internuclear distance.

(3) The following methods of constructing the molecular wave functions are wsed

for the calculations of the electranic emergies at various internuclear distancess:

a) the ASHO method including the interactions among several configurations; b) the

HLSP method including the interactions among several structures; c) the LCAO-SEF

method; d) Moffitla methodl) , which is the generalization of the method of the inter-

action operator. Further, some simplified calculations, in which, for example, the
neglected, are carried out.

effect of the inner shells are
(4) The wave functions obtained by the above ecsleulations will serve to discuss
the gradient of the slectric

the following physical quantities of these molecules; ?)
field at the nucleus, q (in the case of Lis molecule)?); b) the quadrupole moment of
molecule, Q; c) the electron density at the nuclens for the electrons with uwnpaired

spins, ¥*(0) (in the case of 05)3). The quantities a) and c) are of particular
interest in comnnection with the theory of hyperfine structures in radio frequency or

microwave spectroscopy.

3, The calculation of the molecular integrals for Lip and Oy molecules.

) as shown in Tab. I, In order to examine
lwrurious

We choose the sets of parameters (o,
the method of the calculations of the molecular integrals we made the rather

calculations. ;
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Lip Lip Lip Uz
Table I. ol 14.00 13.25 14.00 17.75
B 3.00 3.25 3,50 5.25

The method of integrals are as following.

(1) The one electron integrals, mono-atomic integrals and Gowlomb inbe rals
caldilated as usual. 43:— ?3.:: . 2 i iy

(2) The exchange integrals are calculated by M. Kotani st alii's method,%))6)8)

For t:lmtﬁpurpoae we haye calculated the following functions for several sets of values
ol an 4

—eln— A

@ o ow x £ = +
W, O, 1, ‘F) L [ f Qr?"*) ,Dr"(x_} e 1,"’,\?(,\:—-:)-:0\; =2 ol d, A,

(3) The ionic :‘mt.zsral are calculated by the Barnett and Coulgons! me‘i.‘.l’n:rd".J The
Kotani et alii's method 4) - &) or the Bremnan and Mulligan's method %re also used for

checking and. thus we obtained the values of ionic integrals correct to 7 decimals in
atomic units :

4. Lip molecule

&
. The grownd state is a 'Z; state, and we have 8 configurations as shown in Tab. 2.
We do not at present consider the eonfigurations which correspond to the excitation of
the inner shell electrons., The number of these configurations amounts to abount 300
even in our frame work and we will consider some of those configurations in a later
work, Accordingly the correlation of the inner sheil electrons are not taken into ac-
count in our present caleulations. :

Table 2

M. 0. H. L.
Lo oo 1. (s,)* (1s)2  (25,)(2s,)
5o o "o P " (2s,)(2P63) + (28,) (2pog )
3. n -k E gl " (2pax ) (Rpor)
4. n e T n n (28,)2 + (28,)2
5, n " om g Bar N " (28,)(2pox) + (25 ,)(2per)
gResly e O R B T S
", » n T g o ah u Maw Ty + Mg Tho
g. " " e T 8. " It Tya M * g Tra

The configurations 1 - 6 contain the radial correlations of the ency electrons and
the configarations 7 ~ & include also its angular correlations The M.0. caleu-
lations are being made by Y. Hisuno end K. Kayama, the H.L.S.P. calculations are being
dene by T. Arai and the L.C.A,0.5.C.F, calculations are being endeavoured by X,
Takaysnagi and Miza M. Aoyagi , ; i

5=

0
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The results of our preliminarv caleulations together with cther results obtained
hithertc are listed in Table IIT.

internu- .
author method . |No. of ele- |clear parameters total dissoci-
etrons con- [digtance used Energy ation
sidered, (£) {a.u.) energy{e.V)
a) Bartlett | H. L. iz 2.28 1=0,63 1.09
& Furry fodeless 2s
b} Tomita H. L.
& Ishiguro | 2s + %\ (2ps) 2 2.70 = 0.637 0.9
»n=0,2
Nodeless 25
¢) James H. L. §= 2.68 -14.8457 {(0.27)
‘|Single conf. 4 3.18
1 =0.6%
Variation 4 2.98 et - 2)
(0.51}
F= 4
d) Coulson M. 0. Y Hartree:Fock -14.807
& Dancanson| 2s° with Node | 2+ (72) | 265 | 5% 12,7 | (Hartree)
Interaction ;
between core £=0.7660.81 | -14.817
and valency ‘.' {Fock)
eletrons are 3=1,042:1.008
neglected !
Mizuno & M.0. with 4 2.38 W=14.00, P=3.50 =14.445
Kayama single conf. p
4 2.65 L) .4 =14.800
M,0. inelnd- 4 2.91 T o W14.793
ing conf,
1-6 4 2.65 il 2 -14.835
Observed .
value 2.67 -15.001 [1.14 e.V

a) J. H. Bartlett & W. H. Furry  P. R. 38 (1931) 1615

b) K. Tomita & E. Ishignro unpublished (IG51)

¢) H. M, James J. C, P, 2 (1934) 79

d) C. A. Coulson & W. E. Dancanson P. R. S, 181 (1943) 378

5. 02 molecule

. The ground state of the Op molecule' is °Z,. Just as Meckler'2), M. Kotani,
Y. Mizuno and K. Kayama consider at present the following 9 configuraticna,

.
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More over they have 21 configurations which lack at least one &y or 9= electron.
They will take into account these configurations by the parturbation methed if the
difference of the diagonal elements of the energy operator corresponding to these con-
figurations from those corresponding to the above 9 configurations turn out to be large
as compared to the off diagonal elements. The calculations using the H. L. 5. P.
method are being exemined by T, Arai,

6. The calculations relating to the LiH and Ny molecules

For the treatment of the LiH molecule see the Abstract by K, Tomita and K, Fukul.

The research on the electronic structures of the Ny molecule has been planned by
T. Hakarmra, He is treating this molecule in the ground and excited electronic states
by the LCAO-MO method with configuration interactions, He 18 also interested in the
study of the natures of various approximations usually used in the molecular theory.
The parsmeters o and g used here (see 2.) are: ¢=3F R =14.00 and f= 2 R = 4.00,
The numerical computations of the molecular integrals may be carried out in the same

way as explained in 3. He has also examined the evaluation of the hetero-nuclear
hybrid integrels in terms of the awxiliary function

ax -a,u (X=1 - 7
Fx,nnmfn. L) = [ f f)ff(}“*j oo i d’\‘{lu L

first introduced by Kotani, Amemiya and Simose.

1} W. Hoff:.tt: Proc, Roy. Soc. 210(1951) 245
. Harris and D. S. Martin: P. R. 90(1953) 585
3) s. L. Miller, C. H. Townes and M. Kotani: P. R. 90 (1953) 542
4) M. Kotani, A. Amemiya and T. Simose: Proc. Phys. Hath. Soc. Japan 20 Extra No. 1
(1938)
Extra o, 1
(1940)
M. Kotani, E. Ishiguro, K, Hijikata, T. Nakam'ura and A. Amemiya: J. FPhys. See.
gﬂn 8 (1953) 463
5) @. Araeld and W. Watari: Prog. Theore. Phys, 6 (1¥51)961
6) H, J. Fpineck: ' Zeit. f. Naturforach. 5a (1950) 420 , 6a (1951)177, 7a (1952)785
7) €. C. J. Roothasn: J. C. P. 19 (1951; 1445
s; K. Rildenberg: J. €. P, I9 (1951) 1459
M. P, Barnett & C. A. Coulson, Phil. Trans. Roy. Soc. London 243 {1951) 221
10) R. O, Brennan and J. F. Mulligan: J. C. P, 20 (1952) 1635
11) L. C. Green, M. M. Mulder & P, C. Milner: F. R. 91(1953) 35
12) - A. Meckler: Quarterly Progress Report July 15 (1952) 62

H. Kotani, and A. Amemiya:

e

al. On the Electronic Structure of LiH

Atomic Orbitel Approach with Configuraticnal Interaction

Kazuhisa Tomita and Kiyoshi Fukui

(Department of Physics, University of Kyoto)

An atomic orbital calculation on the ground state of LiH was carried out includ-
ing all the electrons, This is the case which was left untouched by Fischerl),

Supposing that the ground state of LiH is 'y, , we adopted the following le
lowest configurations

W, = (NJ/EE ] X LB, Ktk Kapl +1 2B XX, a8, Xl 1}
Yo = Na /B8] T, Xp. Koo, 2Bl + [ 0B, X Tp, Raee] }

Vo = (Nu//za) | %t 2.8, Kust, Xopl
W, = (1 //7E) 1 A, 2B, adl, Xafp]
Y, =i/ ] X, 2B, Xsol ;P
W, = (1 /a1 B, Katt Bl # %P2, Ko Kaol }

where X., Xz end X;represent the 1s-, 2s- and 2p& -orbital of Li atom and X, the
1gs-orbital of H atom. o and B are the spin eigenfunctions. The same forms of
% 's were used a8 in the case of Fiacher: :

X, = /o¥/n e 7

X = (1= P ) Bl - L x0%); K= [r ve™

-G
em 8,

Xy = e

Xy =/ e 8

with a=2.69, b=0.658, ¢=0,545, and d=1.0.

By using the linear combination of the type

Wzicxu’k

tie total energy was minimized to give the ground state for the three valuea of
internuclear distance R(2.64, 3.02 and 3.4 a.u.)., Higher configurations. were taken
into account successively and we obtained the results shown in Fig. 1, where the stomic
reference state was taken as the calculated totel energy of infinite nuclear sepa=-
ration.

" The binding emergy 0.0725 a.u., which is expected as an underestimation, smounts
to 75% of the observed values. The first three configurations prove dominant in lower=
ing the emergy. This involves the presense of s, p-hybridization in the ratio
Cplu /(G:N;) ~ 0,5 and alsc nen-neigligible impo! tance of the ionic structure IiTH™
{Cg~ 0.3). The fundamental rre%uanc:,r 1,13 % 107 is near but smaller then the
experimental values 1.4 X 103em™L, which is conaid.ered reasonable in tendency.

Having found some errors in Fischer's table of integrals in the course of calcu-
lation, we corrected them and re-examined the valence shell treatment. (Cf. Fig.2)
Inclusion of polar structure gives too big binding energy and too small nuclear dis-
tance, Fundamental frequency is far from the observation in any case, This type of
treatment, therefore, seems far less reliable than expected highert,o.i)

Y
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m/(E—E)SJru//:o (2)

Fig. 2 From the equation we can calculate the total energy.

S

=
' : =
: - " e Gorrelational Energy in Atoms and Molecules E—
E Fig. 1 - B
| a0k Ene.rg}r curves for the ground state of T. dral ;-_ _;
plitE  (in abakie ALty {Kyoto University) = 4
I, II, IIT : diagonal energy of single =
QonETBMrRIoR M e W In the usual tireatments of the electronics structure of moelcules, the molecular =
m* wavefunction MWF is constructed from the MO or A0, and even though the cenfipuration &
ARk 2, 3, 6 1 result when 2, 3 or 6 interaction 1s taken into account, we bake only several configurations which are = =
el SonTieeratians sre TheTuded intéresting for molecules, From this funetion, we have, at the infinite internuclear =5 or
i B ~ separations, an approximate (or SCK, at the best) wavefunclious of the constituent = &0 =
: atoms. it
| dottad(mve;nozzrwd en:ggy igin However, the atomic energy calculated by these functions has the error, whose = =
| o0 2;:? all i’ :a“s_e & origin of magnetuds is usually greater.than the excitation energy or the dissociation energy of = =
= A s: szat: “hion ;ge:eot'gzsf‘iu: molecules, and has the difference comparable with excitation energy and dissociation = 0 =
| bomi . . : f the di I th = =
! below. the -caloulated reference :::g aocording to the states of atoms, because of the difference of the correlation = 2
I state. ) Therefore from these functions we cannot have the satisfactory results not only o =
for the excitation energy of atoms, at infinite nuclear distance, but also for the = 8 ——
skl excitation energy and dissociation enmergy of molecules. Because the MWF which con- = z
=0 tains the configuration interaction, is constructed from the wavefunctions of several —_ L
states of atoms, which have the different errors. = =
| To avoid this difficulty, we construct the MWF from the constituent atomic B
I eigenfunctions, = =
| iy : & omn y mn K oy b S
| e V=2 Xee = A Pox Poc W = 10—
i £ —
!: md ?” be @re the f th and £th eigenfunctions of atoms or ions A and B which = 2
ha.ve m and n electrons respactively. Then we have the secular equation. == =
=110
=
|
.
=
:
—
=
=

= f [Z Kwe w H L[/n’»a' Z X X ! l[mi[3
— LI “ (
Energy curves in 2-electron case. I:I J' Z 7( i ﬂ;:’ & :ne" E ;{mx Stxrs #

-o.o5}

I (I, II and I)II correspond to those . 130—
. in Fg. 1 :
o) mn - o8 op a3

i et ﬁ:fll/ grg (Eaa’+Ebz )S + V =
| —oiol OB f mn m'n 140—;
| o1 f W h’g’ Ve = W V L}/n'e’ .
| o and 13 indicate mn.kL and m'n. K2’ respectively, For (3 function, there 1s no z
need to take into account of the antisymmetrization. 150 —
| . This result is compared with the usual A0 method, in which wavefunction 1 - %
I Further increase of the number of configurations amplifies the difficulty of éaleu- “structed from npproxj.mte atom.c function =ia A
I lation, but will give little improvement, Therefore a more practical way seems to limit 2
i oursélves to the first few configurations and to deform the component atomic orbitals in mr L T 160 —=
.“ order to reach a better result, F Z (g /4 Jraka )c.u {4} :
In this case we usually consider only K conflgurations which are interesting for mo- g

| 1) Inga Fischer, Arkiv fbr Fysik, 5, 949(1952) : 170 —
Il 2) HButchisson and Muscat, Phys, Rev. 40, 340(1932) . lecules, Then we h}ve an appruxim?ti e“z;gg EF A -
' FHE _ [24YF*HE E
- E = = - (5) _:
| FOIFE Yy Eee PE
i| which have the error A\ =L -F_<0. E
i Al =
i 180 —=
=G= =10 o
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To estimate this error £\ , we expand )C by the atomic eigenfunction ?-5 " If ve put EI e ( E::‘-ﬂ- EJ:::” )= 639 )
m
]CM? - (;_g’:)gb:; 4 gp s (6) W st E,5%_ H*e = ePs¥P - Vi

where

el el ]

(I=ER)+ gkwf:jﬁ 1 =T )

ar ZER-Y(En)
LL:

»
From this funetion we have an approximate atomic energy, which has the error Aa!z'

({;\:fq i E:; 3% ﬂ;’;
7= [ Hfl = U-EFEL # e ET
= RETEL O TED
= 2 (Ed1) Edwi

m m
where ERE[=EM— byl A:‘E will be 0.5% = 1% of the atomic energy.
If we put

YYP = AP+ A (K UAP)
[FPHFP= H® 4+ Al
[FFP= Sralelag
we get from (5) b
s APt o 2 SR )
Er=E: (1 + soepemme ~ 5 x5
2% = A(KP)H® 4 KB aHYP
éoefs - {K“KﬁJ.S“@ & ?(“'Xﬁ. AS“@
Ey the expansicn formulae (6), we can reduce (10) into the form
[FHF? = [FHlC-ER0 b + Z &0 B | £
= [F*lu-emEm HTELE P ] f;j
m’ m’ m’
air = Ean" Epriv _ .
[P HF = [P E e frn + S ET, 4 | 415 :
— [ ER g w op netminit dy ot
i T R Tapris Ta s bet
= B (S 1 25%8 )— eXP
FYSEl. el B s
e*f = €%f L e3P
[P Fe = % + A VP i
» F nt off o 4
JE*H P = (EX, + Ene N S*P£a8™)~€F + VT +aV
e+ a VP

(8)

(9)
(20)
(11)

(12)

where

We put

ble]

where (13)

e o
We put f

AH®® =(ED. + EN a8t =, 4

S

o o
and from (14) £ ,S%P- 4H{%=€Pa L

From the above relations and '(12), we gel the error A= E i EF

o _ e
S i sy

T X*XR g¥P
5 APy (€P5%P_ 1)1 T kP (a5 P~ aV s F)
o z?(“'xﬁsmp (15)

o ¥R £} o o
633 P"*-‘V and €N e and € i will have the order of several eV.

When f functions sre the reascnaole approximation to ?5 and the K confipurations
are suitable encugh, we get

2 A(XYx®) «| 5 alS¥ R (16)
S0 we can put
A D ;
> XK 5B (1)
From (13}

€%P - 2 AU-EPL+SER P Ha-en el +5Ey o
XEL €y BT U= EEI s *z £ 9}

. o m’ e m’ rn
B % EE’&’ eag’f’ ()d alk ¢bf) ai? Tpg’
m com” w’ » 4N m phn’
A ?;,82!' Ek’i’ ea,e’:." ()4 ¢m‘ ¢§;) ai Fee”

1f o{=f3 , the second term becomes
»1 e » Leed »
Z' (Eﬁfém (f“ t;ém, ¢5e) ai g‘be

[
Only in this case, the overlap become more than 1, and will te the dominant terms in
{17). From (8), CEul Y€ p; is the error in atom. Therefore E€%F is connected
with the errors in dtoms, whose magnitudes differ according te the states of atoms.

If Ao < 4 where A, = FE™ _ 5 fMy ¢m

(the error in the energies of the isclated atoms in the ground state) the dissociation
energy will be diminished by the use of the approximate atomic functions § .

If Ay> A, we have rather greater dissociation energy.

We caiculat the dissociation energy of Ii and Up by the @ method and shew how
much it will improve the situatiom.

Ky 5,708
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The Electronic Energles of the CHy, CH Radicals and the Carbon Atom,

az,

Kiyosi O-chata ;
(Physics Department, Tokyo Institute of Technology)

Recently, More1ttl) discussed the relation betwsen the electrenic energles of the
atom and the molecule, and ptressed the importance of the atomic spsctrum in a mole-
cular problem, We found the pame relation in the calculations of the elactronic ener=
glés of the CHz, CH radicals and the carhon atom, and tock & conventlonal method for
the caleulations of the molscular spectrum in which we used the values in the Hartree
field for the intra atomic ensrgy integrals,

The electronic energies of the carbon atom, as Moffitt suggested, are not correctly
prdicted by the use of Zener's typs atomic orbital functions in the single configuration
s’por sp? ., The order of the'S and °S stdtés are reversed between the caleulated and
observed spectrum, And the same results were obtained in the Hartree calculatlons,
This iz not the case If we take into account the configurational interactlon between
s*p*and p*configurations of the carbon atom, but the ratio 'S-'%; _ep 1s Incorrectly
given in both cases, These discrepancies and the difference betwesen the observed and
calculated binding energles compel us to take into consideration more configurations.

The electronic energies of the CH radical were calculated nsing the metheds of
atomic orbitals (H - L method) and SCF MO's, The results of these calculations are
shown in the following tabls,

Ele: Tonic Energies of the CH radical

f{i ; L mthr.\d’ ) SCF MO methed Oba,

1 (2 2 ; v
i “ 3.0051" = 2.109; -2 Bzev ~2.¢Bev —
2 =295 =219 _350 -228 - 3.60
24 - 1,14 +0R1 +0.54 - —o.nf -8.7%
2g- - 0,18 + 1L.16 4o0.83 S o.0F - 0.%2

LB A + 0,31 + 219 Gonoee + 0.8 4% + @.33
where in ¢olumn (1) we mssumed all atomlc orbitals to be orthogonal to each other and
considered s*p* and sp’ configurations of the carben atom, In column (2) the overlap
integrals and all the permutations of electrons are included and 4in column (3) the p*
configuration of the carbon mtom are also included. For the intra atomic integrals
in the above calculations, we used throughout the valuea obtained in the Hartres field.

These caleulations show that the ground state of the CH radical is the™s™ state
which is not obserwed, This may be due to the reason that we obtained a particularly
lower value for the 'S state in the atonic spectrum of the carbon, We also calcwlated
the elsotronic energies of the CH, radical under the ssaumption which corresponds to
the first column in the caleculation of the CH radical, and we obtained the 3B; state

- for the ground state of the CH, radiecal., This will have the same relation in the *¥~
state of the CH ical, However, this is contradictory to the prediction of the mo=
lecular aapscts,> :

The calculation of the elactronic emsrgies of the CHa radical using the SCF MO
method requires the values of the three center energy i.ntogrg}a. Thesa integrals were
computed by the sams method that Barker and Eyring proposed. And we found a good
approximate formula analogous to Mulliken's methed,

1) W, Moffitt, Proc. Roy, Soc,, (gm)u?n), 245,

2) C, W, Ufford, Prys. Rev. 53 (1938), 568.

3) K. Fiira and K, O-ohata, Jour, Phys. Scec. 'T“f‘"' 7 (1952), 61,
J. Higuchi, Bull, Crem. Soc, Japam, 26 (1953), 1,

4) J. Higuchi, Private communieation.

5) R, S, Mulliken, Private communication.

6) K. O-ohata, Busseiron Kenkyu 50 (1952), 38.
R, 8, Baker and H. Eyring, Jour. Chem., Phys., 21 (1953), 912,

Electronic States of the Molecule (FHF)'_

Sigeru Nagahara

(Toyama Univeraity)

Although a large amount of descriptive data has accumulated on the subject of
hydrogen bonding, this linkage has received slight theoreticel consideraticm, and &
number of problems regarding condition for its formation remain only partially
answered, for example, is the hydrogen atom to be considered as being symmetrically
placed in the bond ¥ etct! . -

Firstly, the electronic structure of the ground state of the molecule (FHF) is
being studied by using Roothaan's LCAO-SCF method, The interactions of all electrons
have been explicitly considered (except only ls electrons of fluorine) snd no extra-
geometrical empirical data have been used,

In the general LCAO-SCF method all the electroms of the molecule are represented
by LCAO MO's ;

¢; = % AepXp = J, din &y
F Y
where & numbers the MO's, P the AD's,(Slater-type)n the symmetry orbitals, the ajand

the A% are undetermined coefficlenta.
The conditioen that the M0's be orthenormal then reduces to

fﬁ tf}.afl”% a;f Sf,?ﬂj? = 5;]
where the overlap integral Sﬂ are defined by
Sp=Sp=J% x5z

The total N-electron normalizea wave function $ for the closed-shell ground
state is then built up as an antisymmetrized product (AP) of these LCAO MO's, and the

ground state electromic energy iz given by
= 2
E= = # =
7 [E3¢t Fde #=LHS LT

To obtain the best LOAO MO's, a veriation procedure is carried cut of minimize
the ground state energy, subject to the crthonormality of the MO's, It can be shown
that this variational process leads %o the following matrix equation

(H+G)a,= La; "’&Sﬂ.;

Here the colum wvectors i give the coefficients of the A0'e in the
M0} H is the bare-nuclear-field orbital energy matrix with elements

¢th  LOAD

Hpy=Fgp= 7o Hitg de = (% 8 X g d~ 7[@:;}; Xt~ f"'ﬁféﬂz’”‘f%%x‘d?
#2 (R B @ (0L Z PR OX D<)
and (¢ is the electronic interaction matrix with elements
CT,P?= éz.’” Z,Z:r Grrgt Ao
'G'frgg= zj}r?t = Tfrtf
Tores = fff XF2XG X At

e

S . 3

10

0
1]II|l|||‘IIII|||||‘III}II|II|IIII|IIII|IIII|IIllllfllJJ_llJJHIIIIIII‘IIHIHII‘II1I|IIII|liij||II!|Ii|.!|IIHlHII|IIIJ‘llIJIIIIlhII||HII‘|IIl|I[II‘IIH|IIII‘IIII|IIII‘]H_[‘IIII‘III[lI-I_IJlIHIlJJII[__

' 'fI'I'|‘IWTWI‘HTH'!'1'I'[‘I'WWWWWTFWWWWWI]TI'I'I]‘ITJ]T!HT[TNTWFHTWWTT
T thonlolis b e sl doal

|m-|-m[n-nn]mnl----lrm|--uEm||m-lml|uu!m|[nuiunllm|un[mlinn|ml||m|u|||1|u||r||||llllmlllllllm|||!||[rr||l1|||||||1!|H|||J||i|mllm|lm||||r|r||l[|rr||1m|||||li||rl||J1i||ll[||lllllll|||1I|!|l||||I|[|H|||||||IIH[HH|1|||[|H|||||[||||J||||l|||1|||||||||||||i|||H|||r||I1IIII|IIII]IiIIf[lI1|IIII|!IHlII||||III[III|]IEI!|

o=

ot
=

ﬂ'I'I'P'I'I1'|TI'I'TrI'I'[IlII‘IIiI|HII'II
= = S = = z a S S b
|IIllllIII|IlilllIII|'IIII[IIII|IIlI|Ill||IIII||lll[li|r||||IIJIII|r|r||||1|]llil|||l|| lllIIIl |I||||IIIIlllll|II|I|IIII|I|[||||||[|||I|

S

—
=)
=

=
]

|I|||ll|l||

150 —

il

o]

=
HIllII| I||IH

]

ol

=
II|II

|IH

21y —

50—

II[|III

51

III||11|

280 —=



[ el ! e [ R

400 390 380 370 360 350 340 330 320 310 300 290 280

withwluln bl bl il sl bt bt e b ol

270

260

250 180

240

230 220 210 200 190 170

140

We take the following values as the parameters in the above calculation

Z,= 567  z,= 2.40 RCF-F)= 2.26 A

Z, Zg : coefficients in the exponents in 1ls and 2s, 2p orbitals of the fluorine atom,
respectively.

The large number of integrals over atomic orbitals that occur, is calculated as
exactly as possible (expect only two-electron three center integrals). The two-
electron three-center integrals are approximated bv the following formula

(afjcd)= AadAed (TTIT'T)

where

(aéicd) =ffx‘(x)/‘(¢(uia—2;fzu'¢(z) AT, d T

Aas = [XaXsd7

X7 and X1' are atomlc orbitals associated with the centers of gravity | and T
respectively, shich have to be chosen in a suitatle way. (here is found by maxim;xing
the expression for the overlapping charge X, Xad7 along the internuclear axis.)
Complete numerical caleulations are in progress.

1) W. S, Fyfe, J. C, P, 21(1953) 2
E. Westurm, K. Pitger, J. Am. Chem. Soe. 71(1949) 1940
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Bl The Present Tegdﬁncias in the Theory of Large Molecules

c QIA .Coulson

{Mathematical Institute, Oxford, England)

Practically all attempts at calculations for large unsaturated
molecules make use of the molecular orbital method {m.o.). This method
depends on our ability to separate the descriptions of the & and M
electrons. Recent work shows that this is almost wholly Justified,
though there are still some uncertainties.

The calculatlons themselves may be divided into

(a) non-empirical, and

{b) empirical.
In (a) no assumptions are made except that the M electrons may be
treated separately. The information whilch 1s obtained is easentially
(1) excitation energies and (1i) identificatlion of the symmetry of the
various exclted states. Good progress in the latter has been maede,
but it turns out to be very hard to celculate the tranaition energiles
sufficliently accurately. This ariseﬁbn account of configuratiorn inter-
action, which seems to play & large even in the ground state of large
molecules. (Portunately, with small molecules, the influence of C. , s
1s much snialler.

een made, by Moffitt and Others, to adapt

the conventional-M.0. method in.such a way that it gives a more realistic
account of the states which are largely lonic in character. This
improves the agreement with experiment, but 1s not wholly satisfying
since it requires us to make use of emplrical energies, not always
available.

Attempts have recentl

In the empirizal treatments (b), the information which 1s obtained
consists of (i) charge distribution, (1i) bond orders (1i1) free valences,
and (iv) spectral energies. In some form or .other perturbatlion methods
play a large part. Considerable study, both in Japan and in Britain,
has shown how conjugation may take nlace across a bond which is formally
a single bond, as in the molscules Ph-X, where X is a halogen. The
charge migrations, excitation energies and bond orders, have peen calcu-

» lated.

Calculations of the chemical reactivity which 1s assoclated with ™
slectrons are almost all of the empirical type (b). A general type of
'localisation' approach has been used for ionie, and free radical and
other reactions. More recently an analysls in terms of the distribution
of charge in the top-occupied level has proved valuable.

Longuet-Higgina and Dewar have shown how, by using some very elemen-
tary properties of the non-bonding mc orbital in odd-numbered hydro-
carbon molecules, extremely simple accounts of the long wave absorption,
and the variastion in activation energy in a related series of molecules |,
may be gilven. No great claim to precilse accuracy is made, but the
results are surprisingly good. Methods of thls kind are likely to
become more Important as time goes on.
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A Review of Recent Worke on the m-Electron System in J;s.pan
BE. :

Gentaro Aralci

(Paculty of Enginaering, Kyoto University)

Introduction

Theoretical researches on the 7m-slsciron system were rscently carried out by
several authors in Japan. Titlss or outlines of these researches are ligted in
this pre-print. They are not many, but the time given to me is too short to review
all of them. I will therefore review not all works but only those which were carrisd
out in my faculiy. ;

The m-slectron system in conjugated molecules have been disciissed by two
different methods, namely free slectron and LOAO MO metheds. As respastive examples
of the applicetion of these methods I will mention researches on the absorption
spectra of conjugated long melsculss and on the chemical reactivity of conjugated
cyclic molscules.

A characteristio property of conjugated long molscules is the so-called vinylene
shift. It is the shift in the mbaorption maxima, to the longer wave length side,
resulting from irjmreau' the length of the conjugeted chain by adding a vinylene
group. Baylis,') Kuhn?) and Simpeon3) firet ehowsd that the vinylene shift can
roughly be Inmterpreted by the one-dimensional free slectron model witheut coupling.
This model can be refined in two ways: modifying the ome-alectron fleld; and imtro-
ducing the coupling of electrona. The effect of introducing m periodic field was
gtudied assuming a simplified model by Fukul and cworkereﬂs and the ssbisfactory
result was obtained. I am now examining the effect of ionic fisld in the symmetric
oyenine dye cation. I have just calculated the shift in the energy levels of the
free electron model due tp the Coulomb intsraction.

On the other hand I5) showed that, in case of asymmetric molaculss such as
carotenolda, the strong convergence of the observed shift of absorption maxima result-
ing from increasing the chain length can fully he accounted for by the Tomonage model
of frese-slectron gas with couplings of arbitrary strength.

A characteristic property of conjugated cyelic mg}ﬁz;:ltes‘is the agagzal n;-ia.:;matim
at in case o e au tution

of subetituents. It was found by Wheland end Pauling'
reaction of conjugated heterctype cyclic molecules the position of maximum total m-
elsctron denaity, in LOAO MO ssnae, is moet emeily attacked. Thie fact was confirmed
for electrophilic reagents and various heterctype reactants by Longuet-Higgins,
Ooulson and othersand it was further found that the positien of minimum m-density is
moel emsily atbacked by nucleophilic reagerts.
Fuleui and coworkeral) recemtly found thab, in
case of condensed aromstic hydrocarbons, the
position of meximum m-electren deneity in the
highest occupled level is most easily attacked
by electrophilic reagsnte although the total
n-deneity ia uniform throughout the molecule.8)
This relation has recently been sxtendsd by
Fukui and coworkers to the cases of electro-
philie substitutions in heterocyclic molecules,
mucleophilic and radical substitutions, and
additions, including chain moleculsa.

I will explmin the outline of these works
in Japan in what follows.

Fig.l Cyanine dye catlons
(vemumber of vinyleme groups

QL0 o
) L
s 2 ) by =1
Q)m%@

6=

§1 Ooulomb interactions in the
free electron model

We coneider g esriss of cysnine dye cations,
ghown: in Fig.l, in which twe N-ethylbenzothimzole
rings are combined by vinylene groupe. In the
free slectron model the potential energy of one-
electron Hamiltonian is represented by a square
well of very deep depth in one dimension (Fig.2).
Since the molecule has a centre of sympemtry the
one-slectron states can well be characterized by
the parity. The orbitals (Fig.2) and eneriy
levels are given by

Fig.2 Potentisl and orbitals

Keo =L

% ewen

2’ L}
G = fr ML"—‘ﬂx

A (1.1) |

2
£ = ;_'—t,: o

ad ¢
i P, T

If the number of wm-slectromns in the molecule ie equal to N, the n = 1,2,.....
n, orbitals are occupied in the einglet
ground sbate according to the Pauli
principle where neis squal to N/2
(Fig.3&) and it will be referred to
as the Ferml maximm. In the first
singlet excited state an electron in
the n,-orbltal is exgited to the

Flg.3

{a) Ground state (b) Pirst excited state

n =Ferml max.

g+ 1 _——
netl)]orbital (Fig.3b). The snergies =
of thess astates cen Be caloulated by S e i o e e
the stendard method?/ taking inmto — e —
acéoumt the Pauli principle. The s Al 3 - g
energy difference betwesn these two
:
gtates ie the first excitation —r—t— & o9
enerpgy of the molesule which can be —a—a— 1 —_———
interpreted as correaponding to the
absorption maxima. If we denots the
one—dimensional interaction potential
between two electrona by J{x -x;) this excitetion energy is given by
AE =E(ut1)-E(ne) + Wo + Wox
"l
W, = Z,Z{C('n,ﬂ‘, n)- C(-ri.,'n.)} + O (M1, Ma) — C (e, )
e @
Wir = Dinem) =Dt 1,70 + Dot 1,1,
ox
n=i

where C and D denote the Coulomb and exchange integrals of J respectively.

In order to svaluate these integrals we expand the Coulomb potential between two
alectrons in the Fourier series in a parallelepiped of ths length L and the sectional
arem A. We masume that J(x;~x,) ie given by ite average over the sectional area.

We have then

-17=
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) (-]
2fe* I 1
x=-%)= —— = Cod =—m(Xi=Xz)}
Jere A ﬁ% e (1.5)
o0
2
=L S L Fra)

n=(

We can eeslly evaluste the Ooulomb integrals malking use of the firet expansion. The
exchenge integrala cen be svaluated making use of the second expansion. The result
containe five series of the types given by the left hand sidea of the following
equatione:

o /

mﬂ-
- m* Sl Y
iZ‘; {@re*— 2 f* /6 E* ARy
% / el (1.4)
/ Z _ =" nalyls2p3p-0"
2(znt)* +i= D{gzﬁ)'— ant P fEne)®

These series cap be svaluated by expanding sin 2n(x| end sin(2n+1)|x| in the
Fourier seriss. If we consider the norms of the functioms we obtain Egs.(l.4)
by the Parseval theorem. Making use of these results we obtain

AE=T(/+6&)
T = A (B (Rt
5 2 =
J\=(%) & A(znat) {1 B(‘"n}.} :
/ ' 2 - (1.5
B = i'fﬁ“ 7 m*"z(snfa)‘+ "5’{” o )}

] [}
Gl = ot et for mmaven,

gk st
z{znt)"  2n

for = odd

whers a ls the Bohr radius. The coupling effect is represented by 5\ . Its main

part is due to the exchange inmtegrals. If we meglect d ; AE is given by T. This
term gives ntn-convergent vinylene shifte aa was shown by Baylis, Kuhn and Simpson.
The corrsction term &' can account for the convergence of the shift.

" We appume that, for example, in the cyanine

dye cation shown by {(a) of Flig.l the sguare well Figeh

is extended over five carbon atoms and two

nitrogen atome (Fig.4) and the w-elactrens k
contained in this well are six which assoclate %NMNN

with the three conjugated doubla bonde. Then : i
the mumber of conjugated double bonds ig equal R

ton, and L 46 equal to (N+1)¢ where [ is :

the meen length cccupled by an stom. Although i

the obaserved bond length for =N in pyridine is equal to 1.374, we assume, for the
seke of pimplicity, that £ ie equal to l.4k, (=2.646 atomic units) which is the
bond length in bmm- The ebesorption maxims esleulsted on this value are compared
with experiment in Table 1, In order tc sgres with experiment we have to apaume
A to be equal to 1000 atomic wnite. Thie value is unreasonably large, bub it hes no
real meaning. Tt only meane the emallness of couplinge. This unressonable velus
may be due to neglecting the varistion of wave finctione in the lateral dimension.

wifl=

Table 1 Absorption maxims of cyanine dyes

n,= Fermi . = mmber of conj. double bonds
N = 2n= ber of = -electrons

N-1 = mmber of carbon atoms in the chein

v = number of vinylene groups

A = sbsorption maxima in mg (solvent = MeOH)

v n, hid & Acale Agbe
0 Z é 0.0239 Mo 423
1 8 0.0553 552 558
2 5 10 0.0821 657 650
3 6 12 0.1164 755 . 8

§2 Convergence of shift in absorption
maxims of carctencids

In cese of asymmetric molecules such es carctencids the wave lengthe of the
sbeorption maxime are much shorter than those of cysnine dyes when we compare those
of molecules with the sams mumber of conjugated double bends. Moreover the shift of
+he absorption maxima resulting from increasing the chain length is strongly conver-
gent. Aa we have seen in the preceding calculation the effect of the Coulomb inter-
sction gives rise to the convergence of the shift. If the coupling is strong we
have to more completely teke imbo acoount its sffect. The Tomonega model ip moet
auitalsa%a for this purpoes. T will mention an outline of the calculation in this
line.

In the present cmee the molecules
have no symmetry, for example, ss is
ghovn in Pig.5. Therefore cne-slectron
gtates cen not be characterized by the
parity. We adopt the basic one-electroem
orbitels end their levels as follows:.

%"FL‘"‘PC%‘“U

L
Emy = 5’%(%)“"—"

Fig.5 Btruoture of chrysanthsmsxanthin

foe aeacied

(2.1)

n=0,21,42, ...

whore the excited states are all doubly degenerate. If we compare these crbitals

and levels with those given by (1.1} we ses that the difference in these basic states
can roughly scoount for the difference in absorption msxime of cyanine dyes snd caro-
tepoids. If the mmber of m-elactroms is N, the n=0, £1, £2, ....., £n, orbitals
are cccupied in the ground state of the ?
molecule where ney0O and 2n,t1l=N/2
(Fig.6.) The total Hamiltonian ineluding
couplings of all slectrona cen he trans-
formed into the dimgenal form meking use

Fig.6 Ground state

of the method of the second gquantization. daD mmtm,
This trensformetion can be carried out even o—6—5-0
if the couplings are quite strong. The
approximation included ip that only states 6
near the n,~level are taking into accourit. e :

The coupling of electrons iz again —a-eee—— m=i2
assumed to be given by the lateral average —aeeo—— n=tl

—_—————

of the Coulemb interaction as wae done n=0

in the preceding calculation. The first
excitation energy of the molecule is then given by
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AE=T/TE
T=(%) 2=

e 2.2
S (%)w =

where &' is nearly the seme as the preceding one if we neglsct & corrsation term
given by B. IF we mssume that L = NA, 2= 1.4k o 2.646 stomic unite, end A =
724.288 atomic units the celculated absorpbion maxims are in very geod sgreement
with the obeerved values of 37 carctenoids. A few examples are showm in Table 2.
We ses that & is very large for long molecules. In these cases the perturbation
method by no means hae its validity.

Table 2 Absorption maxime of carchenoids

j = number of conjugatsd double honds
¥ = 2j = mumber of 7 -slectrons
A = sbsorption maxima in =g

b lg & ) Acale Aobs solvernt dubstance

g o g- 178 268 270 hexans dibenzyl-hexatriene
. g 965 22 4oo haxane chrysanthemaxanthin
15 2 2.416 493 493 hexane rhedovielapein

5 30 5.181 508 508 . cyelohax, dauapreno-}p- caratens

The real remson for the differsnce hetwsen wave lengthe of the absorption maxima
of symmetric cymnine dyes and carotencids is net yet fully known. It mey partly depend
on the differsnce in the end gtructure, but the main reason may be that molecules of
cyanine dyss discussed in the preceding section have a centre of symmetry wheress
thare‘ is no centre of eymmetry in cerotenocid molecules. Such a phenomenon haa. often
been imterpreted as a resonance. MAe has been well lmown, the absorption maxima of
asyme‘f.ric cyanine dyes are of shortsr wave lengtn then those of symmetric cyanine
dyes with the ssme mumber of sonjugated doubls bonda. This is well understood in the
fact that a position of the abeorption maxima of & cysmine dye with different terminal
groupe 1ls generally in the shorter wave leugth side than a mean position of the absorp-
tion maxima of two aymmetric cyenine dyes with the respective terminal groups. The
deviation from a mean position varys with the naturs ef the terminal group. This may
be due to the degree of asymmetry which determines the ratio of superpossd parities.
The case of carvtenocids cen bte conasidered as parities ars equally superposed, levels
thues being completely degendiate. This fact may be understood on enother view point,
namely in cmse of carctenoids the periocdic property of molecular structures is the
prodeminent cause of determining the property of the wave function, whereas in case
of symmetric cyanine dyes the end barriera of ons-alsctron fields determine the pro-
perty of ths wave function.

§5 Reactivity of conjugated cyclic molecules

We next consider chemical substitution reaction of various reagents in cyclic
conjugated molecules. Tha moleoular orbital Ye of m-slectrons in the moleculs is
given by a linear combination of atomic m-orbitals &, :

IIII|IIII[[L_ll_|i]_|l‘|IJIJIIIE‘|IIIIII|IIIIII||IH‘IHIIII]I|II[||l|il|l|II|IJII’[III1IIII|IIII!IIII

7ig.7 Frontler elsctrons and orbitals

Nkl S S
—_—a—a— s

—_—e Mt
—eo— T

—oo— —— —e——

—— =S 3 —_—a—— 3 ——a— 2

—O—— —_——— 1 —_———

—_—aa— ———— —9—-63'——" t
&) b) - e

(3:1)

e By B e e B

N’
2 = ¢ (m
w,ég. )

The coefficients ey(w) are determined in the standard manner of the LOAO MO method.
Tn the ground state of the molecule, the nel;2;....., n, orbitale ars ocoupied by
n-slectrons. Fukpi and coworkera referrsd to the electron in the me-orbital as the
frontier electron and the (n.+l)-orbital as the frontier orbital. They defined
the frontier electron density #, at the r~th atom ma follows:

(a) ]Lr' Zic,(n,”"
(v) fp= 2|0, (nr1)]®

(c) :f,x- Ic,(n,)lﬁ- [c,(nn'rl)fz‘ For radical reagents

for electrophllic reagentas

for nucleophilic reagents (3.2)

They celeulatsd the frontier electron density for verious molecules of condensed:
aromatic hydrocerbons, heterccyclic compounds, substitubed condensed aromstics, and
chain compounds. Several sxamples of the result are shown in Fig.8. If we compare
the positions of maximm fromtier electron density with experiment we ass that theae
poaitions sre moet smsily sttacked by resgents in three cases of chemical reactions.

The true reasen Tor these parallslism bety the frontier electron density and
the point of ettack is not lmown® It can be compared to the well-imewn theorstical
interpratation on the directional valency of Slater and Peuling. This theory eccounts
for the directional property of valencies in carbon, nitrogen and oxygen by the
angular density dietribution of the valence elsctrons, or p and ep® stomic orbitala.
If we consider that frontier electrons or orbitals corrsspend to these atomlc orbitels
then we cen understand the orientation of substituents in the esme way as the direc-
tional valeney. Of course such a simple consideration does not mesn explaining the
mechenism of the cbserved fact. The trus mechanism is much complicsted.

% Fukul and coworkers are considering a theoretical interpretetion. Parr privately

comrunicated me his own opinion ont the theorstical reason.
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Fig.8 Frontier electron density

() For electrophilic substitubion
naphthalens anthracens phenanthrene
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@) clh oWy
pyridine quinoline 1soquinoline carbazole
CHy Na,
O O O
toluene nitrobenzens diphenyle
(b} For nucleophilic substitubion
N
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(o) For radical substitution
@ oo o ‘
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(z; H.Kubn, J.Chem.Pays. 16 (1948), 840
(3) W.T.Simpson, J.Chéem.Phys. 16 (1948), 112k
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o'x Interaction in Conjugated Urganic Molecules
‘bl. :

Kazue Niira

{Prysics Department, Tokyo Institute of Tachnolegy)

The essential feature cf "M -electron theory" 1s that in the molecules with con-
jugated double bonds the treatment cf ths M-electrons can be separated entirely from
the treatment of the ¥-electrons. Tt is assumed that the wave function of the -
electron spreads over the whole molecule and is well epprcximated by non-lccallzed MO,
while the wave function of ﬁach e-glectron 1s localized near the nucleus. Fut recent
works by Coulson and others’/ show ttat in benzens the charge clowd of the or-electrons
extenda over the whole molecule to the same extent a2 that of the 'n:-?lectrcm! y and fur-
ther according to Fujii and Shida2) and to Itko, Ohno and Yoshizumi3)tre diamegnetic
anisotropy of benzene which may be one of the most direct experimental evidences for
the streamer bonds cammct be interpreted quantitatively in terms of the ususl” m -
electron theory. A

Trerefore, it would be desirable to examine the effect cf o’-electrons more in de-
speaking, there are twe ways of ow interaction: (1) New levels which
w111 be called O=7levels sheuld result, from excitation of g- (w-) electrons into
snocoupied € and - (¢) orbits. Altmann4) discussed by VB method the lower excited
electronic levels of ethylene which ‘result from bonding between 7= and o-electrons,
and h? showed the importance of taking account of &~ levels. But, for mcetylene
Roes5) mede & calculaticn by MO method which included only the CC bond o-electrona
and showed that o= levels are of high energies and interactions with the lower m-
type levels are small, Further work by Meedab) which includes the CH T-slectrons
srows low-lying g=7levels, but in this case of acetylene there is no CI between the
low=-lying o -mand & levels. The calculation by the MO methed taking into account
the CC o=electrons and ineluding all CI is now in progress for ettylena.

(2) Tre effect of &= electrons on the wiype levels through coulembic and exs;.
change interacticns between 7= and o=elsctrons should be taken into aceount even, when
the effect (1) 1s neglipible. Of these interactions the exchange interaction has
a greater effect on tre excitation energy, disproving the assumption taken in the
usual treatment of -n.-elentrona_5‘3 . For ethylene, for example,

coulombic energy® exchange energy

IAl,.. (n) 148,99 ev -#,.85 ev
B (1 0.49 ** 12,
Bu (V¥ 0.49 1.24
Ayg (2 0.99 2.49

*  the contribution from W atoms is omitted.
%% the yalue relative to that of the normal configuration (W),

In tg?g caleulation electron palr bonds are assumed for GC and CF bonds. For aceby-
lene”’ ) and benzense®) the similar conclusion was obtained, and the assumptien of the
slectron pair bomds for o-electrons was found to be a fairly good approximation for
the caleunlation of the evcitation ensergy.

1) Coulsen, March and Altmann, Proc. Nat. Aced. Sci, US 38 (1952) 372,
N. H. March, Acte Crystal. 5 (1952) 1#7.
2) Fujiii and Stida, Bull. Chem, Soc, Japan 24 (1951) 242.
3) Ttok, Ohno and Yoshizumi, Progress Repert No.2 (1953) 21.
4) A. ‘L. Altmenn, Proc, Roy. Scc. 4210 (1952) 327, 343.
5) I. G, Ross, Trans, Farad. Soc. 4B (1952) 973.
6) S. Maeda, unpublished,
7) J, Van Dranen, Thesis, Amsterdam University (1951).
8) K, Niirs, J. Crem, Phys, 20 (1952) 1498; J,  Phys. Soc, Japan In press,

A
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o Hon-Empiriecal Caleuwlation of the Diamagnetic Anisctropy of Benzene
Lt

K. Ohno, H. Yoshizumi and T. Itoh

{ Department oL I.ysics, Unlversity of Tokyo )

The larpe anisotropy of Dlamapgnetic susceptibility of aromatic compounds, which
is congidered to be due to the free migration of T -electrons, has been investigated
by F. London !? and others from the semi-empirical point of view, and the caleculated
ratio of the anisotroples of various molecules to that of benzene is in fairly goed
agreement with experiment.

As to the absolute value of anisotropy of benzene, computation were made by
K. Kambe 2) and S. Fujii and S. Shida®) using the antisymmetrized L,C.A.0. M.0. method,
We have extended this' treatment by taldng configuration interaction into account.

We included all the configurations obtained by excitation of cne or two electrons
from the lowest configuration, namely nine A3 states (¥: ) and three Az states (V).
It is to be noted that Aigand A13%%EB interact with each other in the presence of
external magnetic field. ]

The hamiltopian is

& E L i & J oF
M= 2 o (%Y 42 U + 2

¥=q i Tf‘b’

3= ’%f A, + A, is the vector potemtial at the position of the

¥ ~th electron.

As uswal,we use the molecular orbitals of the following form in the construction of
the energy matrix,

[ ' - g et
$ = (¢ )"&é %Lf‘,}!,él + i (Fne T Uy (1)

f=0, 21, £2 3 «f-‘;#:‘%,i
0z @ normalization factor

e=2T8 A, i Ax is the vector potential at the position of the
k- —th nucleus,

Uk} ¢ the 2gr 4.0, of the K -th carbon atem

In calculating the matrix element, the integrals containing the gauge factor
expli {c'i’u-ﬂkl were, for simplicity, approximated in the following manner:

Jerp (T B] s Unt = epp [ (oo E%R“)J U U a2

where ?& is the position vector of the K-th carbon atom. Then, &1l the necessary
integrals have been given in the paper by Parr, Crzig and Ross. #)

In the case of the vanishing magmetic field, the ground state wave function can
be written as a linear combination of nine A3 functions

7
Yy (ea) = 2;, Ce i tn=oy:

Coefficients C; are obtained by solving the secular equetion,
As we are concerned with the diamagnetic susceptibility, we need to kmow the
energy under external field to the 2nd power of the field strength, Since Aig

matrix elements have no term proportional to lst power of the field strength, the energy

under the external field is written as

110 100 90 8 70 6

|---nlmuln--[rm|m-|m|]|m|m||uulnn[|mluu[l|||]nu[r|ll]\llllrrn|u|||u||||m||r|||HlllimlIIIIIH||l|||r[r|||1i|||[1||i||||r|||||f1|||||m|||1i||||r||11|[:m]||||[!|||||||||m||||r||||||I|m|||II|||||]|m|||ii!||i|||l||||||Illlll[llIJIIIII||1||I[||||ii|l[r||||H|||l|||I]IH||||||HEI|1III[EHIIIllllltllllllirlIIIiiII[|IIII|ILH|

3 ?
W ﬂJq-*Jw de=F 6 W + 22 &g Hy
. 4 .3 i=t =
Here Wi= [’ dc | Hij =4 B de.
If we denote by W:.i) the energy of a 2p electron of an isolated carbon atom in

tic field H, Wo= SWa,', is the energy of the molecule when H is applied parallel
Then the anigotropy of the diamagnetic susceptibility is

2H™*

when only Aiy states are considered.

the
to the molecular plane.
expressed as follows.

The contribution from the interaction between Az and A=z states was estimated
by the second order perturbation calewlatlion.

x 3 [ Fate e
Np=- 2 N s Where Yy = 7 i_(.ﬂ.[ﬁ.)—!
d 2H* W =W *
The results of numerical computation are given in the following Table.
e 5\
Xi (Single Gom.) | -21.70 (RS 6o %
Az (with C.1, ) ~11.5¢ " 63.6 %
Ao e Aas i 200 %
A= Az + X =g 47 o v 61.6 %
Kemp. =33.9 " 100.0 %,

As is seen in the table, the final value is about 60 % of the observed valme
and the sffect of configuration interaction is rather small, namely less than 1 % of
the obgerved value.

The discrepancy between caleulated walue and experimented one might be due to
the followlng 3 reasons,

(1) The L,C.A.0. approximation was made.

(2) The approximation for the integrals mentioned above was introduced solely
for the purpose of the simplifiecation of ealculation:

(3} We did not consider o” -elegtrons. : _
which all T —electrons are removed, might show some amount of diamagnstic anisofropy.

Furthermore the contribution to the diamagnetic anmisotropy through thes - & interaction

may exist,
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are in good agreement with the theory, Theoretical considerations based on symmetries
of guantum-mechsnical wave functions often favor ungymmetrical geometrical -configura=
i tions of molecular complexes. For example, they point to an off-axis position for the
| Ag* in the Agt -benzene complex, a result which is supported also by empirical evidence,

:‘ is identified with the predicted charge-transfer absorption. Its position and intensity
|

| s '
Extending earlier work, a classification of electron acceptors and donors each
‘ into a mumber of types is given in Sectilon II. In an extension of Sidpwick's nomen-
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" Interaction between Donors and Acceptors = =

i Bt

R. §. Mulliken jon-pair character,for large G (see Figs. 1-2). In any particular case, one of these = -

is the stable form, while the other is an excited or activated state (lower in energy, ] =

(Department of Physics, The University of Chicago) however, than the "activated complex! which usually intervenes between them). However, — 40 —

in many cases where the donor and acceptor form only a loose outer complex or none at = =

all in the vapor state or in an inert solvent, the inner complex may become the stable 1= e

® form under the cofperative actlon of a suitable active sclvent., The latter functicns = =

(1) A simple general quantum-mechanical theory is presented for the interaction by solvation of the immer complex or its ions, either acting malnly electrostatically, = 50 =

of electron acceptors and donors (Lewis aclde and baseslto form 1 ¢ 1 or n : 1 molecu- or in some cases acting as (or, with the assisténce of) an auxiliary agceptor or donor o o

lar compounds ranging from loose complexes to stable compounds. This puts into more (double complex formation). The formation of ion-pair clusters or ionic crystals = =

accurate or more general formideas which have been in frequent use for some time. The (e.g. NH3 + HC1 — N'H‘f' C1”) can play the same role as that of an electrostatically = 60 =

theory involves resonance between no-bond structures (4,B) and dative structures funetioning solvent in stabilizing the inner complex of a donor-acceptor pair. In & = =

(A” - BY), where A is an acceptor atom, molecule, or ion and B is a donor atom, mo- few interaction types, a "middle complex" is imporiant (ef. Fig. 3), corresponding = =

lecule, or jon. Two classes of deners (7, and n or onium, bases) and three classes of elther to an activated complex or intermediate in a reaction such as those involving e =

acceptors (W, or vacant-urbital, and o or dissociative) are particularly considered; a Walden inversion, or to & stable associatlon product as in I3” or HFp”. Section X = 70 _ =

i {ionic) donors and acceptors are alsc mentioned., QGeneral and specific factors govern- contains improvements and errata for the previous papers of this series, The Appendix, — d =

ing the strengths of interaction between acceptors and donors of various classes are con?igting of Tables III-VI, contains detailed descriptions of the varicus donor and = i

deduced from the theory. (2) A special class of intense electronic absarption spectra acceptor types and of their modes of funetioning. = -

characteristi¢ of molecular compounds A:B, and non-existent for either partner A or B B gy =

alone, is predicted. These are called charge-transfer spectra. (3) The forces which ¢ = =

lead to complex-formation may be called charge-transfer forces. They may be comparable Recent results obtained on iodine complexes at the University of Chicage will e o i

importance to London!s dispersion forces in accounting for van der Waals attractiocds, also be reported, particularly on the change which occur at low temperatures and at E 2

They have characteristic specific orientational proerties of possible importance for the high pressures. E—5) —

manner of packing of molecules in liquids, in molecular crystals, in heterogeneous — z

systems, and in bivlogical systems. They may also important in adsorption. They should — —

| inecrease under compression and thus contribute to compressinilities. The effect of # Abstract of Mulliken's paper Molecular Compounds and their Spectra. II — =
| charge-transfer ferees in lowering activation barries for chemical reactions is briefly Jour. Am. Chem. Soc. 74, 811(1952) —— 10—
: diicuased. {4) The benzene-iodine and the EX3-NR3 types of molecular compound and the #¢ Abstract of Mulliken's paper Molecular Compounds and bheir Spectra. IIT = z
Ag” complexes are considered in detail, The characteristic absorption peak of the Jour. Phys. Chem. 56, 801(1952) == =

| benzene-iodine and related complexes near A3000, discovered by Benesi and Hildebrand, Fo = -

clature, donors D and acceptors A are here defined (see Section I} as all those entities

,§|| during whose interaction tranafer of negative charge fram D to A takes place, with the
formation as end-product either of an additive combination Ay+Dp or of new entities.

In all cases of 1 : 1 interaction; the wave function ¢ of A:D (and, formally at least,

j of the end-products also in the dissociative case) is of the approximate form given in

equation (1) with appropriste ionic or covalent bonding (or no bonding) between D and

II‘HII|IIH|IE

i 4, and between D* and &4 , depending on whether A &nd/or D are closed-shell molecules 150 _f
I . or lons, or radicals. Donors and. acceptors as here defined correspond clossly to nu- 2
I cleophilic and electrophilic reagents as defined by Ingold or, except for the inclusion e —
here of donor and acceptor radicals, correspond rather well to bases and acids as % = =

Il ! defined by G. N. Lewis. In Section III, the applicability of an extension of eq, (1) =—lpl—=
to crystalline molecular compounds is considered briefly. A briefl discussion and : = =

| listing of possible or probabls known charge-transfer spectra of doneor-acceptor mole- . — =

-Ii cular complexes are given in Section IV and Table VI. Sections ¥V - VIII contain — 5
‘I further elucidation of matters discussed in Sections I - II and in ref. 2 E= il —
| The energy U of interaction between a donor and acceptor as a function of a charge- == =
| transfer coddinate C (a kind of reaction coddinate, so defined as to increase from O = o
‘to 1 with increasing transfer of electronic charge from D to A) is studied in Section :—180 o B2

IX for interactions between donor-acceptor pairs of the various calsses defined here, [ E

In many cases, there should be two important minima in the U(C) curve, namely, one for — e

l a loose "outer complex" for small C, and one for a tighter "inner complex" often of = 2
- — 100 —
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Cht H
where o< is the polarizability and .AE: the enerﬁ difference between 3 3
the first excited state and the ground state. e

numerical fector K ﬁ__ il b= Chle @
depends on the mutual orientation of the molecules. If the two molecules 1} CH = CH CH CHi—cHi Y ete,
stand in a line, the direction baing of the polarization, E=1 and if the u o
twe are parallel, just facing each other, K=1/2; whereas if the molecules Such wanderink of the charge generally cauSes

400 390 380 370 360 350 340 330 320 310 300 290 280 270 260 260 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
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2 E— 11—
E =
Lastly, when the molecules are almost in contact with each other, 20—
. . that is, the shortest distance between the molecules is smaller than _=
) Interaction between Long Conjugated about 3k, the overlap of the electron clouds on the different molecules =
Gz, takes place. The prominent, streamer-like wave funétions of the T —ele- 30 —=
Double-bond Systema . ¢trons play an importamt role. Hereby, the intersction at close proximity =
depends largely upon the delicate change in the configuration of the wave ==
functions. =
Isao Oshida In this paper, the influences of the length, the mutual orientation, A=
v and the first excited levels of the long conjugated double-bond systems 2
(Eobayasi Institute of Physical Research) upon tHe interaction between them. The interaction between a pair of LS
molecgla; ions, of pgl:ﬁ moleculg: and of non-polar molecules are dis=- =
cussed. 2 e i —
INTRODUCTION ————~ Concerning to the interaction between long conju— smallest ggrdgggelagt. e E e WREERSLSRE by Siphy saa 2 =
%a.ted douﬁe-—bozlzd syst;:j:.;s. there are thiee points supposed Eo give rise —
0 anormalies. In the ret place the dimensions cennot be ignored, but DIMIRUT HE i =
occasionally larger than the intermolecular distances. In 1942, Londen'? —---The po l;ggtgfng dyfjg"ﬁfﬁlgfmmlm FHIDE S FRTRHEH, b ML SORH 60 —
has discussed the van der Waals force between long molecules, régarding £
them as an assembly of electric monopoles, and has found that the force —=
shows much deviations from the ordinary one about atoms or small, nearly eOH —H=CH —CH=CH—R ¢ ( I) =
spherical molecules, and the additivity of the interaction potentials N i f}" 0 —
does not hold any longer, ]H CHB =
Secondly, the electronic, excited states of the molecules contgin- ths =
ing long conjugated double bonds lie so close at hand above the ground *O_w-;¢H—CFf=CH—CH=O (1) z
stat:ja_mthat iuch molecuies absorb lights of 1035&1- wavelengths sndigra - 80 —
. some es coloured. Besides the long conjugated double-bonds, entaini ng eing monovalent lons,on which the positive or negative char e can m =
i many mobile -t -electrons, are highly polar zable, and the large polari- along the conjugated double-bonds b?r quantum mechﬁical resoga.nce amg:; E
[ zatlion causes large van der Waals or dispersion forces. According %o similar structures having similar energles,e.g. b
London  the rough estimation of the van der Waals energy between two 0 —
similar atoms or small molecules at the mutual distance of R is given . 2.0 =
by it CH—cH=CH—=(H— (H= oo
— K2 aE /R ¥ 100—=

—
—
=

II||IH
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are fﬁ;ely gotitiﬁiix takes the k;alue o{ 1%/3&11 i 4 i force between ions as shown in the following. Stsloidion be the Fepuiatve =
€ polariza Lty of can be known, althou ing averaged wit Before going through the details, let us deal with a 120 —
respect to all directions, from the molecular refractlon through the nodel to make-the matter comprehensible, The molecular imsé$p%é£iignmn =
firmuls 3 M L is considered to be rescnating between the two extreme structures, =
= 43 ) ??1——.-’ L) iach 111;.&5 ;l:; chgrge l;gncentra‘t’ed at one end or another, We denoke the 130 —=
by wo structures - and +1 t . mE
where N is Avogadro's ntgger,nn+f‘t\;he/:'efractive index, M, the molecular shructures are eyually T and tﬁer‘zi‘éggaﬁfﬁ bigw:gg iﬁgrﬂaoisthgfe =
weight and © the density. the energy E of the, resonating molecular ion is, so far as the over =
The réfractive indices are, however, hardly known tor such highly lap of the wave functions is ignored, determined by the secular equation =
conjugated cmpounds owing to the lack of experimental data. We have to £— & o 40—
estimate them from the sum of atomic refractions. I =0 =
Generally, these compounds have rather high value of molecular o —= / —
refraction; .they have some excess, called®exaltation’, besides the sum the two roots being E'L F+= and E“ f-x , which express the gro- 150 —
of the atomic refractions with the characteristic cnntribution of the “nd and the excited states’of the ion respectiw;ly.ﬂ!he correspondingr : 2
double bonds called'increment! If the molecular refraction of such a Prthogonally normalized wave functions are =
compound is as large as 40, the polarizability X becomes 1.8x10%cm? w_ y : =
The dimensionless number kix?/R$, which iz the ratio of the van der Waals [70 == 1’ bl-1ay + ¢ hi/2) }- : 160 —=
‘ energy to the excitation enérgy, increases with decreasing R. For s A g Cr ) z
. R=2.2 to 2.6 A the ratio amounts to unity, This means that tor Wi Vs ﬂ 14 2) — 5"(“/.2)}} =
| such  short distances the role of the excited states become significant @w(-1/5) ana ®(+/2) representing the wave functions of the two component z
| and the case camnnot be trated only by a slight perturbation to the ground structures. We presume that.the wave functions concentrated atP eith 17—
| states. end of the ion, namely s =
If there exist electrostatic forces such as Coulombic attraction —
or repulsion between charged icns, or dipole-dipole interaction between ']0 (_I/Z) = dn(:(,‘l- loda) =
polar molesulea besides, the effect becomes more important for larger ( 4 N ’ {2) 180 —

gistances‘ﬁ For instance, the electrostatic energy b;twean singly gha.rged g - P(+1/2)= CI*—L/ Lt
ons emounts to 2.2 electron volts at the distance of as large as 6.5A, where 5 the coordinate on the molecule . =
the energy being equal to the light quantum of 5500A green light, and § means Dirac's delta function. taking the centre as the origin .y

|
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The encrpy of interaction between two such lons iz neot difficul
o estirate. Let the distance frou an en.d, A or A', of an icn & to an

end, B or 3', of another ion ry 15 énd so on, the mutual potential
setween the two structures, =1/2 ard 1/¢ and so on, are oA’
V-V, —liz)= ey Vup g
o]
V(-irz2, + 1/2)=€/Yap (3) "‘\Og
2z &
Viti/z, =1/2)= €/ Yug Flz. 1

Vitifz, +1/2 )=/ Yap
We assume the wave function of the whole system composed of the p%j,_;:_
of dons to be

el :
=2 L Ay Fa s eNay, )
i=h2 Jalz
where /4 's are the proper coefficients determined la ter, and a and b
deslgnats the two individual 1ons, and the numbsr of the
structures, -1/2 or 1/2. fenerally, thils form of wave fuanction is
not equivalent to a product of a wave function of ion a and that of
b. This means that there exist correlation betwsen the motlon of
the charges on the individual ions, &nd important is the role of
this correlation as shown later.

Writing (1§ | Vv | k1) in place of the ‘appearing sum

Py B es, V (50, 500 B 020 B 6s0), (5)

Somedh Sepat 7T
where i, J, k and 1 are 1 or 2, we have, in virtue of symmetry and (2).

| I
Cr 117] 1 )=(22[7l22)=Ciz]v]i2) = 2t VI = 7 3 T e T )

(fr{V!zz)=[zzilflr:)=(u!Vlzr)=(2fh7{f2)=—ﬁ:('ﬁ g ];ﬁ m)

The two values are writtenas p and q respectively. The other ’i]‘iv} k1)
including (11| V| 12) ete., vanish.
Then the energy E of the whole system 15 determined by the secular

sguatlion of the fourth order,

RE”+p-E 0 0 ?
0 EG{PEQJ‘*P‘E z -3 = Os;
y 9 E"’*EM-LP'E 0 (6)
forte 5 o 2E(2’]+P~E

which 1z expressed by the produce of two quadratlc squatlion, that is,
g
J2EV4p-EX2E%% p-E)-p* H(B "+ EPep-E)= ¢ p=o (7)
The four roots are, begining with the smallest,

= E'-/1*+tag)*,

II

“ (8)
E; = E; LR

By = E'+1,

E;

+/ 31"'(-45)‘)

where

—

E'= EY+EY+
AF = Ef:}‘_ Em‘

‘and E4 with 2E%.

As the interaction between the lons becomes weaker, for lnstance
owing to that the mutual dlstance become larger, p and q become
smaller, and at last E, coincldes with 2B, E, and Ei with EYs E®
Then, to know the mode of interaction betwean two
ions, both being in the ground state, we may observe ths change
of Ey. Accordingly, the ensrgy of interaction U for the ions in the
ground states 1s given by

= 0) gle !t o1 o Lo d o I
U=E-2E" =4aE +gz'(};”3+ Ve T ):,E,) /(ﬂbf"‘;s (r;,a Ve g G

(9)

If AE is gufficlently large compared to g, we have
BNl iy el
L= Z&_(YAB+ ?Cfs’+ vim Y.m')

Thia is the same energy with the electrostatic one among the four
ende of the two molecules, sach supposed to have the averaged charge

/2. To the contrary, if 4E 1s much less than 49, we obtain
: / e*f | | )
- _-— __" s o - + s
= (Ve ng) i 2 (ms e

;L !
in accordance with ?Azs T Yier 1s smaeller or larger than V.. T
respectively. For example, the two ions are
fixed in & jusv parallel posltlon, the dlstance be.ng D, we havs

=5
Yarg”

Yia

i}

):4)£?) = I:)

t’. e? )"

U= 2B+ +52=)- ](“E” (5 - o

whlch tends to

/ e: ex =
=z(5tmm) o e DLt
in accordance withaE ¥ gq or AE £ q.
If the two long ions are brought Into g line, the distance
between the centres beling D, we have

Yirg =
and

(re)

s

HU.‘-—-AF‘P—-:-&——'——D?;L -—!(AE)‘+(€ D:e 2 1)
which tends to i 20*1) 20 2(D% L))
i Ao Tl e
= 2p T Zipt iy 2g 2(04_) t SiDrL)

in accordance with AE » q or AE & g respectively.
The conslderation above 1s, rather schematiec and of qualitative
naturs. We can proceed to the more detalled caleulation based on
the theory of polymethine dyes, which we owe to Pauling, Fosrster
and Herzfeld.® According to thls, for a polymethine dye the chromaplore

belng & linear chain of 2N+ 1 carbon atoms, we have to take the
These are, for

regonance among 2N+ 1 structures into consideration.
instance 1f N =2,

CcC—¢c—Cc—-C-0C ,

&gl e~ €,

€~ —¢C'—=C~¢ ,

Blene, e = se

€ e U e Y
—31_
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We name these structures as -N', -W+1l,..44,+Y respectively and dealg-
nate any one of them by s. For the sake of simplicity we assume the
energy of these structures are all egqual, i. e., )

(s|HlsS)=F

Moreoveri, the resonance (s f Hf s') between the two structures, s and s
are prefumed to he

S= =N, =N+, = oee , +N,

(sIH[s )=, 45 S-5'=2|

(8 THS ) =0,

otherwise.

Then the energy E of the molecule ton is determined by

Fob ot
o F-E = =0,
o Ot =
The rocts are ;
E = I‘+2u’coa/_| 3
and the elgenfunctlons, n T
/ : = L
Pis)=s sin ps witn pagr=r (A=l 2, - N,

and

P =(n4) 2 (n=01, -~ N).

goclit $ with
Pes) g cos M

To determine the intermction between two such lons both 1n the gr'ou‘md
states, we take the two states with the lowest energy only, the
‘energies and the orthogonally normalized wave functlons belng

1) T L s
ani e f""z“c"sé?ﬁﬁ) P ’ (S)= J+1 Cos.e(NH) L
r:;__ ﬁ" 11 o .__,.f__ i TFEL
E"= 7C1‘-20(.:957\"_—_\\:r 4 CP((S)—/K"*_* stn L2
respectively. For the twe lons standing face to face wlth each other

keeping the mutual distance D, the integrals, or better to say, the
suris necessary to calculate the Interaction are

fad N - .
<1 = i} &V (k) L LET
Gpl7lee)= 5 5 9%, 9 50V 508 (5P (e,
where 2=V Se-n i
e
= ’?=::=3============z
7(5“" Ss) jD“)"é‘r:;(S&‘“f&)
and 1, j, k,1=1 or 2; s8,, 8 = =N,....,#N. L means the dlstance between
the two termnnals of the conjugated double-bonds, If N is large,
the sum with respect to 3, and 8, can be approximately replaced by
integraticn with respect to the coordinates x and y, which are the
distances from the middle point of each ion. Then the sums (ij | V| k1)

are lead to the Integrals

1 (7 I i ] 2
(f"’V’”)=f_: [QSV(L?)[?(;{)J[? ?3')} a’zdéf,

Lfa (44 % ; z
aivlaae | [ agliflol (o [ G

=32=
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¢ r2vl12)=C=1|v]>/) |

=& —H2 _
(111 7]22)= (/711 2)=C 2fv]2)=C23fols 1)
/2 L
’2(/2 [ 2 v, p) 0 p bop iy Py,

ez /

Tl pi= s = ),

We call these integrals ,{’ i ﬁ,,, ﬁz and %raapsctlvely. All other integrals
vaniph in virtue of smétry. Unfortunately these integrals ecannct be
expresged by a lmown function, So we have to carry out numerical calcu=
lation, The energy E of the whole aystem 13 glven by

where

ZEO{!"PM“E o 0 i'
' 2}
(? EQ!—%" % PTJ-—E % ‘1/ Q =0
2 p E

L. & 0

The four roots are |
Eﬁ;‘&:ELIE{“ELZ—J*% CPII"'P;;):F[%;'-P{(ECZ# %1)”_ (EUJ"{'*;J)};J /2),

Ez i}
& l=£ “hE®Y p E 9,

The interaction between two iona 1n the ground states are

U =E-2E%4sp+i(Rith,) - [P+ {aE+% (leﬂ‘h)}zjyz “e)

The numerical calculation put forth forAE =0, | and infility. The
régsulta are very similar to those of the niaf)ler nedel ?%.:5;, the
effective length L belng taken as 1/2,8 of the real one,

For a pair of dissimilar lons, the energy levels belng different

for each ions, we have t 3
IoD gach tans, ' o uss the mean walus for A[Fin the resultas

2 E-{zi" Pzz“_g

3

INCREASE OF ATTRACTIVE FORCE BETWEEN OPPOSITE IONS,<e-=w
consideration, when applied to the ion pair with Oppoai;;g ehaa;? ;::(iilar
to an increase of the ordinary Coulombic attraction, If the. two iona
have long conjugated double bonda, for example they awe (I) and(II)
the last result obtained can he applied nn:.g%ia putandig, That is '
t.h]e:| Inveraion of the aign of the potentials (3) takes plé.co, and ;: and
g eaome negative, resulting the lowering of energy on Approach, The
nteraction of the ions in the ground states are given b !

U=E~ (B4 Ef)=g (aB+ 4B )+P ~ /L (agragTrg®  (/8)
and 1s always negative.

-33=
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Table I.
. Table I.
2(AEnt4Ep) 1 K = 0 1 2 o0 Uniform

5 rods
oo 1 0.901 0.8%2 0.550 0.419
0.2 1 D.auz 0.725 0.598 o.g?;
0.5 1 0,796 0.761 o.gah 0.82
1 1 0.86% G.Eﬁg 0. Eu 0.9@%
2 1 0.948 0.9 0.947 0.9
5 1 0.990 0.990 0.990 0.995
10 1 0.958 0.998 0.998 0.99

ruu]nnwnnnr-u{nnwnn-rrnln:wunrrlulnrwlnxr-nlnlwlnrrlH]urwlnlriu|u:wlnrr|n|H|q|nrr|niulwlulr|nln|wlnlrrn|Hijln|rln|n|ql”lrIHIHIW|HIPIH]H[W|H!rl”|HIWIHIVIH[H]WIHIVIH’HIWIHIVIH|HIqIH1rIH|HH
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As an numerical example, we consider the Just parallel position of
the pair of ions, and put Le=Lp= L and =-e 2/L=K, D/L=5, and calculated the
ratio U : {e*/D), the relative magnitude of the attraction taking the cne
between two point charges as the standard. The four cases of (8Ea+ aEw)/2
$ Kere 0, 1, 2 and infinlty were examined and the results are shown in

The last column shows the relatlve attractlve potential between two rods
oppesite and uniformly charged calculated through

“2(44..&" Loadmr o8 )‘

It 1s seen that the interaction energies are always larger than those
between the rods as long as the lons #nd belng squally charged. The
effect 1s larger for shorter dlstances and for smaller &E, the attractive
foree ap roaching to that between two point chrges. Taking L=54, and
then e*/L=2.5 eV, the energies are shown in Fig. 2. The curve for

i = (4‘ma+¢EbJ/2— 1 approsches to the point-charge curve (@E=0) for shorter
distances and to the curve »E~02 for larger distances, as 1ls expected.

As a result the repulsive force appears to vary with the power

larger than two, say, three, of the distance

UC()Q'V) > 2 3 ol

D(A)

10

130 120

FORCES BETWEEN TWQ POLAR MOLECULES ------- The simllar procedure
can be applied to two neutral polar molecules. Again it is presumed
that the charges are concentrated at the both end of the molecule.
Therefore, 1f the dipole moment of the molecule is 4 , and the lengh,
L, then the charges+ke= Nl and -4e=-f{ appear at the both ends of it.
Now we deal with the configuration of Flg.3, which 1s expected to have
the lowest energy.

Only the two lowest states of the molecule are
taken Into account. &4s hitherto it was =so, these
states are supposed to be the products of the
resonance between two component structurses, the
energles being S and F, , the wave functions,

¢ and % , the charges at the ends, *7¢ and zVe
reapectlvely and the Interaction emergy between the
two structures, % .

The energles of a free molecule are determined from

L —

—o—=

o—@
H>—=0
F—%S

jﬁ —E

ot J‘;-—El'“o-

The:,; are i
EV= L(f4 %) - 2§ 4+ ()2 )2
1

L

Ee L (hrt)+ 1 42+ (=1 Y {7

4

corresponding to the ground and the excited atates respectively. The
corresponding wave functions are

I
?ﬂ} il 'f.‘-‘f;) ¢+ {)‘é_’.',;;f;)é?: ,

ta} _L '}‘f =% 'i'
? e ( iR ey ) e
and the dipole moments,

1"“
P r{-z_'_;.)e_,:_ = —;—EE (z-3)eL,

gl
(4o 2 07p

il

M= f(ze3)el + ";—;"L(Z—j)el.,

Let Vi the electrostatic potential between the first molecule in the
i -th state and the second molecule in the j -th state, here i and j
belng 1 or 2. Then

Wy = - 2'e* (
sz=—‘;zz('_"" r—-—")
I”:‘;’V:;=—25€ ("L

D"-!-L‘

=)

55 Y 9 v trsy e #%s)

Y=r 5=
by (15[ V[ k1), we have

Cufjvln)=

(22 |V [22) = Vy otX w212 wit¥ e

(r2)vlie) = (21 )v]a) = Voo Xars +‘gp;“(w9;r+4_¢x)+y Mzu._:x
=35

. £ 2
Denoting e

Vi, maf.fzyim.‘xm.z(-n Uy e ‘x

4”&; “‘¢ x

[
L)

o
o}

=3
[l
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(rt]vlaa)= (221v]1) = (21 VIY)= (12]V2)1)
’(V||—1V;1+V:z) mz—:io;—";-f—

where X 1$ an angle such as

X = ffz“frj/d\

Other (1j|V|kl)'s vanish. For the energy E of the whole system com-
posed of the two molecules we have (12) again, and the roots sxpressed
by (1%3). Now we examine the smalleat root

3 4
§=E”+Em+é(h+hﬁa[?+fﬁiﬁ%§(hrmnfj‘
At & small disbance, such that

(e L2 ) (e By i g

holds, we have

R I~ )

where

Z=£‘(E‘me’§+z§m;.f-X_§’mx .f.;..’-za—/ ]
So U is proportional to 1/D or 1/D according that D4 L or D> L,
At further distances it becomes :

(E"’-r-;‘—')— (E”','*P“ _Eg) >

and we have

A, 2 1
: W= P.-f %A{ (E™y "ZE“J -‘(E“}-i- _:1,)} :
The first term correspende to the interaction of the permanent dipolss
and the second to the van der Waals force. This can be known from
the fact that when DML, the former is proportiomal to the inversed third
power and the latter to the inversed inversed sixth power of the dilstance D.

FORCES BETWEEN NON-POLAR LONG MOLECULES------- It seems to be the
easlest way to have the intermolecular potentials betwesn two non-
polar molecules that we merely put 7= -Z and 4=f. in the results
of the last chepter. That is, to consider & ron-polar molecules to be
a mesomerlc state of thé two, oppositely oriented dipoles with equal
intensities. Generally it 1s not the case, but to the ground state of
such & molecule, the contribution of the non-polar atructurs;
which has the lowest energy of all, 1s the largest. Some structures
with higher energies being polar, however, in virtus of symmetry, make
twins having opposed orlentatilons. Even if we confine ourselves to
the simplest case, we must take. the normal non-polar structure and
the two polar structures of higher energies and of equally' and opposite-
1y polarized, three in all. The former procedure can yet be applied
but 1s more complicated. For instance, we have to deal with equations
of the sixth order. Here we do not go further, but we may say
that such interaction are rather small, owing to the weak interaction
between non-polar structures.

However, even the structurss are non-polar, they may havs
quadratic or higher electric momensts. With these, the non-polar
structures can Interact each otherfjand in some cases this type. of
interaction might be of some importance.

INTERACTION AT VERY SHORT DISTANCES=====w-~ The procedure above
are applicable for moderate and large distance. But, for shorter
distances, the assumption of the concentrated wave functions are not
valid, owing to that the wave functions of yr-electrons begin to overlap.

T

Midﬂu%ﬂﬂlﬂdl 1

140 130 120 110 100 90 80 70 60 50 40 30 20

The limit lles at about 3A. We have to use the correct, spatially
diffuse wave functions for the calculatlons of {(1j{ V fk1). The
sxchange integrala become more important rather than the Coulombic integrals.
At this stage, thers exlst large anlsotropies and selectivities of the
Intermolecular forses. 8) For the sake of eimplecity, we conslder that only
two 2pm electrons 'xlst In a molecule. If the molacule
has g symmetry like ethylesne, we have the two molecular
orbitals, the symmetry being B;. and Bz} restectively.
considering the two elsctrons and their spins, we have the 8_8 g% (A)
states /A5, 384, 'Buand /Ay (excited]}, for the mblecule
a8 & whole.
When a pair of such molecules close together, the
pxcited states affsct the inter@ctlon as steted above. é}__%%
For very short dilatances, the sffect of the triplet states J
becolsg more Important, owlng to that they have a possi-
pility of msking chemical bonds between the two molecules g%_.g
by pairing the spins with sach other, This ls more dis-
tinguishable for the configuration (B) of Plg, l, having Fis &
the possible two 0-d bontls between the molscule. @
These wlll be of gignificant for the chemlcal reasctivity. When the
slectron trangfer from molecule to molecule takes place beaides, ws have
to take the loniec structures ss well ss the neutral cnes into account.

(p)

CONCLUSION==—===m= From the derlvation above, the followlng effects
are to be expescted:

(1 The non-additivity of intermolecular potentials.
(2) The Increment of the second virial coefficient in the pressure
of gaseous state or in the osmotlic pressure of solutlcns.
(3) Deviation from Coulombic law, affecting the theory of electro-
lytes.
(L)
(5)

Bathochromlc effects.

Tendency of asasociatlon of dye ions or molscules.

{(6) Polar moldcules, attracting each other, orientate s6 &s to make
the. energy smallest. As a result, ‘an electronegative atom in & molscule
somes nesr an electropositlve atom of the other molecule, and vice versa.
dur effects help the orientation tendency as well as strengthen the
plectronegativity or the electropositivity respectively. This promotes
the chemical reactivity. The sldelong predominated wave functions of the
T =~electrons may be of advantageous for the reaction.
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Absorption Spectra of Nyes in Solutions

¥. Ooshika
(Kobayasi Institute of Physical Research)

The absorption spec¢ra of dyes in solutions are shifted from
those in vapor and in inert solvents, both in wave-length and in
intensities. These solvent effects are classified as follows,

. 1lelectric effect

solvation effect .

agssoclation (or micelle formation)

electrolytic dissociation equilibrium and salt effect
adsorption

intermolecular resonance

first, the effects on absorption specra of polar solvents are
considered, neglecting the solvation effect, That effect is treateAd
with by the first and second order perturbation theory, and the follow-
ing formula is obtained,

Ac a§
:fm.—._z__[_ﬁ;'_)}rgt‘fg'}é 2=y -
20+ 2 S § o T 2 —ﬂ'i——-—aj
+ 2ﬂ29w)w~%‘)é_jrz GUrlm)' > &A1)
3(zp+ntapD 4 2 €, - € mEe €. - Ee S
(2=t s (i)' - x U it
(zp )"?{ W nte L e
.} . . z {j jgfﬂt)z
za‘;;;;ﬁ;ané‘mj e,..we‘;}
26210 Lol oo o] asm 2

2 &l — &
~ 2 (elplm) () - Sp— " }
™ e En~ E

The first and the second terms are both called the polarization
effect, giving either red shift or blue shift. The third and the
fourth terms, giving always blue shift, are called the induction effect
and the polarization-induction effect, respectively. The last ternm,
which exists also in non-polar solvents and gives red shift, is called
the dispersion effect. The formula sbove can often be much simplified
and is used very conveniently in discussing the light absorption in
polar solvents. It has been used fo explain Brooker's results and
other various effects on the light absorption of merocyanines, suc—
cegafully.

The treatment without using the perturbation theory is now being
develqped.

In the formula above, @5 is the increase of the wave number of
the absorption maximum, D and n are the dielectric constant and the
refractive index of solvent, a is the radius of the cavity in which
a dye molecule exists, € 's and E's are the energy of various states
of dye molecule and solvent molecule, respectively, and % are the
matrieg elements of dipole moment of Aye moleculs.
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Theory of Collision between simple Holecules

Dl. and its Applications to some Phenomena in Gases

K.Taksyanagi
(Department of Physics, Saitama University)

Most calculations for the elastic molecular collisions are usually done by
employing the rigid sphere modsl or lennard-Jomes model or other spherically sym-
metrical potential fields while the calculatioms of the probabilities of vibrational
or rotatlonal traiiitiana have been made for the special orlentations of the twe col-
liding molecules.

Ths object of our present study is to treat the collision processes between non-
spherical molecules in the three-dimensional space. = For the present, we shall con-
fine ourselves to the cases of gollision between two diatomic molecules. The col-
lision between a diatomic molecule and a monatomic one may be treated in exactly the
same way, while the tristomic molecules will bring some troublesomeness into the
practieal caleulationa.

1

The internal wave function of a free dlatomic molecule has the following form
(See Fig.l.; Atomic units are used throughout this ncte.)

_i{ C"“n(%) Yo €6, %) (1) R(RFE) 5
& @)
unere 2 satisfies the equation of the form etk
{,g% - &;l_ZMTquw;lp:@:oj (2 Fig.l

and Yew. &re the usual spherical harmonics. The electronic wave function does not
appear explicitly in this note, Then we may expand the wave function of the two
mole ale system in the center-of-gravity system as follows

jPmmy

N o= 7 —'K: F o s, Vi 0 e,ié)’%‘l +,:‘Li.) Yn‘m,t&@i)'%':bf:ci;) Yoo 8:2) (3)

By substituting this expansion into the Schrédinger equation, we have for the func-
tions f(R) the follewing set of equaticns :

ES
w e

Here ol stands for a set (j SV, T, Tay & ,m, 22 ,ma) and

J+1) (4)

I

+ f‘e:) fum = :Z. GIV;\ &) £, ()

ATl = (a0 s0de Y wary, (0 2) ¢ &) +:;r$,)a% , g&fﬁ%a 1’.2{%2 1%, x

Sg Pl Béﬂ,dﬂ\(p‘:ﬁ&‘ﬂ}mm{wm ) “.M;-&dlald?,‘(,li(m‘& Wog, (68T, | &

?12 is the intermolecular force potential.

Alternatively, we may employ the represemtation in which the total angular
momentum quantum mumber J, ¥ (these are always good quantum numbers) have definite
valuea. The nuclear spin, if exists, does not couple stromgly with the orbital
angular momenta and , therefore, we may safely omit this from g and p, Thus

by using

-39-

HIVIH‘HI
=t = =

'WHFTHIWHlHHlHﬂ]

(3]
(=)

=}
[l

-]
pae ]

20
=l

e
L

=
=

—
]
=

s
B2
=

=
Pl
=

1

ey
o

Vsl bl sisilisncbinailis

iHIPHIPIHPiH‘HIWHIWIHWIHIV”I“!HIHH|HIWHIWTHTPHIFHTFUWTHWNTWWT[

[|||||||||‘|11||||||‘|'|"f|'||u|
& 8 32T 5 E

||I|||II||||I|I|U|I

[
i
[}

WIH]HIWIHI“IH'HIW]HE

[
=
o}

220

IIHIIIII|I|HIIIII||||IJ.IJII[IIII|I|HIUII[IIIIIIJIIIII|[||||11IIII|||H|II||||“|f[l|ll||l|[||l|’[|||||||ll]

IIIi]'lI



400
;l_u_‘_uu |

390 380

JJJJ.I_II.I_ILL‘._I.!LJ |

[

37

4] 360 350 340 330
1 Y T R, T L e v e

x[r..‘]..ulqun..!uu||nu|uu[;|||I||||||r|||||||||||||1|u|||||||u|||||||nn|||r||||J||nu||||||:n|||;;||rr||[nll[n|||11||I||11!|r||||u|||||:||”l|||11]||||||11|[[n||J||!I|r|1|lll|||||||I|rl[||||!|[[[|I1II|I|l|1|l[|||IIJIIIII||III|I|IIl1||||I|H1IIH|I]H[III||I||[[l||]]HIIEIII1]HH|I1II

IHI|1III[IIII|JIII[HII]IIII|IH]|IIII|HII[HII|

320 310 300 280 280 270 260 250 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 G0 80 70 60 50 40 30 20 10 0
I,L!II|_I]IIII’||||||l_II_|II|_||!IJ_I_|J_LU,|J.J.UJ ||[IIIIlIIH[IIIilIII||||J|‘IIII.|IIH|III[IIIII|IIII|IIII|IIII|IiIE[IIilllllI‘iIII|IIII‘IIII|HII‘||H|||]|||||||HJ||LUJIHII|IIII|II|I‘HI]IIIII‘IIII[IIII‘!IIE|IIII|IIII|H!I|IIII|I]II[IIII|IIII‘II|||Hl|‘Hiiliill‘lllllllll II[I|IIII||[lI|II|||H-II|IIiI|IIII|IIII‘lHI‘IIIlt
LUt HERREL T = = 0
7 E—10
we must employ 20
; ok
T = ik ks *) Jz ES Wy W) guaua.) P(R)% SN (¥2) EN W) P(—=
jubl m%.l AJ’*“""“‘ [Hp——— .ij[@‘i) \];‘,iino.tp,)‘(mw%(szlg_) (6) ! i ®) ] (14) 4
instead of = L Say G5 16) 25 06 St 10 & LR R) + B (—®)]
nstead o |
i [ 50005 )% 50w 5,00 ] + [eR—~ @-R)] i
Yj»mq”-) Yo, %) Moum, (8:2:) (7) :
. where %«u}nems the internal wave ?.mct:l.m ?:E a:d n?];culalf(;bbreﬁa:im of th;hzrodnct
ven 1 and F; X stand for (m.,2 ,m 2 reppectively. upper
as the bases in the expansion of the wave function, we have gjf thabia‘l(xhis)ad.gn c;rrespmdq to the Bose stetistios and 1;}1?- 10&::- :;e t.%-; Fer:iti s::; =g
| tistica. In the however, we shall cenfine ourselves %o se & dcs
2 = 2{2 ‘IR- FE'UZ) _%"‘ ‘#’:l"%-i)_'l%' “hf-if.)\f ,j:; L (8) | enly., The treatment for ‘bl:e Fermi ;t.ntittica can be cbtained similarly.
E o & 1Rk Lat
= L 60
a4 30340 2 : % i = (%u‘(x.)g,. L)+ 2;N ul)gﬂzl-"lj) = HiEN,
3 Gis 5 00 ) A =2, camal ) Reo) & i : L as)
Z :; = Ea k{3 t";ﬁ‘(lz) G oy — 0
LU \ ; 1 b 7
B= (3,08 m,m 5,8 8,0 =
% d | then the wave funetion of the 4wo molecule system may be written as follows :
md  (PiWaip’) =0  for / . . L g
I L3 A % (Tha) _ | A 3 g CF:M, (R) + :ZN s Bul®), (16) E g
The cross sections of any collision processes depend rather sensitively on the i g = =
i E:ermlecular potential function smpln?yad. Bot the thecretical calculation of the | where ﬁ’+ and ¢ mean the functions which ares symmetric and abbisymmetric for the sub- E
f ermolecular force potential is so difficult in practics that few calc s | stitution R-> —R respectivaly. Inserting this expression into the Schrédinger
i for diatomic molecules have baan done previcusly except for H,-H forceu%?ﬂg? We 2 he followin t- o wauatitng =
| must use, therefors, the semi-empirical force potential In lz.nyzcaae the depen RESLESeY W NS 3 e e e 5:,:_
dence of the ential fundti o 2 N + - = X
the form (m"?;‘g.z.) A8 o, the mlovuliy ortenlu-ionk may Do expressed in (&+ Byt) Fra (R) = 2M s CZun 1V | 20 ) Puins (R) -
I e - H
i . -~ e o rRY
Vi = Zf Ve 5.5,R) Faleo) Bylewx ) B W) (10) |' *aM “E‘:_": (Zugwad V1 20i) Prm; € - E_
df » ' = - o L& Iy =
- -2 i 0 (R) =
where P (X) are the well-imown Legendre polynomials, Then by the addition theo- et %“'“")CP i) NN (Zwaia \V) Zoins ) Tt = 110
rem > % =
| . 2 wam Z, (Zamd V| Zaid) 0 -
Bl X) = :TE‘ = Y;Em.é)nr[q 2 o (11) " . - LR =120
) L e : o® o At where V and 'V are the parts of the potential ‘éli which are symmetric and anti- =
: = ! tively for the exchange of X, an . ==
we can easlly calelilate the matrix elements of x | symestric respect 2 -
funtion withthe eld of the numerical L e | Rl friim SN OF expamiinL b TeRLoNe =130
coefficientss | Pty (R) = & ZP Gjuy? {aiw (/R ‘ Yipl@d) 5y =8
Cheelw, e ) T i ¢ =
W, R " i : =
(12) W= T Z G [ gl /r § Yoo =— 140
(¥ ' e =
= SEY;AB@) v ©P) Y, (o%) Ak First, we shall consider the elastic collision and neglect the non-diagonal =
- i A L BdBd =
M—M) g g o 7. Fig. 2 elements of potential. For Ny= N, we have 2 = & .,f cpnl';' E—150
and ; =
+ + =
i €A™ R Pamy = M0 Do 1 B Py (21) E
¥) A's aré the wall-known coefficients of unitary transformetion,?’ E
thme the erbital engular momentum j 1s restricted to the even integer., For N1+ ll2 —
2 the total wave function bscomes = 5
(228) A

For the collision between the identical molecules,

we mst use
gymmetrized wave function. Sha prorerly

Thus, instead of

&, 05,00 PIR) {13)

==

P = ZN|N: :Prq:. * ZNI;‘- tF'N.r‘l:.

and the set of equation become

%
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2 Lo e + A = =
(A Ren) Bty = 2M (R I Zol > B, + 2M (Zur VT 1 2, ) B, |

T S
+ = s =t e =
8+ Ry Y20, = 2M (Zum V') Zwa) Py T 2M (Zagg [V 1‘2*,.ml)?:.ug , e

. For the homomuclear diatomic mole aules these equations are separated as
a B *

(A4 Baly) P = 2M ] OO TINNL) NN T N }Ep,.,,';

) (23)

9 s = 27
(Av Run,) Fuge = 2M {(u,N;,W"q Wity) — CHeia) V7 Mt 1[ Pum,
It must be noted that the exchange A i
; potential (™t \W'\ NaN| ) appears in this cas

l:itich g,ces not appear in thé unsymmetryzed treatment. Therefore, the two identi:al .
ne :ﬁu es belonging te the different internal states must not be treated as dissimilar,
e e o:lt'::;' hand, para-hydrogen and ortho-hydrogen can be trested as dissimilar be-
i a::iél " a:i m;clea.r ?ﬁfy a.r? different from each other which maltes the exchange
; sh practic « (If the resultant nuclear
include this degree of freedom in N,,) [ veens o

Next we shell consider the inelastic collision.

7 ! Here again we shall as
V=0 for simplicity, and compare the two processes = e

N+ W) = o+ (W) (24p)
W) + W) 2 o) + (H2)
: (253)

In the unsymmetrized theory, the cross sections of the
; se cesses will -
ticnal to the following square of matrix elements s b

Quaay | (MM

26
Quasey ~ | Ol 7NN |z o
and Qg P Qup,yin the flrst approximation.s
According to the Bose statistics, on the other hand, we have
& + 2
Qaaa) ~ | (Zup |V I‘ZM:IJ'I = 2| Cuttaly ey |
(28)

R z i
Qasn™ | (Zue\WieD| o | Onaiginen)]

and in the first spproximation @ase 2Q@ase) ,  In the unsymmetrized treat-
ment of (244), we must take into account the possibility that either molecule may
zu.t‘f}a)r the transition. Thus the effective cross section of inelastic collisien
Bg obtained from the above value by multiplying 2. It is not the case in the

se statistics, beceuse the only one final state Z%.w, is permissille for this
case. As a result, approximate relation @puuay™2 Quenis valid for both unsym-
xpemxed theory and the symmetmwized treatment. Furthermore, the collizion num-
ber in gas phase is reduced to half for the identical pair of molecules. Thus the
reaction rates of (244) and (254) are approximately the same. From the principie
of detailed balance, this equality must hold for the inverse processes (24B) and

(25B) too. It can be confirmed easily, For the unsymmetrized theory we have
Qe | O NAT N 1
: (29)
Qrasey ~ | 0L TN [
and in the first spproximation Qigyy 2 Qs -
~42=
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In the symietrized treatment, on the other hand, we have
Quapy ~ L+ L Zahy P = [owvtinag 1 -
0

* 2
Quspy ~ | Zud W1 Ziid) U2 Lon 9 W) [

where the factor % corresponds to the fact that only the partial waves with even
orbital angular momentuwn j can be combined with the finel state. Thus we have

Quaby & @ asny as required.st

%)For instance, we shall consider the problem by neglecting the vibrational degrees of

of freedom. Then, from the simple consideration, we can get the fellowing relation
for the coefficients in the expression (10} of the intermolecular potential :
o ot
sy B=%, B = =) P sy =30 R) (18)
In this case, therefore, it is obvious that
+ o + =
T T T, W =l 4 Vo R i (19)

For the homonuclear distomic molecules, V- vanishes, even if we tske the vibrational
degrees of freedom intc account.

%) Here and in the following, the equality °Z corresponds to the approximate form of
the potential function :
Crina | T Mate) & o B0, Hs) §0Na,Ne)
s b BN MDY (Nl T & rI P PR A CHE PO

###) On these effects of the statisticg 31.\:' previous considerations have been mistaken,
in which we concluded Q. ..\~% Q@:}je .

(=7

3

We have investigated the H,~H_ ocollisions &t low energies.+ This is a typical
elastic collision between zmn—sgha?ical molecules bocause both the rotational and
the vibrational grausition probabilities are extremely small far this case. On the
other hand, owing to the small mass of this molecule, the quantum effects are rather
large., Furthermore, the recent meaSurement on the difference in viscosity T
various concentration ratios of para- and ortho-hydrogen by Becker and Stehl?) aroused
our imterest on this celliston problem.

Historioally speaking, Halpern and Gwathmey'D) predicted such variation of vis-
cosity by making use of the rigid sphere model 11 But the use of the rigid sphere
model is inadequate to estimate the small effects such as viscosity varlation we are
considering. $n fact, the predicted veriation of viscosity in hydrogen given by
Halpern and Gwathmey is the opposite #ense from the observed variation and about
ten times larger in absolute value. This rather large discrepancy can be avoided
by replacing the rigid sphere model with a little more likely potential field, as
you will see in the following. Moreover, they considered that the twe molecule
, for example two para-hydrogen molecules characterized by different rotational
quentum mumbers are regarded as distinet. Hut it is not true, because such pair
of molecules obey partly Bose statistics and partly Fermi statlstics. (See (224).)

Now Bécker and Stehl anslyzed their observed data to get the difference in the
cross sections effective to the visco@ity, i.e. to obtain

AQ) . Sgecm B Ll o («&@') s i
@ Jeo Qpp e Bpp P...para

seperately. Thus we may fix our attention,for & while,to the comparison of para-para
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and para-ortho cross sections only. Then omitting the trivial suffixes nl(a-'- 0),
n,(=0), 2,(=0), L(=2) from the equation (9) we have

2_ 11 2 ‘.ﬂ .
i (e ~ Gt R FL (0 = (rrinimar)Fiim OV
Because of low temperatures, the para-H, is practically in the sté;t.e =0, and
ortho-H, is in the state = 1. Mtﬁermre, we have assumed that the orbital
angular momentum J will be a good quantum number at low energy collisions between
light molecules. Remembering that the incident wave has the asymptotic form

Camiaj+n]% ;@ ;

= L (RR— L 1) T 37 (32)

; ;
Yeul(6:2) e e ;i'- A
-7

we look for the solution of (31) which vanishes at the origin and which is normalized

agymptotically as

il o~ g e (RR =L +S5) (33)
Then the asymptotic form of the total wave function is
: (ER o @b fy=
"‘Il“ﬂ-— B ES -—%— GQMIQ.Q.E-?) {34)
where A i s
2 e A g T
o =3 2 5 4l Cweientt LT YR
which gives the total cross section
‘0 . \t S
Q. =% Z.Z Gitn () B4 5550 (35)

The cross section which is effective to the viscosity can be obtained easily, but
this has not so simple form. L
A3 the intermolecular potentiel we have adopted the following expregsion

Via= [20 + 16 (com®+ cesx)] s Dotz (et (36)

which is rgthaﬁ?lose to the theoretical pa-ed:lctimaa)“' and also to the semi-
empirical one. But a recent report by Evett and Margenau states that the
interaction between the permaneni quadrupoles can not be neglected. If it is
true, our assumption on the potential is a poor approximation. In any case,

the matrix elements of the potential (36) can be obtained essily and the sffactive
potential for the para-para c¢llision is found to be

—2f
Twu ——q-g-e _i%-lTag (37)

and that for the pars-orthe collision is .

TR e TN
o © PP ( \E L 156 RS ) H (38)
3 5/(=—j+ 3) for T= j4|
TS S 3
G+ /ea)o) 3= (39)

For these potentlals we have caelculated the phase shifts 3; by maling use of the
W.K,B. approximation (for larger phese shifts) and Born approximation (for smallar
phase shifts and some phase shifis have been estimated by interpolation from
others. (Fig.3 illustrates the phese shifts for V,_ )
~ In the following, we shall enumerate the variflis effects which seem to con-
:.ri‘ibutet?o the observed variation of the viscosity with the para-ortho concentra-
on ratio,

0
lltlII‘]JIIlII|I.‘J.III[IHIJ_IJJIJ.U_LLllIIIllIIllllHlIII1]IIH|IIII|IIIillHI‘HIIlHEI‘I|II|HII‘HIE[IIII|IIII|IIII|I|JJIIIII|IFII|HI1[HII|IIII‘IH][E[II‘II]I|iIII|IIH|IIII|IIII|IIII|lIIJ]!IIt‘IIH]IHI‘II]IlIIII‘IIiI[EIII

(1) Symmetry Effect:
This is the effect of the 3
Bose statistics, and is
divided intd three partial
effects.

I'-'ra_ 3

Quis,

{1.,a) For para-ortho col-
lisions, the phase shifts

of all j contribute to the 8

cross gegblon, while for 3

para~para collisions, only l

the phase shifts with even B

Jj are employed. The re- -

sulting cross sections are :

illnstrated in Fig.4. q

The fluctuation behavicur o o5 . x&'ﬁ!—
of para-para collision cross o

section is the most impor- \s—

tant departure from that of . 1 o 3 3 ;

the rigid sphere model. s TN

Clearly such a flucudtion

is sn effectt of the positive

part of the phase shifts (see Fig.3) which comes from the van der Waals fomegpotential.
It must be noted, further, that para-para and pera-ortho cross sections become practically
egual when averaged over the Maxwellian velocity distribution. Since we have used the
approximatieri method to campute the phasé shifts, the remaining small difference after
this averaging can't be estimated quantitatiwely.

{1.b) The presence of H, molecule must be taken into account at low temperatures.

We may consider the mrdragé.‘n gas as a mixed gas consisting of H, and H,. The state

of H, with j==0 is ptable. The state with j=1 is virtual fof our pitential (37)
wh:l.cﬁ, however, is very close to zerd emergy and is practically stable, being surrocunded
by a thick potential harrier (due to the centrifugal force). Thus, for para-ortho pair
there exist two possibile states of H, (one of which iz degenerate) while for para-para
pair, there exists only one state, ch mskes the concentratlion of H, vary with the
para-ortho concentration ratic.  Such effect may contribute to the viscosity variation.
It must be no that the concemtration of H, varies with temperature nearly in propor-
tion to (kT)™ which ig exactly in the.sam‘é way as the change of (dq/q)up, though

{ A9/Q)_. changes more slowly. :

(1.e) According to the quantum hydrodynemics, we must replace the classical Boltz-
mann equetion for the transport phenomena ty the Ushling-Uhlenbeck equetion, which
gives to the effective cross sections of various processes some correstion factors.
These effects (1.b) and (l.e) 3

are pressure-dependsnt. X |-

(?) Rotational Effect:

(2.8) In the different rota- 1.

tional states we have ferent

effective potentials, because the

interaction potentiel field is

non-spherical. In owr present

cage, the difference is due to

the term containing V;J in the |y J}

equation (38). But “after

averaging over the possible J

values for sach j, the differen-

ce between pars-para and para=-

ortho cross sections becomes

very small since the average of

the potential V.° itself with

proper weight vlnishea identi- 3 h

cally., In this way this effect

45=
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is of the second order and is confirmed by direct calculation o be teo small to explain
the experimental variation of wviscosity.
(2.b) Intermolecular force potential changes from one rotational state to another,
as a result of the elongation of the intermuclear distance.
At pregent, we have no final explanstion for the observed evidence.

a

*) This work has besn done by Mr. Ohno and '!:I.ha present lecturer.

4

The inelastic collisiona at room temperatures may be trested by the method of dis-
torted wave. The calculations are not easy, howsver, becsuse wa have o determine a
very large number of distoried waves and to calculate the matrix elements of potentisl
function sandwitched by these distorted waves. It ias, therefore, desirable to employ
‘some approximation method of caleoulating the matrix elements. In tﬁ? place we mush
note that, the S-wave solutions were already obtained for exponemtial and Morse po-
tentiall4) fields, What is hard to treat is the centrifugel force, On the other
hand the main contribution to the trensition matrix elements comes from a finite re-
gion' around the classical turning peint (say, R=R,) for that collisien. Thus we may
z-c(mgf,y);oplass the pobential j(j + 1)/2R< by ite suitable average: value, e.g.
3G +1)/2am 2. ; :

Using this method with some further simplifications, we have calculated the pro=
bability of the rotational transitions of para-] gas for 2009K and 300°K, and
the vibrational transition probability of 0,-He collision for room temperature,

_ The results were compared with the experimefital data derived from the nltrasm;” 8%?5

persion in these gases and reasonable agreements were obtained for both cases.
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D2 Pressure induced Absorption

J. de Boer

{Universiteit vas Amsterdem)
¥

Pressure induced absorption has been found recently as a new effect in the absorp-
tion spectrum of gasés and liquids resulting from the molecular interaction,

When a system of moleculesel is compressed the aPsorption coefficient 4, correspond-
ing to a definite density n, and temperature T can be developed as:

Alw; T, my) = a,,m)/n.d + G.;d)'n.‘,‘ e {1y

Here a) 1s the absorptioncesfficient of the isolated molseules,including natural line-
width and Doppler broadening. The second term ap accounts for several effects:

1) "pressure broadening" i.e. collision broagening, rescnance broadening and other
effects of the intermolecular interaction in & frequency region, where absorption occurs
in the isclated molecules. ;

2) "pressure induced absorption® i.e, absorption in a frequency region, where &
forbidden transition occurs for the isolated molecules. These forbidden transitions mey
forbidden electronic transitions, inactive rotational transitions or inactive vibratlo-
nal bands, as for instance the optically inactive vibration bands in Hz, Op and Np for
which pressure induced absorption has been observed by Herzberg (1949} and Crawford,
Welsh_and Locke (1949),

when a gas of molecules is compressed with & foreign gas /5 one may write:
r&’

I3 ol 2 P fd B
P o) ! %F) s Q,{‘}%’( +z, ﬁu%ﬂ-f— Qa Moy + O, %)a * 24, &"mﬁ(Q)
i T
where azm”lb: can be neglected in general and where one is particularly interested in
the mixing termay®f ., This accounts for:

1) pressure broadoning due to foreign gas in an absorpticnregion of molecules of
caused by the Interaction of the molecules @ This effect has been extensively
studied for electroniec transitions in the alkali atoms. ;

2) induced precsure absorption due to foreign gas in a frequency region in which .
no absoprtion occurs for bhe molecules of . This effect has been studied extemsively
By Crawfoed, Welsh, Macdonald and Locke(1950) observing the inactive vibration band
induced by compressed He, A and N, and by Welsh, Pashler and Dunn (1951) in the case of
methane vibratiooband.

In both cases the general expression for the total absorption coeflicient 52“‘]
resp.a,®f’ , integrated over the absorptionline considered is:

(3)

Here g(r) is the distribution fucntion of pairs dd , resp. 4@ which in first approxi-
mation is given by exp- %¢7) /kT, & is the frequency in the centre of gravity of the
absorption and the summation ls carried out over initial and final states contributing
to the same absorptionline, f being a weighting factor. The dipole moment P(r) for
the system of two melecules on a distance r is calculated in three successive steps:
1) The instantaneous dipolemoment .

The instantanecus dipolemoment of the system of two molecules o, for a
given nuclear configuration g , «, r (g=gq, , qp=vibrational coordinates; cv= wy,ws=
orientational coordinates; r = distance of centres of gravity) is given by:

dtal)  2me | 5 ; — 5 e
@; e xc“’—;‘% ﬁvfj‘rr)!l,u,.f ()| vy

}L(;,w;ﬂ=j|1tf,- quw T piprdp (%)

where the averaging is made over the electronic coordinates p (for simplici.t.y the cese

of no electronic transition is considered), This dipole moment results from twe effects:
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rotational quantummumberrs (j= J, M for a diatomic mélecule), one obtains finally for

the dipolemoment i (r) which must be substituted in (3): Kranendonk, Bird (1951) Physica 17, 953, 968

* . i
Meger) = f ):,-; (w) pMog (w; 7 Y;-;- (w) o &) @ Welsh, Pashler and Dunn (1951)
Again, before substituting M (w; ¥) we develop in spherical harmonics:
- —
(w; = 5 - .
K (@iy) ﬁ Diige V) Yyu (wa) “J}p(aof,) (8)
Substitutien in (7) then gives:

- 263 Zu Lo A >< > ; ! 5,
iy ) = ¢ 2 1 : iy
B Julp Jas 19ulJue?<Tpsdp 1 3 pi2 DJ.:J,- (v) s
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S T B | = =
: = 10—
i Y
=
a) The atomic distortioneffect: resulting from the overlap of the wavefunctions, = =
®hich has been evaluated in detail by Yan Kranendopk and Bird (1951) for the system - = 30
Hg-Hz; Dp- D3; Hp=He and Dy-He. 2 " AL O s -2 =
b) Tﬁ's gpolé gzz- quadrupt?]z_e distortioneffect, resulting from the mutusl polarisations Integrated absm',p\‘jlcm ?osfﬁCients in 10" *cn"lsec (mol/cm3) for = "=
resulting from dipole moments or gquadrupcde moments in ome or hoth of the molecules of the 0 - I vibrationband of Hp or Dy at 300°E. =
and @ . When for instance both molecules have a quadrupolé moment (Hp-Np) one must ' B ip—
distinguish still two contributions: : ) DoeHe =
bl) the dipolemoment o @, f(w,)/r4 induced by the perturbing molecule & in the radiat- Eranch: Ha=Ha Da-Dy Hy-He 2 = B
ing molecule of , considered by Mizushima (1949) : 5 = =
b2) the dipole moment oy@, ¥ (a)/r% induced by the radiating molecule ot in the ) = =
perturbind molecule 3 , added by yan Kranendenk and Bird (1951) 0(3) 0.11 .07 0.01 % 63 = =
It will be seen in (II) that because the pair o , # has to be considered as ons 0(2) ' 0.12 0.19 0.01 . ol =
gystem during the ¢ollision, that also b2) contributes to the bressure induced absorp- =
tion. j Q 3.35 1.49 2.80 1.44 B i 2
II) Integration over vibrational coordinates: g =
When @;(q) and Qp(q) are the vibrational wavefunctions of initial and final state 5(0} 0.7% . 0,50 0.12 0-3 =i g
of the vibration rotaion band considered, one obtains: ' s(1) . 2.36 0.35 0.37 0.05 =
s(2) 0.38 0.59 g.g;: g.gg = gy
cElwsT) = 5 i AT | d 5 s 0.28 017 . . =
Haf f@’c (8 2p) s B 1) Qo gy £p) d gy ip 2 (5) S((g; e o i 0,02 = =
; Total theor: 7.36 3.50 3.42 T.47 = =
Before introducing the instantenious dipolemoment one must develop: Total exp.: 10, 744 S &) —
' 5 F A s =
(g, 8o, Wi V)= Hgeo +[2E )0 1(2 sy =
a1 [ 2 {63,‘}‘,5“0 {ag" )f’u 2, 1-2"(33:)!“?;_ (6) = ”
It is easily seen that for a vibrational transition dﬂ&fi ! the intensity is deter- b 1 Nature 16 170 =
mined by (3M/a¢, ),_, ,for a transition av=z2zby (4 /a3 ),_,, etc. Thus the Herzberg (19L9) ? —
instantaneous dipoimiment iteelf is only determining the intensity” in pure rotational Crawford, Welsh and Locke (1549) Phys. Rev. 75, 1607; 1§,580 = 100 —=
transitions, but for'vibrational transitions the derivatives with respect.to q_, are =
of importance. e . Crawford, Welsh, Macdonald and Locke (1950) Phys. Rev. 8g, =
III) Interaction over rotetional coordinates: ; : 569 E
When Yj (w] i@ sympolically the rotational eigenfunction, corresponding to the Mizushime (1949) Phys. Rev. 76, 1268 =

where <Iglilje> = Sy ew) ) Yy w) o w
related to Racah coefficients. .

When the molecules are homonuclear molecules, sll coefficlents D with odd values
of J are zero, This has the effect that for this case the selection rule for J must
bet AJ = Jp - J, =0, % 2, etc, as has actually been observed.

Humerical results.

umerical calculatiohs have been carried out in Amsterdam by wan Kranendonk and
Bird (1951) for the case of hydrogen and deuterium, where pressure induced absorption
has been observed due to high pressure and dume to high pressure of a foreign gas
helium. The results of the total absorption in the different branches observed in the
pressure induced O ~»1 vibration band are collected in the table:

are numerical coefficients

g

=48= | . —49-
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d1 Theory of Intermolecular Potential and Second Virial Mén e ipaikio L SRAK U5 b mstale 1n 1iky N oesseadaonesheiont 28 ="
. T : s given by ! e
: Coefficient of Hydrogen at Low Temperature e )1 5 Bﬁj at Leth | qu_" ( o )zB (as) 2t 1 t:as) = a0 =
B-—(Eﬁ 9 Pu T gwir 2% * ey Poe Tlen /P ThrTyr T = =2
Masataka Mizushima where By '; is the second virlal coefficient corresponding to the colligion of J=1i E W0 _E
: =3’ 5tate moleculed. : = =
{Department of Physics, Duke University) . e J&gc::h: ':m:icu caleulation is very lsborious we limited our calculation to = 5=
and the case of $=0, that is, B=Bp o. The mmerical values of Ey o thus obtained are = :
. shown in the following table and figure. ; = o =
Kimico Chno and Akiko Ohno 7°K) 5 10 15 20 20.41 25 25.25 E_ _f
(Department of Physics, University of Tokyo) g?]’vo{i"gf(‘!}hy ako?)) =696 =355 2 ﬁg :1]'}"51 : = o z
: ) ~240, ~176. = T
At low temperatures, the second virial coefficient must be calculated quantum- Bogp/N (4%) (pure para)’ ] 3 o = _=
mechanically and thecries are presented by various authors in the case of the central < = =
feroe. o b 5 P & T = 70—
We have tried to extend the quantum-mechanical calculation to Ha which has the ! TOO = g z
internal degrees of freedom, taking into account the dependence of tfe intermclecular ' o il
potential on the relative orientation of the molecules. i = =
The repulsive short range intermolecular potential is assumed to be expressible -i0ar — 8y —
as a sum of interatomic repulsive potentials Aexp(-£/p ) where § is the interatomic = = =
distance and 4 and are parameters, The attractive long range intermolecular = s
potential ls obtainéd by the second order perturbation calculation using dipole-dipole =200F = o
interaction as the perturbation. : — o0 —
We assume that the rotational guantum numbers (J, HJ)- of each molecule are good — z
quantum numbers throughout collision at low temperatures, where M is the magnetic = =+ =
quantun number relative to the intermolecular axis. Then we canYcaleulate the 3 — =
matrix elements of the potemtial, namely the effective potentials for the translationsl =
motion, by averaging the potential with rotational wave functions of two colliding = z
molecules. As the intermolecular potential depends on the relative orientation of E =
the two molecules as well as diktance between them, the resulting matrix elements = =
depend on the rotational quantum nwmbers. Thus it is polnted out that the second “ = 110_;
virial cosfficient of mwsual hydrogen and pure para-hydrogen must be different from L =
each other, evén if there were no statistical effech. ~500 =
At temperatures below @ZQVSUOK, ogen molecules may bé regarded as being in the lED—:
ground vibrational state ({,=6100°K) and in the ground or first excited rotational i aglE L
state according as they belong to pss; or ortho hydrogen (@,=85.3%). - 6005 — Calaulated value inthis paper Sci
At temperatures higher than 150°K, guantum effects are not so. important that , 2) =
we can determine valtes of the parameters involved in the potentials so as to fi & Calculated value byh;yako 130 —
the second virial éoefficients calculsted ly the semi-quantum-mechanical ) ; 55 :
to the experimental values in this tempsrature range (250% > T> 150°K). =Toar- x  Experimenial value —
In region T< 25°K, the quantum effects being very large, we must solve the ! =
Schroedinger wave equation for radial wave functions, Using those effective poten- 0 140 —
tials, we obtain phase shifts ™) (k). In terms of them the virial coefficients for —g00 =
Boseé-Einstein statistics (BS’) and Fermi-Dirac statistics (B¢®®) are expressed as [.l Bl (A —=
follows : _ e 150 =
(s} N h* 3 o=
B =B, uti=¢ven) + Byie G =tuen)— ¥ (£ V2 E
B"» ] ) duse ) 16 (‘Jtm}ﬂ") These values are somewhat larger than the experimental walue for pure para =
B(as) Fgr Sl N B Y& hydrogen. This mey be due to the fact that we conld not fix uniquely the wvalus of E—180—
= PBria (j=m)+8m(3=add)+m(iﬁ-;.) parameters of intermolecular potential. :
= W 3z 2 ﬁ - - ; : _E
u=-N -—-—-} {_.._, (BRYS Gy n-(R)dR —7 (2'-H)} 1) A. Buckinghem and J. Corner, Proc. Roy. Sec. A 189 (1947), 118. 170—
B, o e e | A 2) B Miyako, Proc. Physico-Math, Soc. of Jepam, 2%, 852 (1342). E
B N( K )3"321(2 Bt 3) K. Schaefer, Zelts. f. Phye. Chem. B 36, (1937}, €5. =
= - e — - ! - v :
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Studies of Microwave Molecular Spectra in Japen

K. Shimoda
(Department of Physlcs, University of Tokyo}

The experimental studies of free molecules by the microwave method are not so
much performed in Japan as in other countries because of difficuliies in obtaining
microwave generators of short wavelength.

At the Tokyo University of Edmcation, S.Kojima and others are investigating
the microwave spectra of molecules at the freguency of several kilomegacyles.

The result on bromoform was already reported. They are now inwvestigating phos-
phoryl chrolide and thioc-phosphoryl ¢hrolide. The preliminary results are given
in part I with the theoretical spectra of these molecules in the ground vibrational
state caloulated by T.Itoh, Concerning to this, the rotational spectrum of XYZ.-
type molecule including isotopic species of Z was theoretlically treated by T._Itog
and M.Mizushima, which is given in part II.

At Kyoto University, I.Takahashi, A.Okaya and others observed some of the
millimeter spectra of carbonyl-gnlfide and formaldehyde, and they are also trying
to observe the microwave spectrum of SH radical ,(Part ITI)

At University of Toleyo, we have measured the microwave spectra of ammonia
(part IV) and methylemine (part V). Besides, at the Institute of Scientific
Heasurement in Tohoku University and at Toyema University microwave spectroscopes
are under corstruction.

I. HMicrowave Spectra of OPCl, and srclj in the Reglon
from 7.5 to 12 cent: s

8. Eojima, T. Touksds and S. Hagiwara
(Depertment of Physics, Tokyo University of Education)

The hyperfine structures of ﬂtational trangition J = 0-—+1 of CHBr, mole-
cules were studied by us in 1951, These spectra covered the region frin 2400
o 2660 Mc/s. Now we have observed the spectra of 8PCl, in the region from 2590
to 2790 Me/m. and of OPCl, in the region from 3910 to 4080 Me/s.
The apparatus used véu‘ a cavity spectrometer with a crystal videcreceiver.
At the study for CHBr, the method of sbsorption cell had boen a.g?pted and the pre-
liminary experiment 5PCl, was carried out with this method, The reasons
for the use of the cavity wePe the magnification of the semsitivity and the eli-
mination of the spurious effect by the dielectric conatant of gas. Two cylindri-
cal cavities were prepared. The cavity used for the study on SPCl. was 16 em in
diameter and 60 cm in length and had the figure of merit Q of abomt™4.5x 10% opera-
tdng in H mode, The other cavity for OFCl, was 5.22 cm in diameter and &5 cm in
length anf had the Q of sbowt 1.2X 10 apg-'%ting in H, mode. Since the resonance
w' ith of the cavities was smaller thap that of abserpbion lines, A measurement
I the lepression of the § by the absorption yielded only one point on the spectrum.
By measuring 150 puints for SPCl, the spectrum shown in Fig. 1(a) was obzginad.B)
The hyperfine structure due to mucleaf quadrupole moment caleulated by T,Itoh®) is
reproduced in Fig. 1(b). The wide spreading of the observed spectrum seems to come
from vibrational states. . :
The spectrwm of OPCl, was obtained by measurements of 74 points®). Fig.2
shows the observed and caiculstad spectra. In this case too the spreading of the
former is wider than the latter which does not contain excited vibrationsl states.
Because of the complication of the spectra their analysis is diffieult. To
distinguish the lines dus to different vibrational states we have attempted
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the study of temperature effect, Gimple calculation shows that the cliange from 300%
6 250°K yields 20% decrease of the intensify ratic of the first vibrational state
to the ground staté. A preliminary experiment on SPCl,, which was carried out in
the frequency reglon betweem 2690 Mc/s and 2705 Mc/s changihg thssijamperature
from -49C to 42°0, suggensted that the temperature effect was exist. The survey
covering Whele range of the spectrum will be attempted before long.

We have extended the range of microwave spectroscopy fo longer wavelength by
the studies on GH‘Brja > _EPC13 and 0P613. In all three cages the absorption coeffi-
cient was about 1077 em™.

600 2020 2640 2660 2680 2700 2720 2760 2780
{(b)
5 . . -*MMMH_M | [ : .
26800 2820 2640 2660 2680 2700 2720 2740 2760 2780
' Frequency (Mc/a)

Fig. 1 Hyperfine structure of rotatiomel transition J = 01 of sP(,iia .

{a) The observed spectruwm at the pressure of 2 mm Hg, (b} The cale teg spectrum
with the following constants: SP = 1,95 A, PGL = 2,02 4, <CIPCL = 104 and
(eQa) cg,25= - 90 Mc/s and without consideration for excited vibrationsel state.

AL A,
P N /V\!\ i
T Bdsﬂ I 4600 I

3900 4050
(n)
sdthlad . .LMJJLILIIIn. . L L g .
2800 3950 4000 4050
Frequenoy {(Mo/s)
Fig. 2. Hyperfine structure of rotational transition J= 0= 1 of OPCL..

\8) The observed spectrum at the pressure of 3.2 mm Hg, (b) The calculabed
spectrum with the following constants : OF = 1.45 &, PCL = 1.99 4, < CIPC1
= 103.6° and (¢Qq) 25 = =90 Me/a and without comsideration for excited
wibrational state.

1) S.Kojima, K.Tsukada, S.Hagiwara, M.Mimushima and T.Itob, J. Chem. Phya. 20
(1952), 804 )

2) Reported bty Kojima and Teukada at the| Sendai Meeting May 9, 1952

3) Reported by Kojima, Teukada and Hagiwara at the Kyoto Meeting October 31,1952

4) Reported by Ttoh st the Kyoto Meeting Octover 31, 1952

5) Reported by Kojima, Tsukada and Hagiwara at the Osaka Meeting April 30, 1953.
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II. On the Hyperfine Structure of the Rotational Spectra of Holeecules
with Three Quadrupolar Huclei

Takashi Itoh
(Department of Physics, University of Tolkyo)}
and Masataka Mizushima

(Department of Physics, Duke University)

Hyperfine structure of the rotational spectra R%‘ X¥Z.-type molecules has been
computed by Mizushima and Itoh in a previous paper. g method has, since then,
been extended to the isotopic species of molecules like XVZ54', where X and Z' mean
isotopes with the same atomic number, e,g. C1% and C1¥ or Br"™ and Br® . The
encrgy levels for the case of 4= 1, Iy = Iy = I,= 3/2 are plotted in Fig. 1 as a
Iunclion of the ratio of the quadrupole cou}%lin 31‘ three mmclei, This figure
was applied to the J= 0—>1 spectra of GHEry ), I’SCJ.33) and 900133) ovserved by
Kojima, Tsukada and Hagiwara.

Fig. 1 Bnergy of quadru-
role couvling of three
nuelei of spin 3/2 when
Jd= 1 Parameter

x= eay (B} /e0, (B0
= eas@-;i)s /cQz(%}'z:%

States designated by = , 2
and ¥, & are those which
pass into symmetric, anti-
symmetric and degenerate
ones respectively when all
three nuclei become iden-
tical, o and ¥ are’
symmetric with respect teo
nuclei 1 and 2, while g8
and & are antisymmetrie.

T The half integers
written in the figure are
the values of F.

E /eQ,{PV/ 32D V2 1k

References .
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?) S.Kojima, K,Tsukada, S.Hagiwara, M.Mizushima and T.Ttoh, J. Chem. Phys. 20 (1952)804
3) See the preceeding report in this text. =

III. The Recent Studies of Microwawe Spectroscopy ab Kyoto Undversity
1. Takshashi, A, Ckaya and T, Ogawa
(Department of Physics, Kyoto University)
(1) New lines of formaldehyde We have cbserved two new lines of formaldehyde
which are shown in the following teble. The observed frequencies agree with the

theoretical values which are calculated by the K, H, §. method employing constants
obtained by Lawrence and Sirandberg. The intensity of 193,47 - 194,45 line seems to

Assignment, Intensity HMeasured Freg. Calculated Freq. Correction Used
Ty K (Theor. )em-! Ho/sec Me/sec Mo/ sec
1140 = 1,9 8x 1075  48612.7%0.1 -  48615.4 -120,1
95,m = 193,18 4x107%  45063.1%0.1 4506448 — 438.5

be mich weeker than that theoretically predicted., We have also observed that the
line breadth of 41,4 =443 is twice or thrice that of 11210~ 112,95 .

{2) Stark effect of formaldehyds

We have cbserved the Stark pattern of

414 = 41,3 in the 6 mm region, The G
pattern is shown in the following

figure., The solid curves show the

lines which agree with the theory of 3
Golden and Wilson, and are represented
by the empirical formula,

AV = (5.58+8.50 M%) x 107" E°

The dotted curves show Lhe lines

AW (Mc/sec)
w

which are not expected theoretically 2
but can be separated when the Stark

voltage is larger than 1x 10° volt/cm. |
These lines are weak and thelr )

intenaities are about one tenth of 0
those of the lines on the solid curves,
We are now maldng experiment to cbhserve

o 1| 2 3 4 5 € 1

a Stark pattern of 0a,o = 1ls,; line x 10°%

in order to explain the appearance of E?x 0 (Uﬂt!fﬂ)’
these lines.

(3) Instrument for mm wave spectoscopy For 6 to 4 mm wave spectroscopy, We

have used the 200 ke/sec Stark modulation system containing superheterodyne receiver,
d.c. amplifier, 50 ¢/sec low pass filter, and long persistence C.R,0, The mm wave
power is produced by the new type demountable silicon frequency rultiplier from
2E33A Klystron. This frequency multiplier has merits of broad band frequency
characteristics, good conversion efficlency, and gimple operation. The new type
stark esll is of very low loss and we expect it is applicable to the lower mm wave
region. J

(4) Lamda~type doubling of SH radical In order to detect lamda-type doubling
of 2z and ®Tve sbates of SH radical with 1 om and 6 mm waves refered to the
optical data of D, A, Ramsay, we &re preparing & Zeeman modulation spectroscope
which is similar to that used by C. H, Townes to OH radical,

Lhha
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I¥., New Lines of the Inversicn Spectrum of Ammonia
T. Nishikewa and K. Shimoda
(Department of Physics, University of Tolyo)

Eight lines of the inversion apectrum of ammonia in the frequency r
15 and 17 kMc/sec were found in course of investigating mt:wlm;.q:n bg t.he.;g:ozz:am
modulation microwave spectrograph. The second harmonics from a erystal mitip]ier
driven by a klystron, 225, were used. The measured frequencies of the lines
are gi in Table I. The calculated frequencies using the empiriesl formula of
Gost.a.in_ and their deviations from the obserbed frequencies are slso listed. The
correction of K-type splittin on the frequency of 8,3 line is taken as +116.42
g;:;:zgé) According to hia revised formula, the errors are reduced to about -1.2
The frequencies and intensities of lines, (8,3), (10,6), {11,7), (12,8) and
(9,4) s show good agreements witﬁ the values reported as the linee of deuterc-
smnonias by H.Lyons and others.”) It was ascertained that those should be attri-
buted to the undeuterated ammonia,

Table I. Inversion Spectrum of Ammonia

Aseignment ubs. Freq. Cele, Freq. Error Obs. Rel. Calc. *
I Me/sec Mc/sec Me/sec Intensity Intensity
g 3 16455,13%0,04  16460.35 - 5.2 s 79 %20~ Tem2

10 6 16319.38%0,04 16322,92 - 3.54 5 66

11 7 15933.32+0.06 15938.51 - 4,19 M 18
5 2 15639.84+0,06  15642.88 - 3.04 M3 15

12 8 15632.88%0.08  15640.14 - 7.26 W 8.3
G =g 15523.96 £0.05 15527.93 - 3.97 M Teods

3. 9 15412,52%0.06  15422,09 - 9.57 us 27
g i 15233.23£0.04  15236.94 - 3.7 M 3.3

#* These values were calculated aspuming the line widths are independent on J and X.

Reference

1) €. C. Costain , Phys., Rev. 82 (1951), 108
2) private communication. ¥

3) H, H. Nielsen and D. M. Dennison, Phys, Rev. 72 (A, 1ol
4) !géolyona, L. J. Rueger, R. G. Huckolls, and M, Kessler, Phys. Rev. 81 (1951},
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V. Mjcrowave Spectrum of Methylamdne
K. Shimoda, T. Nishikawa and T. Itoch
(Dspartment of Physics, University of Tokye)

Investigation of molecules with internal rotatinn by the microwave spectra is
of quite interest. Methylalcohol CH30H, thé simplest molecule with internal
rotation has been almost completely studied by many workers,l) We are now
investigating the microwave spetrum of methylamine CH3NHz, in the frequency range
between 15 and 30 kMc/ssc.  Although the analysis and determination of molecular
constants have not yet been completed, the preliminary results are to be given.

As much as 130 lines of the methylemine spectrum and their Stark effects have
been measured. The measured frequencies and intemsities of the lines are given
in Table 1, where the relative intensities are given by 5, M, and W. T is 3
estimated that ©> 1~2x107€ em™ for §, 1~2%20"¢ em-1 5 ¢ > 1~2%1077 cm
for M, and ¢ 1~2x10-7 om”) for W near 24 Kic/sec. though o 's are smaller ab
the lower frequency, Z

The Stark effect of each line is shown in the table, classified inito five kinds,
though the Starl components of most lines are not perfectly resolved. The lines
showing first order Stark effect are denoted by 1(i) or 1(o), according &s the
inner or outer Stark compoments are stronger. The lines showing second order
stark effect are denoted by 2(4) or 2(-), according as the components shif} to
higher or lower frequency side with Stark field. The remaining lines denoted by
(1+2) show some peculiar Stark effect: at the lower field (of less than 100 ¥/cm)
the Stark pattern is similar to those of the first order Stark effect, while at

igher field all Stark components shift to higher frequency side showing the
second order Stark effect.

The frequencies of lines belonging to the two groups 1{o) and ({1+2) form
pairs of series in good order, which are marked respectively as (p1), (pz) and
(q7), (g9) in Tabla'l. s i

The analysis and sssignment of these lines are rather difficult, since the
methylamine is an asymgstric top molecule, the amine group of which 1s rotatable
with respect to methyl group, and futher it may invert itself about nitrogen.
¥e must consider therefore (1) the overall rotation energy, (2) K-type doubling
or asymmetric doubling, (3) intermal rotation energy, (4) inversion doubling,

(5) nuclear guadrupole effeet, and (6) vibration-rotation interactions.

The theory for internal rotation ?r 2 glightly asymmetric molecule has
been developed by Dennison and others?’' in order to snalyse the spectrum of
methylalcohol. According to the theory, the emergy level of molecule with
internal rotation is approximately expressed to be

E(LKTN)= &2 [ {T+T%K2)/za+ K2/2C ]
+ AV (n+1/2) = By cod Tur = Ba oo ¥k — B 080 3 Yy =

¥Yer = "—:—(%K*T"U

where A and C are the moment of inertia of the molecule about the axis perpendicular
and parsllel to the methyl axis respectively, and C; is the moment of inertis

of the amine group about the methyl axis. In this treatment, amine and methyl
groups are assumed to be gymmetrio rotors. J and K are the usual rotational
quantum number, n is the quantum pumper for torsiopsl vibration, and 7(=1,2, 3)

is the guantum mumber related to the three-fold symmetry of potential barrier,

Veis the frequency of the torsional vibration. gn,pa,8h~ are constants depend-
ing on the height of him'ering potentiel and n. Because BB, are much smeller
than B , we mey express the energy of internal rotation equal to - g cos¥krin the
first approximation.
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explained, if we consider the effect of inversion doubling and internal rotation,

i b = =0, A(K+T)= 0, and An=0 for :
The selection rules are aJ=0,#1, aK=0,#1, A(K+7)= 0, the magnitude of which is sstimated to be several kilomegacycles. With thess

i crowav trum. The transition corresponding to A K=0 would'be very weak, ; i i g ;
‘;g:f:ss :h:pggpoﬂl momcl'-m: ki isfas nearly perpendicular to the molecular corrections, scme of the predicted rotational lines will be shifted out of the
xis, Accordingly, the observed lines are probably due to the A E=xl transitions, observed range, and same other lines will come into the rarge,  Consistent
i i i St ) ealled internal rotaticn spectrwn, evaluation of the effect of internal motion upen overall molecular rotation has
e e e rutatiﬂhon Bt not ge::: ?g.dz :;caua: :fmsome difficulties in the theoretical analysis, but it
: .5 : is cle a; e rotati constants which were calculated assuming 2 rigid
The frequency of internal rotation spectrum is given by model should be considerably modified. g £
i In conelusion, rgnai.ning prohlems are briefly stated, First, as mentioned
A (TK-AL THL R+ TRT )= ic (2K~1) = Bn ( COS¥ur ~C86 Yoy w1 ) above, the effect of inversion doubling and internal rotation tripling on the pure
:;tat;on spe;t.rlm has not yet been analysed, because there remsin several possibili~
1 tlin bratisitions o Grks Ky Ka D s hayh the e frequancy 1o this Les for assignment. Second, many lines found in the lower frequency region
ﬂth::gim,ethey “; 133-. . sepérat;d inta - e;'ias of lines sctording to J-values have not been interpreted at present. Third, the interasction of inversgion and
because of the slight asymmetry. Since Sndepends remarkably on the potential éﬁzemﬂ E:;aﬁon ssm:i ﬁodbebyratherl;:iiplicated though the magnitude of invergion
t _ o ues caloulated as a bling en explaine a pre nary consideration. Fourth, th culiar
height H which is not yet lmown decisively, the frequency Stark effect denoted by (l-2)(series ’ Finally

: n e T 4 Q1,4;) are not yet explained. Finally, it is
function of H The result is gur hardly possible, therefore, to obtain %effnite values of molecular constants,of

methylamine untlll the pure rotational spectrum is completely analysed,
Fig. 1. Frequencles of K,T, n «E-1,T+l, n transitions for n=0 and

=
=
. =N
n=1, The order of Stark effect 1is indicated in parentheses. Table I. Microwave Spectrum of Methylamine é
obs. Freq. Int, Stark- Obs. Freq. Int. Stark- =
4O [ suwenicut) "’\ ik e ha giiect ==
a e
g b » 15146.16 5 2(H 19013.55 M ( E —
~§ RO iossaracandy 2 1525252 W 20 py v P ffﬁ)) =
X 199 I \3pero30(ist) 15357.69 8 2(+) 19724.62 5 2 -
ol p1 15397.72 M5  1{o) 19776.40 W 17 =
£ &k 9 15842.14 S5 132 19776.66 Wi 17 g
i Sl :Jl_ésggg.gi : ;E-!—; 197'?6.82 W 1?2 =N
3 - ] o+ 19919, =
20 F llo=020(Ist 1601063 S5 20t 9 139 9 4? 5‘3 12 =
& b, 19933.5 1({a) =
e 16661.73 s 2(+) gy 20076.00 R =
o 200 400 €00 800 1000 | Py 16670.02  Ms 1(o) Py 20243.54 M5 1(o) =
| 16681,80 M 27 20325.82 W 27 =
Hin em! 16742.98 5 2(+) 20547.17 M8 1(i) =
: . Po?l6947.65 W 1(o?) 20831.28 MW I(i) =
The ground state spectrum (n=0) is outgide range of our measurément ' 17042.46  MS  2(+) Py121019.17 W 1(o?) =
for the probable value of H (= 500~1000 cm=t) 2 4s mentioned above, we 17108.99 M5 2(+) 21051.62 W 1(i7) =
have opesrved two pairs of series of lines; the one (pi and pp) shows the first =
arder Stark effect and the other (gq; and q,) shows peculiar Stark effect though 17200.97 M5 2(+) Py 2129712 ¥S  1(o) =
intrinsically the second order. These series of lines are assigned to be 17237.77 W 1? 21712,65 M 1{(i) (=
probably n=1, 17238.04 W 12 A765,23 M 2+ =
The first order series, p, and p,, are tentatively assigned to be the ' 17263.86  wW  2(4)? 0842.31 W 2(_',; E
spectrum of K, T ,= 1,2 ¢ 0,3, i]w'hile e other pair of series, q] and gp, may gy 17302.03 M 1a2 g
be the spectrum either of K,T ,=1,3+ 0,1 or K,T ,=2,2+ 1,3.  The decision s
of this alternastive is made by the consideration of inversion doubling. The 1734510 My 24 21930.00 My 1(17) =
separaticn of the series, p; and p, or q; and g, must be due to i;l}e inversion L7345.70 W () 21931.48 MW 1(i7) ==
doubling like that of ammonia. AGcordiliz to tfe theory of inversion deubling, 17360.58 W 2(+) p; 2211226 W 1(o) =
the intensity ratio of each pair of series should be 1 : 3, corresponding to the 17361.10  WW  2(+) ﬂ?_ 22258.35 uS  1(o) =
singlet and triplet states of proton spins in the amine group. We have found 17475.66 M1 2() Q5 R527.93 M5 12 =
that the series of lines in the lower frequency region (pl and qj) are roughly =
three times stronger than those in the higher frequency region (pp and qp). 17476.28 ml  2(4) q, 22528.21 M5 14 =
It can be shown from tils results, that the second order series are due to the 17585.33  wWwW 2(4) 2258149 M 1(1) =
transitions, K, T,=1,3+»0,1, This interpretation requires that the height of 17660.45  ww 2 2588.42 W 1(o?) =3
potential barrier for internal rotation should be 2bout 650 cm 17849.46 5 1% 2272262 s 1(1) =
As+to the pure rotatiocal transitiens, J=>*J#£l, K+K¥1, Dr. Lide assigned S I787L.76  Ww 1(o?) qq R2759.22 MS 132 ——
three lines-and determined the robationsal constants as a rigid roior.”’ However, =
the other rotational Llines are inconsistent with his result. We fined no lines 17887.20 M 2(+) g 22759.63 M 12 =
predicted from those constants in the observed frequency range. This fact is Py 17913.74  MS  1(c 22765.62 w4 17 =
18023,18 W 1t 22980.95 M 2(4) =
: 18562.40 W 12 2208160 M 2 =
58~ 13680.50 MM 2(+) Py 23119.06 S  1(o) =
i =—
=
=
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Table I. Continued. £, The Studles on Pure Quedrupole Spectra in Japan = " g
bs. Freq. Int. ark- Obs. Freq. Int. Stark- = E
0 Mﬁeg L zgfgct-. Mc/sec effact Shoji Kojims = =2
ps 23219,21 MW 1(o) p, 25861.23 M 1{o) {Tokyo Tniversity of Educatioen) i
# 23300.79 W 2(+) pl 2613472 M 1(o) = z
* 23311,31 W 2(-) p1 26339.57 M 1(o) . = =
23315.55 M4 1(1) pp 26448.15 W 1l(o) 1. Introduction = gy S
23340.67 M5 2(¥) 54 baa Py 26487.00 M 1l{e} . i - yaly 4 oo Hon & S i ' = =
e nure nuclesr electric guadrupgle aksorption in so wag dis— = _=
23341.91 M 2(+) 5, 4y, 26493.54 M 2(4) covered by Denmelt and Kriiger in 1950E . Thelr method has been used in = =
23409, M 1(1) 26493,.82 o 2(+) Jepan slnge 1952, In this ecountry there are two line of research, one = e =
2842490 W 1(i) p1 2658865 MW 1{c) of which is the research for the determination of quadrupole moments = z
23429.42 M 1{4) Dy 26654.86 M i(o) and the other 1s of quadrupole counlings, The former has been done at = i
23432,84  WW 2y Py 26695.43 M 1(o) the Institute of Sclence and Technofbgy of the University of Tokyo, and = =
the latter mainly at the Department of Physlics of Tokyo University of 7 —
23449.39 M 2(-) 5% 6y Py 26717.89 W 1(o) Education, = =
23449.65 W 2(=) Synb py 26728.71 W 1(e) = =
23450.17 M 2(-) 5,26, 26733.54 WW  1(o%) 2. MNuolear guadrupole moment of iodine = =
23683.17 MW 1{i) 27323.13 W 2(+) _ 80 —=
23861,40 MS 1(o?) P22'?445-4’? Mi (o) At the Institute of Sience and Technclogy, where X. Murakawa has — =
been studying the nucler guadrupole moment by the method of the hyper— = =
p1 23873.61 #5  1(o) 2750495 W 1(e?) fine structure of atomic spectra, T. Kame& gtudied the pure gquaarupole = =
24019,01 M 2(+) 27758.40 W 1(iz) spectra in crystalline bromine and iodine ). By the measurement of =— %0 =
24078,75 M 1(i) qp 28B107.75 MS 1s2 | two resonance freguenclea due to ke two promine isotopes he determined 5
Pp 24320.57 M4 1(o) 28142.85 NS 2(t) the quadrupole moment ratio of Br to BrEI as 1.1975+0.0010, On =
2,382.16 W 2(+) # 28183.46 W 2(t) lodine he measured two lines due to I127 a1 temperatures ranging from 100—=
R 85°C to the liquid air temperature, Assuming ccgﬁ.lent bonding of
Py 24520.75 M 1(o) # 23138.02 W i( ) | iodine molecules and using the formula by Townea®’ he ogis.ined the E .
Mzi.ggglég ﬁs EEI)) P2 3821 5?3 ﬁ 1 (g) | quadrupole moment of the lodine nucleus as - 0,69 x 10™=% om2, E :
6w 1(4)? 28533.92  WW 1% : E—10—
- gﬁg.es o 1%{3 q 2905520 M 12 3. Quadrupole couplings of bromine E =
2 [ At Tokyo University of Education we had studied the miorowave E o
q, 25206.62 S i-(ﬂ ggﬁggg o igg spectrum of bromoform {CHBpz) and determined through its analysis the ——120—
Baoehs 4 1(03 o e quadrupole,couplings of Br’S and 5r8l to pe 577 Mo/s and 482 Mo/s res- = -
gl 22310'49 ; e b, 2024.20 W 1(0) pectively#/. Although Dehmelt and Kriiger®! reported in thelr paper on = =
ql 25810‘96 W 12 2 methyl bromlde the observation of the pure quadrupole absorption in = ooy S
1 ¥ 80lid bromoform, they did not glve its freguency. Then we have atiemp- ——130—
tedlthg method of pure quadrupole absorption. The apparatus usgd was — =
n 0,10 Me/see for a glmple superregensrative osclllator unit with a transmission line = =
- ﬂétﬁe:ﬁaggh;?; g}_“mﬁg ﬁemﬁaﬁiefgﬁaxrﬁgﬂi g / tug:%ecigcuit. The grequa?lgyhor t];eiabgorptiont;ines Yoy rftzeaaur;d by = g ——
v, & PREA. ?.'nta rodyne wave meter, which contained a orystdl ceclllator and an = z
e rpolation osclllator. = ==
‘Measurements on solid bromoform have been made at temperatures = =
ranging from about 250 °K to the liquid air temperature. The observed —— 150 —
spectrum corresponding to each bromine isotope had a t#iplett struc- = :
: tTL:re. gh.e rt;_aul‘o ig plotted against to the temperature in Fig, 1(a), — =
” B, and D, X, Coles, Phys. Rev. &8¢ (1951), 418, 6 quadrupcle couplings at the liquid air temperature of bromine iso- = =
%% ﬁ: g. E‘Sﬁlﬁz ‘;ndED.G;?d},)mnism, Phys. R;v.m;'? (1940}—1(()02. b topes Br;{91 and BrgE in golid bromoform were about 600 Mo/s and 501 Me/s E— 10—
D. G. Purkhard and D. M. Dennison, Phys. Rev, & (1951), 408. respectively. Cenerally it is known that in alkyl halides the gquadru- E. =
4B Tt e W e pole couplings in gaseous state are slightly stronger than that in E =
J. G. Aston and P. M, Doty, J. Chem. Phys. 8 (1940) 743. s0lid state. If 1% ls so about bromoform, our previous values seem to 1?0_:
J. G. Aston, C. W, Siller, and G. H. nessergiz J. Am, Chem, Soc. 59 (1937) ,'1743. Eg gzghgz ogm:%{;éctggeb?n%{ssii t;i; tl;e1 microwave spectrum, however, may 'E_
R d . Phys. 20 (1952 : ' . Orrection, =
#2°De Ri Lidm, 9ry; 0. Chen, FEESEEE ALy With thls spparatus we have studied number of bromine compounds: E
ethyl bromide, normal-propyl bromide, normal-butyl bromide, bromoben- &=
zene, stanioc bromide end phesphorous tribromide. On these substances
the resonance frequencies of Br'’9 and Br8l were measured. The ratic of
the frequeney was 1.1870*0.0001, which accord with Xameli's value on
Brg.and with Dehmelt Kruger's value on CHzBr, Assuming that the field 190 —
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gradients were sxial svuma2try the quairupole cozplings were calsulated |
by doubling the resonsnce frequencies. The results were summarized in 4, Quadrupole couplinge of alkyl halides 30
Table III, The spectra of PHrsz snd SnBry were a doublet and quartet oy
respectively, On SnBry the tegnérature dependency was studied, which The  quadrupole couplings of the thrg? alkyl halidaailgiven above
is shown in Fig, 1(b)..,THe absorptlon frequenciss of these substances and the known coupling of methyl bromide?/ showed that they wers not
will be published aoonU). ' represented by & smooth funetion of the number of carbons in alkyl.

But it was found that there was a correlation between the couplings
and the melting polnts. This relation is ghown in Table I.
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Table I. Quadrupcle couplinge of Br?9,
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2 a00k — | Molecule eQq (Mc/8) Meltiniogc}nlnt Reference 6
E g: Br 528.9 - 93 : g

: Br 497.0 - 119.0 70

3 208p s = n-CaHoBr 503.0 - 110.0 6

E_ T3 n-C4HgBr 499.9 - 112.7 6)

200 L A q A We had obtained the coupling factor assuming the axial symmetry of
(+) 100 200 300 400 field gradient. In the case of the bromine ilsotopes which have the
; m t (oK) spin of 3/2 we can not easyly determine the deviation from the symme—
BRDOTMLITS try. The lodine isotope having the apin of 5/2 has two kinds of tran-
(a) sltion. With these two absorption freduencles ¥ ‘and ¥, we can ocalou-
late the coupling eQq and the asymmetry factor 7z 'by the formulas:

s b Fysty(1e ) m = % eOgli= L)
::::r“““-h_ We have carried out the study for alkyl iodides. The rssults are

i *— Asly shown in Table II. The coupling in CH3I observed by Dehmelt?/ was 1753
208} 5 J Mo/s, which lg slightly different from ours.
| ' rable II8) Quadrupole soupling of I127,
| i :

opebes ki « 4 | | Moleouls Y, (Mo/s) Y, (Mo/s) N (%) {ﬁa o noin%e%gé?g7)

5 1765.3
& 1647,0
.2 1666.9
0 1658.8

210

20—

| CHzI 264,973%£0,01 529,516+ 0,01

2 66,45
UoHpl 247,115t 0,01  494,068%0,01 1

5

3

111.1
101.3
103.0

195)

LI I I |

‘| n-CzHel 250,810+*0,02  499.810%0,01

n-C4HgI 249,082+ 0,02  497.539%0,03 ’

Frequenoy (No/a)
|

LHWuquwnuvm“uwmwnwnn“mpﬁwquWﬂﬂrmFWWWﬂﬂﬂpﬂpﬂr
o

190} SnBr. These results show the same relation that the compounds having the
~\‘\~ 4 higher melting point have the larger coupling. Since melting is inter-
preted as an intermolscular phenomenon, the changing part of the coupl-

ing factor seems to relate to the intermolecular binding,
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1885 'lbo 290 350 6. Bummary of the results on quadrupole couplings in solidy

Temperature (9F) In addition to the studles mentioned above there are number of
(»} experiments in Japan. K. Torizuka at TOSgo Unive ity of Liberal Arts

J measured the resonance frequencies of GLY° and Gl in potassium chlo-

; rate and 1n para-dichlorobenzene. K. Shimomura at Mi Branch of Hi-

Fig. 1. Pure quadrupole resonance frequenclss ss roghima University observed abgsorptions of Br’9 and Br°l in stanic bro-
a runctagn of temperature. mide, dibromoethane and potassium bromate, and gtudled the intensity

(a) CHBrg ) distribution in the multiplet of the absorption line of I127 in stannio
(v) SnBr479 and the lower frequencies iodide. T. Kushlda and his colaborators at Department of Physlos of

of AsIz and SnIy,.
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Hiroshima University measured thé sbsorptions of bromine isotopes in
gilher bromate. . 197

We measured the absorption lines of lower frecuency of I in
On arsenic
lodide 2nd stannic iodide the resonance freguencies were measured in

arsenic iodide, stannis iodlde snd monoicde acetic acld.

the reglon from room tempersture to the liquid air temperature.
results are plotted in Tig. 1(b),

higher frequency will be comnleted goon.
The guadrunole coupling factors obtsined in Japan are summarized

in the Table III.

The

The measurement on the lines of

Table IV gives the guadrupole couplings, of Na,

which was not obtzined by pure quadrupcle spectra, but by fine strue-
tures of nueclear masgnetlc resonances.

Table III. MNuclear quadrupole eouplings,
Nuclzug ‘Holecule e Temperature Multiplicity  Reference
(Mgﬁa} of resonsnce
%%  xc1oz 56.16  27.5 °C 1 10)
Br79  CHBrg 800, 11iquid air 3 8)
CoH5Br 497,0 liquid air 1 6}
n-CzHoBr 503.0 liguid air 1 6}
n-C4HgBr 499,9 liquid air 1 6)
CgH5Br 528,5 1iquid air 1 6) |
GH%‘ir-CHQBr 522 liquid air 2 11) |
AgBrog 340 room temn. 1 12)
K3ros 345.9 25 90 1 11) |
Pirs 439.6 liquid air 2 6)
SnBry 382 16,7 ©GC 4 6)
1127  CHaT 1765 liguid sir it 8)
Cofsl 1647 liquid air 1 8)
n-CzH~I 1667 liguid air a 8)
n-C4HgI 1659 liquid air 1 8)
cH{fcooH 1926 & liquid air 2 13)
AsIz 1380 & liquid air 1 13)
The eqq of 5r8l is obtalned rfrom the eQq of Br7° by dividing by 1.197.

% provided that 0= 0.

Table IV. Nuclear quadrupole couplings from nuclear
magnetiec resondances.
Nuecleus Crystal eQa (Mc/s} n: Reference
23

Na NapSp0z 5HpO 2,285 0,334 14
ags? 3 o 0,830 0.407 14
NaClOg 0.800 0 14}
FaBrlz 0.832 o} 14)

64~
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6. On the purs quadrupole‘absofptloﬁ In gaseous state

In general the pure quadrupole spectrum of a free molecule hag a
large number of lines due to the eplitting of energy levels by the
rotatien. But when a linear molscule contains a only one nucleus hav-
ing quadrupole moment and spin of 3/2, many lines of the spectrum
superpose each other. In thie csse there are three kinds of tranasi-

tlon:
3
f: e UI + Ti* — ‘7_ + ‘%%‘ )% = 7%’ {?(2 L
i L E _ 1 F(Q2T+1)
frire ~J-3 % =% €7 G na5 )
FiaJigige, o= g Wiy ey,

The lines of the first kind and of the second kind do not depend
on rotational stetes and colncide into one. For such molescules the
observation of pure guadrupole absorption ln gaseocus state may be poB-
sible. We are planning the study for hydrogenbromide, in which the
deviation from above formulas due to the second order effect of quadru-
pole couplings seems to be small, :

Except this csse the absorption apectra are complex, T. Itoh at
the Department of Physics of the University of Tokyo studied spectra
of symmetric top molecules theoretically. He took into account the
transitlon due to the electric dipolemoment of the molecule in place
of the nuclear magnetic moment which was important in the cases of
crystals or linear molecules. 4nd he caloulated the spectra of methyl
bromide and of bromoform which are reproduced in Fig. 2 and Pig. 5.
The width of lines was estimated to be about 3 Me/s in_both cases.

The absorption coefficients w&ie the order of 10-° em™ for methyl
bromide at 1 mm Hg and of 10+ cm~l for bromoform at 10 mm Hg, The
absorbing intensities are so small that messuring instrumente are
requlred a very high sensitivity, -

The study of the pure gquadrupole epectrs of free molecules is now
speculative, but its observation will be possible in future,

em
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Fig. 2. Theoretical epectrum of GHEBr79 at p = 1 mm Hg cal-
culated by Itoh, belrg assumed eQq as 577 Mc/s. Only the
lines with J = K £ 6, which were predominantly strong, were
taken inteo account,
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Fig. 3. Theoretical spectrum of CHBrz’at p = 10 mm Hg cal-
oulated by Itoh, being assumed that eQq = 577 Me/s, <BrCBr s
P = 1110 and J woo because of the large values of probable J's.
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