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UCRL-11330 

. CORIOLIS COUPLJNG IN POLYATOMIC MOLECULES : . 

:·Department 

WITH PARTLY FROzEN VIBRATIONS . 

* Ara Chutj ian 

. -~ .. 
·' . ., ; 

',•' ... ;: ... ~·. 
. .. · .··':• 
'\. : . 

of Chemistry, and Inorganic Materials Research Division of· '.the'·' 
Lawrence Radiation Laboratory, University of , · · 

California, Berkeley; California · . .. , . , 

~ ··. ~ . ·. 

ABSTRACT 

The "Eckart expansion of the normal mode.," proposed by Herschbach and 

Laurie, has been used to derive explicit form for Coriolis coupling con-

,· 

·:.-· 

. ' ~ . 

, . · ·, stante and first and second order expansion coefficients for the instanta· 
.. ,; ':.:·_ :·: : . 

neous moment of inertia tensor. · ·several ·examples of "unfrozen" vibrational ·.·;· 

- ~- . . . ·. ,·_:..· 

.\'• .... -.-

., 
. '. 

.f.'·' . . ..... '. 
. . ~ . ' ' . 

. ! ~ 

mode.s in molecules of c2V and C3V symmetry are treated with the •• use of 
~ ' 

Polo's P -vectors, and the results are given in. tabular ·form. 
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p Greek rho (lower · cas.e) .:- ·< 
'' , .. 

Greek zeta II 
. '·' • f ' ~ 

0· Greek delta _,:. ; ' 
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. .. Greek gamma 
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Table I - Notation 

~i' ~i' ri = coordinates of the ith atom in the principal axis 

system, chosen from x, y1 z in cyclic order 

·ea.'. e~, er = unit vectors along axes a., ~~ r 

I = moment of inertia about o;t;h axis a. 
,.i Qs = normal co.ordinates _,: ~ 

_ .!!ik = Wilson 1 s a-vector on the ith atom displaced ·in the 

·" kth internal coordinate 

2ik =Polo's p-vector 

~a. = Coriolis coupling constant linking the s_th and t_th .:ast 

. -:·. ~.!. •" ... •' .. 
,, 

}".• ·, .. ;_. 
·····1, , .. 

. . 'i : ~ . 

'\•. 
. 5·-.: 

'. . 
• "·. t.' 

,: '• . . -: . ~-
.. _; 

. .. · .. 

. . '!p.oimal vibrations through rotations about the ~ axis .. 

J ···.' 

>. ·• 

B. = Coriolis coupling matrix (3 x 3N 6) 
\-~ 

'"S = internal coordinate matrix (3N - 6 x 1) 

. G = Wilson's vibrational G matrix ·(3N - 6.:x 3N ~ 6) 

L = transformation matrix between normal and internal 

coordinates. (3N - 6 x 3N - 6) 

denote the corresponding quantities for symmetry 

coordinates 
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The calculation of Coriolis 'coupling constants, moment of inertia ..... ·., 
... ·. 

~· .. 

corrections, etc., .requires a transformation which relates the.3N-6 
~. / . . ,.. . . .,•. 

· ·· ~ normal coordinates of the molecule· to the 3N cartesian coordinates. In·.:' 

.· .. • 

···.,, ,·· 

. '~ 

. order to specify uniquely the normal vibrations and to minimize·the 

Coriolis coupling terms, six supplementary equations are used, :the so

' 

~ . . . ~ 

'' 
.;_: ·· :·:::;··called Eckart conditions{_1),{g~. These conditions define the molecule-

·,.: 
~· ,· ' 

. · ·: fixed axes in such a way that each normal mode of vibration .will· cause no .-. 
. ·/.: < '~ ,• • I' 

net rotation of the axes {giving three equations .for rotations about x, Yl .·.I.<' 
. . "{ .; . ~-:. 

·'.• . . . ) ~ 
and z) and will leave the molecular center-of-mass at the origin (giving 

. :~ -; : .~· ·.-: 
·;,.' 

. ~· ' ::.:.three mote equations for translations along x, y, and z). ··:: .. 

····, ,;, \,-·. ·,'· i 
.. ' ·,-_ . . . . ~; . ·: •. ; ~ ; . . . 

'.·: .J ... :. ,- • '• . . ~'; : . '~. '• 

• '\ ... J I 

The application of these conditions is simplified by the fact that. we .. ~: · .. ,·; ·: .. ·· · 
.·-, .. ~·:·.~~·"'; ~.'.-:; 

. , · ·: .· :·: . ; ' .. may take atomic displacements in any direction we wish, as lo~ng as we sub-
... · .. ,. ,· 

-~~-. ' 

:·· .... 

. -~ . f 
. ,I,,,' 

' ' 
'. 

,. 
··: "' 

'•, •' 
·.~ ,• ~' 

... 

'' 
' ~-/. . .. - :· 

~ ' .. ; .· . ' .~ : .. 
_~·- .. \. ". ' . 

•, :--.: .. 
' "· ~. f ' .• 

·.· 
, ...... : 
·~- . .., 

·, ... ·, 

. :".<. '. ' 

tract the corresponding rotations and translations of the axes resulting 
.. · . .. 

. from our arbitrary dispiacements (3). In the following treatment, the atoms ;,' : '.··· 
. ' : ~ ... 

• I •'' < 

will be moved so as to change one particular normal coordinate by one unit, . - ~ '. -: . 

. ' 

leaving all other coordinates "frozen". Since a molecule of N atoms in the 

·normal coordinate representation is just an aggregate of 3N..;6 .''sub-molecules"·::·,: ... 
:' ~- . . . . 

' II II · ' .. , 
. or independent harmonic oscillators, such freezing is allowed, provided we .,. .. '·: . 

' . 
include the effects of translation and rotation for each mode. 

forward .symmetry arguments w~ll ~ediately .tell us.whic.h modes. will be . 
I . . . . ' . . \ • ; ' 

· Eckart-corrected, and which of the six Eckart ·subtractions will have· to be 

. applied in each case • ·:· ·.·· 
• ·~· I • • . ' 

· .. 
. . ': -~-. ,' .' I• ' '1'" 

' l •• ; •• • ~ 

•. ", . ' ~:. 
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,·.' .. ' t 
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,. ,; 
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. ''· 
·.' 

.. ·. 

'• ~ . 

,·., ...... 
. '. 

· .. ·: 
' . . ~-

. .., . 

• • •• ~: _1 ~ 

• . 1.;, ~ - •. ~ 

•.·· 
- • •t . ~ . ,. .-

... ;:· 

-~-· "'·--~~.::.· .... 
~··'"" 

' ... 

. _: . .''. 
' ,··. 

'·' 
•• / r.•.,-.'·. '.• :'. 

: .. ' 

', ' -1 : • :, ~ •. '' '• ~ .J, ~ I~} ~ « ~ ' t 
·'. ; ·:. . i ' ... :··, .. 

. _, / 
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; '\ . 
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. ECKART DISPLACEMENTS ·. \ ' ;. -~ .. 
-'· ~ ->·_:: ·~ '' . 

:,._· .. ' 

' .' ! /, 

·We. consider the ~quilibrium configuration of the atoms to be. specified 
~. .- s·. '. ~ 

* . . * . * * 
by vectors ~i ·with cartesian · projections {a.i, t3i' r i )o . The vibrating 

..... ,. will deviate from their equilibrium positions by increments Pi = {5a1, 5~1, ··:· 

. ~ . 
. .. ~ 

5r
1

_) such that 

* 5a.1 = a.i -.a.i, etc. 
' 

The Eckart conditions state that for' an allowed'displacement:. ·:· 
.. N 

i~lmipi = 0 

. ··.J ., 

' ' ' . . . 

·, .. , 

. ... . . ~ 

.... ·;_.. "> 
{2 . _;,'!;'i{<.. ' .· 

·: ... •· ' (-.':·;=-

' .. ' Equatio~ {1). puts the origin of the displaced· mol~cu.i~· ~t 'the _center :of :(t .. :.:~:--h.~;' 
··.• · .. ·.,the mass; a~d Eq •. (2) requires that the rotation caused by p

1
"will_,be zero;;~;J4\i;' '· 

...... __ • t' The simpl'est. method for evaluating vibrational displacemel'!ts is .to · 

: . .'·.;:',,·,. ' .. ···;,;take some arbitra:r:y,convenient displacement of the atoms, calculate-the :.:,~';;<:>~:-
. ' \ ., ·: . '.: . ,· ' . -l:. ~ ;·>,· '· .. 

··.· _ _'i; ·.• ': . - resUltant translations and_ rotations, and subtract these from the arbitrar; ·.~ .. ~:,_\-~,::, 
,.·,_ ·-;:,. ~·-:; .,.~ ·:. : -~ .(, • ' ·~ ' ,'" ,F .; ' (~• 

set. ·If we 'denote the arbitrary (uncorre~ted)' set by primes and leave the.':·--· •:.· .. · 
~ .... . .,_ . ~ . ~- .. ~·. 

' ., ·: ·final unique (corrected) set ll:OPrimed,.-<then · 

·.·"! 
·,· .. · . ;, -•.',1 • 5 a.i., 

. ,. •· .. i 
. ' ~ .. •. •' .. 

'•7 ~ .'. ~ <. . ' ' 

- 5 a. I . -' 5T .. 
i I .• a. 

. ··-
.: :: :.·:-· ··.·, ,::··''>;· "•·.· . ··:· ·· ..... 

'I.,' . .' '· .. 
.. / .... · 

,l''.:· ··'. .. :;·. _; -~ ': . ' 

:_: (3) . ·;:·,:y::-~<.::'.· 
/. ">~· ;~ •' :, .. 

,:_ .:.f.,·. ~· 

·~ : ~ .. : . . - \.. ..: where 5Ta. is just :the displacement of the center of mass along the a.th · '·. 
. ~· 

··.:;·;. :,·, .' ._·., ._; . axis given by: 

.. '·~ . ·.•, 

. . . ~ '", 

.. , ... ' -.· ... ;.· . 

:'·-
·, ·. 
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,. ·. ··;. : .. · .- ·, . . II • .. ., - '", . . .. . ' ,'· ·; '· .. · .. , • . .' . " 

Herschbach and Laurie defined the: Eckart ·expansion· of the normal· ·. '• · · · · :;; ;.- ;. ·' 

... ,, ... ~,: -·· m~de 11 as a set of the 6a.is increments Which change a particular ziormal"c 

" 
' .... " 

~ ~ . .' 
\ 

·.:.: 

mod.e one unit, whlle leaving "the _other coordinates unaffected ("froze~") .. ·: 
: , . _... :· ( 4). . From the transformation from internal to ·normal coordinates 

; • <: .· '1 t' 
~- . ' . .. ,' 

3N-6 
s = !: ·k . 

' "., 

. . ~ 

,!... 

. -~ 
. . ' ;. ~-

;: I' 

:. ·. ~ ·, 

I Lkt --~--- · k·:=.l,2, • • • o3N-6 .· 
I 

letting Q ' . s 

t=l; 

= 1·, and all other~-= 0 1 . • ... 

s = !: 
k t 

' .. 
. ··." ·: ... :: ... • 

···(' 

/ '; ' . 

i ," 

.•.. . .. '· 
···.-· .. ,· .. 

. . ,. ·.;. ' : ,·; . ·; " :.~ :· -~ .. 

,"'·· 
..... :.I 

0; 'o ~' I ' . . -·~ . 

Thus, to obtain the Eckart expansion, we need to .find atomic displ~.cements __ ·· 

such that this equality will hold~ An explicit· form can be .obtained 1~ te~s. 

of the p-vectors introduced by Polo (5), w~ch satisfy 
/ 

.· ..... 
/ .. ' 

/ 

Bris = ~ Pik~s· /)/ · (4) 

·. ;:··: , The index k runs over all the internal coordinates (or symmetry coordinates) 
·•. '}~ .. ·- . • I_,. ... :· ~· 

-:···' 
:-.: _:·_-_·,: · :·::: in which the ith atom moves. The form of the p-vector depends on the type · : ......•. 

,.,· '> : .... : ' . ' .•i ~. ~~ ' 

~t. • .•. _, . .-··_.,·'of internal coordinate involved (angle bend, bond stretch, torsion,<. etc.)· ancf · :~··.:·· . . ~ ... . . . 

:: '.:·:'<,(,<~'·t its magnitude is ·such as to change Sk by one unit leaving all ather coord.i- :'';':: \. 

·· '- ·,- ;·.' ·" nates unchanged. The properties of the p-vectors and :procedures for evalua- ·:·:: ·(i. · 
•• ·' .• ':·~~ t, ~. : 

; .. ;. :-.::, .·. ·: .. ·>, · ;· ting them have. been fully discussed by Polo .(5) and further illustrated in 
~-··~' .. ·\·: . . ..:,· ... ~ ·- : . . .. . ...... .• . ' 

. >:,': '1 . ::.._-the exam~les treated by Herschbach and. Laurie (4)_: 
', 'I -

,· {1. ... The various vibration-rotati?n parameters are readily evaluated from the > · .. 
. ~ ·~. ·,. 

~: ... 
. , . ·.,'1' .: •, . 

•• ,1 :-{ ?.-.· -~." •. ' . --~ . ' /. 
·.>. . . ~ .. ·. 

. . . 

The Coriolis c'onstant 'linking normal modes 

: 's and _t through rotation about the (l;th axis is given by. 

.. ... .. , 

. . ; 

\ -.· 
'•.1' t • 

·.' .' ··•·. ,i 

-.··: ;,._ 

. •·. 't ' 
~ : ' " .• 

. _·,, .. ·.· . 

:··.,. 

,'1' (5) 

i:' 

·.·, 
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:··. 
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. ·; 
-· . . -,:' .. ·~ 

-4-

. . '~ .~ ! .. ' 

tensor, 

' J 
! 

* aa.f3 Q . . . . a.f3 · .... · . . . 
=IIl51l+'E +EtAtQc·,"· a..... a..... s s s s, . s s-,. : ' 

.• 

·'. are given by 
;· ... 

.at:L * * 
as = 2Eimi (f3i 5.f\s + ri 5risr: 

. -~ '' . ' . 

. ·' ~ 
. ·.:· :..· 

. 1 : / ... __ . 

· .. ··· .. · . ' 
~ ~ . ,. . . -

..... 
· .. . .. 

. ~#:' 
:, 

a.f3 r5 a · a 
s s 

· .. .· ,•'. 

. ·. .: .... -~ ,·,. 
·.·,. r 

•1•, • 

,. " ··. l • ~-
,.~ 

a.jJ.JJ'-' = -E i 

I ', 

J 

. In many examples it is found that the major. contributions to the moment 
:· .. 

,; · ·, ·. · . of inertia corrections, C6riolis coupling constants, and rotational distor~·.::, 
. . . ' . 

.. . .. · 
~ .' .... 

''.l .. , -.\ · · tion coefficients aris·e from the low-frequency vibrational modes. 

• ; ~ <] •• 
· .. ' .. • '.: .,_ is of' interest to f'O!JD.ulate a method treating a .. m.Olecular model 

·' . 
. , ! •• ' ~ ··- .. ' . 

. , : -but one or two of' the low-frequency modes are frozen. We shall carry this . 
. .. ~ . 

:.,.:.·· . , ... 
·-: . • :/ out for various modes of branched planar WXY2;· tetrahedral WY2z2, and : 

. ~ '. 

. · .. ·. pyramidal XY3 molecules. 
'. ·.= 

·' .. 
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.. 

'•.; -. . . ~-- :·.·';~. .-... 
.-: .... ,,.· ' 
~ .. . .-

-.~. . ... 

0 

. ---- ~----· ----------..,_...---~----.- ~-----·-:--'--<'" __ ... _~---·-- -~---~--·---~-- ~-·-. --.,--~·: -------------~ ~:-..----·~-~. -~--- --1"" - -. -- ':" - ...,.--.-.. ---·- -,--·- ..,.. ~ 

I 

? 
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. ·· .. 

'i" ,,,· · .. · ,.: ... 

,. :· ~ ._.-:'. . . -~· . 

• r,., ••. -~··· 

"'·- .. -·. 

'·,·' 
. :> 
. -~-

. ~ ·: 
:• 

; . ' 

.. · j-

-: ·.: .... 
.1 . ' . . -·. . . ' •, 

Also, since the pr~duct xy transforms· as B1, we obtain only a~Y as the'·; · . 

first order correction, and we have 

,-
,•., 

' * * * * 
•.'. 

.. -
~- ' 

. -· 

·._J''• 

... ~ ·l ~ 
xy 

a = -2m(xl i>ylr) - m2y2 ?x2?Jl4 Y4 ox4r< - r 
•; I •. ;,1, • 

. ~- . 
. --~. . ·~ 

·.' :.'::-::.::For· the non-zero second. order terms,; 
:~·- ..:··: ··:··-~ .. ~ . . ... .· ::· '. \ -~ . 

· ... .: .· 

'; .-,,.' 
·,' 

• r ' ; 

·, ;.\ -~- .·'. 
, ... 

-.. ~ > ~ .•.. ·• '; .. '· ,· 

- ' ·,, 

Axx = 
rr 

2m 

Ayy =2m 
rr. 

Azz = Axx + Ayy = 1 
rr rr rr 

element for this coordinate, (r=4) 

. ~ ~. :· .. 
' .. 

· .. '"\•. 

'::·. .,• 

,':· 

. 1 • ' • • .. .>:: .... ~. 

/. ~' -~~~-::·1 .. •'."' •1, •· 

(~4 ) -2 
= m r ~ -(~/Mi si!f -ct~: (~I~(~(,.;:+~~'(;..,~ Yi 'si~ ~)~ 1 < :;'h• ;: 

-.~ ... _.:· -.- ;'' -. '· /:·:was· used in obtaining the last result. 
': .. 

' :. ·..: .. ' 

-~- ~ ; 

·, . . " 
. :-· . ·-·. 

. · --~ -., Coriolis Coupling Constants 
l . ~ . 
\ !• 

~ . ' .... 

In order for two vibrations to couple via a rotation,, the. product of-~ · .'~· . ' •. .~. ·. _· ~;':' " . ' . ' ·. ·•. ~ . ;_ . ' . ' ·.· 
·."" ·.·. 

·;.~:the representations of the vibration must transform as one of the rotations. :'·~~ ;)~/: 

..... .,-.-/··,:. ·rn ·ou:r c~se, -the.~: a~d_B2 vibrations coupl~-.,fi~ ~~t since r(Rx) .= ~ x B2 =···\'/\~·:~ · 
' ·, ::.i:: ... ·:.: .. , :. '_."i._: '.. z . .- ... '. y ,• . . ',··,. ~ ·• .. 

,\'1::~i;::_-;:< '' > B2; t::E:~ ( :~ :::: ~:~~ a::I t:: ~a:~:~n ::.~:::_zero coupling 
·: :·' ~:;:{:{.: •• ,i 

. 't -;.'· :> < -~ : 
<· ···~--.. 

' .· 
constants: . 

··~ 

·:·.~:::\i :,_ 
:; ''. 

' • .. • ./ ~ • ·! " ' 

-.~ ... -~~ :~,; ~ • .. · .. l f.'· ,.;,"',' 

•• ·"'t ;~~ :-.' . ~ -~_(:; ~-'·· ,;.. ). 
. ~ . ~ ~ 

·- ·:;~ ; )_ 

':· ~ . -· . ·.· ' . 
. _ ... ·. ,.'"' .. ~ : . "' · .. ~' ., 

'·;:.,-:· ..... · ..... ~:. : -, .. 

. 
'-i. 

; . ,• '. :r . 
":. '. 

W ''.I ,'' 

\- ' . . . ~ 

·' .. 

' . 

= 2m(6yls ozlt) + m2(5y2s oz2t) + m4(oy4s oz4t). 

". . . 

.:·.· 

.•, •,. ··.-
· ... · ... 

;·· .... : 
-., 

~· ' . 

-. .. ·' ·. · .... 
. /' 

'· ·. ·.·-: .. . ~-~ . . ~ . . ' 

·. ·. ~ 

:.··· 

.. -.. • •• ~-. i. • 

..... 

·, • .. 

... ·. . <'·,. 
''-* I ,'• I 

., ~ . ~ ' -: 
-:···. . .,_' ·. 

··.'; 

.. ' ; ••• / ~ ~-- •'-! ·~·.' 

· ... 
' . t~ _;.: . 

... 

.,:l.i•,• , .... •r\;·,. .·,· . 

. . ' . . ... ~ 
' '• 

. .•' 
l,'.'.: 

<- .. 
·.-.. { •:, .. 

' : .. •. ~ ' .... 
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Methylene chloride will be chosen as a specific example of a tetra- . . ''"·' 
! \ 

· ·· · hedral WY
2
z

2 
molecule and the p-vectors for it can, of course, be generalized<:::.;:~··. 

\·' to other WY2z2 molecules of c2V symmetry. The molecular parameters for the 

'' .·:,:·_·Vibrational modes can be evaluated as before, and .the modes chosen are the >-~,.- ~' · 

· ,", .. ·· ... ·, three low-frequency vibrations, each in a ·separate symmetry representation, 
. '. '-:., ' ' ' 1 ··.;,, :· ... ,. 

.•.• ' ::: · ·as (shown in Fig •. 2~.: . the ~ symmetric Cl-C-Cl angle bend ( v4 ·= 1548 em~ ) ., t: :;.<.-:~. 

. '·' ··.·. :the B
2 

symmetric C-Cl stretch (v
9 

= 2057 cm-1 ), and the B
1 

rocking mode_ of .>: ~-.:· •. . 
--~· · .. ' . .,· . . ·. . -1 ,, 

:. the CH2 group against the CC12 plane (vT = 2673 em ). '(·11) .. · . ;_,. 

: ·.·· 
)., -:: .... ·· .· 

Symmetric Angle Bend .·. 
: .. 

The symmetry coordinates and Eckart species are given· in Table IV. · Iri . 

· .. ·. .,;·, 
.. .. . .. ; . ·the ~ mode, the chlorines move in the .yx plane with 

· :~ · .. :::· · .... ··::.the 1-5-2 angle 2f3 ,~) as shown in Fig. 2{a)e 

. 
a resultant change 'in :· 

; 

·: · · '•..< · · · · . If the 5-L and 5-2 bond lengths are denoted by R, then the appropriate : ,.,·. · ;:, 

:/·./< J ,·: · ::-:·:: · :: .atomic displacement are 
. _::" ·: ;. } -~ .. : ':· . ~ . ;_: '_· . 

: . ~~ ;· .~ .. ' ., ' : ', 
. '~ .:~ . : ~- : ,. ' : ·- . . 

. ,.,'1.,·· 

.. ···_._.:· ...... . 

. . . ~ .. . ' .. ' ~ ' . 

.... 
5r' 

ls 

····. \ 

.. ~ where e<p =.(e
52 

X e5t_/s~n 2f3 is a unit vector along·. the· out-of-plane x· B.xise , ~ ''' .• :'. 

.. :·~ .. 

. --~:· .'·· . 

·:···, .. 

{.· ·'- ' . ' 

. ·:.<' .. '··):: .:··:·:·,·~ ,;~(<;: ·\ The cartesian projections and the subsequent Eckart corrections ca_~ .·; '·;~{~:\/'~ .. ;·: 

· ~:· .<·.':.be. conveniently obtained by writing the :projections of each of the unit:. ·· .. ·.:.,,~'.:~ :· ·,:: 

;r·, ,, . vectors as eLen::·=o:0~o:~~:::::·~) :: = (o;-sin ~. -cos ~) .· .·~f,;;;;: 
,' ~:N.'(~:-i,,t · , > . .. . .ep· = (1, O, 0) .·· · ' V . .. (l~/ 

·. ~i.... ~ . ~ ~ .. < "- • • ' • • ' • • : ' • ' • -1. • . 

': : .. ; ~ ' 
. ·, l 

· ... 
~1 : 

• • • ' '• I, ' '.·. 
. . . :~ . . · .. ··· ..... .. ,'• 

~. \ . . ,. · .. ,. 
. . ~ 

' ' 

. .. 
' I 

··, ,. 

. .. ,:.· 
., ·. ,· .... · ·:;. 

'· . 

;·, : . ' .. 

·' : •. :, ..... 



·' 

·. . -. ~ . : 
,·t' ·, 

·' 

--~' 

. ,;_,. 
:; ........ 

·._. 

·, -~ 

\ , .~ 

,, . 
.· ;- : .. · 

. :·. y--·:-~:· .. 
• • ' ! ~ :.- .r. r. 

··;. ' ~ : 

:i . . j •• 

·.··"'·.' 

>· 
/·:· .. ~; 
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Symmetry species of WY2z2 coordinates' 
and Eckart corrections. ~ is torsion 
between the YWY and ZWZ pl~nes, and ~o' 
is the redundant coordinatee 

.. ' .. : ~ :. :;: : 
·,~·. 

. ' 
I· 
:.:·· .. ' 

!"'•t 

~ . ~ .. . ·~: 
. ' .. -. 

•-.:-~~)-~~ ·'· 
. : .-_~:)~~\~~-:.· .: f·; ,!.' ... ·' 

. ' 
'•\. 

. ; ·,_._:;;:_,:_~ .. = .•. :· ... ·_ .... _) .. t:· . 
:-~~--, .. :·.·· 

:====================================================·=··=·=· ======··=t::=·:·!£h?:;:.< -·~· !' ·' . 
>;::~;:: .. ·.··, '' 

Specie Eckart Corr. Mode No. · .... -·~ ( ~· 
.':, <·.:: _ ___ .;.._ _____ ~ ___ .;.._ ____________ .;.._ ___ : ::_· .. :·.,. 

I 

-..... '\· 
, .. :·~ 

·.; ~..., 

·, . 
• · .• '1 ~' -~~ •. 

I I j< .·. .,,: ,., .. ··,,,· 

.•, 

,. 

:;._. 
. ·,.;_( 

·, ~. -·· 
' . ~ 

• '. -j,. 

~,· .. 

...... 

·,·-
,. . ,, 

·. -~ 

. <· ... 
.. , . 

... ·.· 

. · ·~· 

·I'· 
! .•. 

·;. ·, 

A· 2 

B· 
2 

•• !'1: 

' • '• ... I '~ •' _-·· • I'< ' 

·.·,. 

r•• 'f 

. . ~ 

~ ~ ,)'.,; ··~ 

.. - ·' 

.. ( ·.·'- .r. 
•· ,;.~ ·~ ~ ! .. ;. .. . ~ .. :· 

.. ·": 

~ .. 

,:. 

... .. 
" 

. .. -. 

··.· .. 

. ,· 

_ .... ·'· ,. 
· ... 

:, 
._l, .. · 

~ ': ' ·8e . z ... ·,_.-; 

-t.o' 

•• j;. .8-r ,.8e 
X Y.· .... > •• 

_,., ..... : .. 
• .. • :.,.~. < ,, 

..... """ .8-r ,··5e , y .. X. ! ·: .• ~ .. '·• 

. • 

·.~ . 
•.· \ 

·' } .. ·~· ; .. :; ·. ..r . 

I •, ~' ' :; I \ 

'. ~· : . 
':,• 

, 

· .... 
.. ,.,,, .•' 

'l".:. '\ ··,· . 

' .. ~; 
\. •' 

.. ... 
: :( ... 

' I :' ' j - • ':; ~ :: 

.· . . ' 
' ' ,,; .. · 

~ ~·.'. . { 

.. ~. 

·' 

' )";. J ;: .... 
· •.• · to·.~ 

1 2-1/2(s + s4) 
. 3 

2. s1o 

. 2-1/2 (Sl + 52) 
,· 

3 

4·. '!t •' / ., ., s9 
•.: 
···16' 

'•.: 

~ .·.' '' ~--: >~--::,_ .. ; .. 

I/2 (s
5
+s6+s

7
+s8) 

\ \' :. ~ 
' ' . . ' -~ -~ .. .. · ..... 

:·. 

6 
····., 

' : 

7 . 

'I'' 

. •\. :., 

·: 1 .: 

........ · 

··: . . , .·:.' .J 

_::: .;.::· ·1/2. (s5+s6-s7-s8) 
-~ ... 

·.'" . ' 

... ~ ' 

·2-1/2(s3 ·s4} 

i/2 (s
5
+s8-s6-s

7
): 

1/2 (s
5
+s

7
-s6-s8). 

2-1/ 2 (s - s ) 
. 1 . 2 

.... 
.. , 

·.;·' 

' " ., 
·.-·~ 

•:. 

1, . 

........ 
' ... ... ·:· . ·:·'"( .. :: .. :t. · ...... ·~· : .. ·:. ; ; .; 

·:t:· ,,_.; . 
., ~. . 

' . . · .. ' ~-. : ,. •, 

< •· 

I 

f 
I 
I· 
I· 

I 
I 



.. . . 

. : ' 

,. 

'··. 

'•. 

.. ·.' '· 
... : ::.( 

'l-:.' 

,·1,·: ...... . 

·, 

.';. 

,·:.. 

.. 

'···. 

.-._.-
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. ' ; . 
Only translations along the _symmetry.' z~~is t~ansform as-~~~ and this 

translation is .• just 

8 'r 
z 

= R .t
45 

(m/M) sin f3 .· 
. · .. 

. where ~ = m2 = m is the. mass of the chlorine· atoms,: m
3 

= m4 = ~ the· 

mass of the h~rogen atoms,. me that of the central carbon atom, and 

M = 2m + ·~ + me the total mass. 
I 

The Eckart displacements for.this normal mode are sUmmarized 

·,.' ··: x.: 
' 'I ' . • I ~ • ;. 

. f ,· 
.'• •' 

v. The displacements in the out-of-plane direction (along the x-axis) are . 

,. all zero for this in-plane vibration just as in the ~ mode for the WXY2 

.•·.• 

•':·.: 
·.· . 

' ., 

·. ,,...· 

,. 

-... •, . ~ 

.... 
"':',. 

example. * The eqUilibrium relations for this molecule are z1 

* * * z3 ·- z4;; Yl * = -y 2 

The elements·of the coupling matrix are again all:zero since 

about the x, y, and z axes transfo~ as B2, .. Bl a~d A2 r~spectively, . . ' .... ' 

. ., 

while· 

•. r.-

;,-.',·-.· ·, ' ' .· 
~ • ; ~ \! .' '·.: 

...... ·' 
.only the ~ mode is excited_. · . '· · .· . 

··. _,·:· ·: <;.:~.: ~-' 
The initial corrections are relatively simple:'for. this mode, and the .. 

,. ·.·non-zero first and second order corrections are • "1,': 

.• :.,~, \ 
-.,. ·. ·, 

,. ·. \' . 
. •. ,. 

.-~l . :J ~ . . · ·,. 

'I.,· ... · .. 
·•.· :•·.; 

',"<I ,, . ' 
,,'· ,, '·· ··. ••' 

' '. i'.t. ~-· -.: • • ... • 

;; I :·'; :. ·,,. ~~ .·' • . ··: :.; ' • \" 

:-·: .... " · .... . ··:· .• .. , 
I '. :,-·,,,.-,·,,_. ,\ •·J t. 1,. 

. ,;..,. \" '. ·::·· .. :•' 
. . . \ ... : '., 

'·· .· 

.. •":·-· 

.... :.\ 
, where 

~ . . . ~ . _. ... . ' 

~, ' . ' 
'· .. 

.':•,· 

ayy 
s 

* * * =2m z1 8~16 +_2 8z
36 

(2z~ + z
5 

me). · 
•. 

zz * :•.,. 

as = 4 myl .. · 8yls ·.· .. ··' .: .,'\. 

XX a s 
: . •'. 

·\' ,t 

= 2m(8zls)2 t ~(_~z3s)~ _+. m:c(8z5~.)2 ... ~:· ,·· .. :~: 
zz .. 2 

A =2m(8y ) ss ls . ,·, 

Axx = AYY.+ Azz c:: 1 .. .·., ·., -:. 

... · .. : 

. ' ~ . 

: '· '· 
. : ~-: '• 

t' '. · ...... .. 

, l .••. 

~- ... 
; .. 

..... 

'·-: . 
'· ' .. 

SS BB BS ... . .·. · .. ,, . , .. ·· 

the i
44 

element ~ri~~d-.f~~--t~~ Ecka~: :~orr~dteci_·p· ~~~tor~-~--is "· '.· 

'' ·' 

• .. 4 • •' • ... .• ' • • ' • 

(~4)-2 ·=·~ R2 [l~('aiJM) sin~---13]~-' ·._.:,,·, .•. ·"··'.·.; 
. ' . .' ' . ' .. 

' . ~ 

,·; 

.. 'i. 

>, . 

''1. .,. 
I • ,.\ ·, ." 

-'·.· . , '' 
... 

·- .... 1,, 

. ·' 

... · 

•\ '·' .,t 

. ' ~ . : . · . 
·.·' .'· : 

. . ,. · .. , ' 

. ~. ; · .. i ...... ' 

·. · ... ...... : .·;. 
-t';,. ·•• ', ;. ··-·: 

·~ ; ' . 

.. 
~ i, 

. · ... ;-.~, 

'·. :. ' 
-~-: ~.· . t :< 

'· ·:., 
: .... . ~ ,. ' 



·~· 

,ic· 

._· .. 

. '.·.· 

' :~ . .• . 

.~ .. ' ._,· .-
' :' .... ,~ 

.... ' 

. t 
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.. · -~--~- .- ... ·.~>~~~:-
Antisynunetric Bond Stretch· : ··, .• . '",: ~ ' .. 

. . . . ,· .·. 

The symmetry coordinate t:or this mod; is~ ·~ ~-1/2(51-52 ); ~~. ,. , 
the p vectors for the asymmetric C-Cl stretch·.are ~hewn in Fig. 2(b).:_,<· 

, .. · :"··:::Proper normalization of~ 

,:; 1 and 2 by 2+/2;') ·so that 

dictates that we divide the p vectors on atoms 

.. ' ~: .· 

,.. -:.·, 
• .. 

..,'/2 = -2-,-+- e £ 
:._ 51. 9t 

-+ 
8 r' = 

2t 
-1/2 £. 

2 . e52 9t 

~''. . . 

.. _ .. -~ .. 
· ... ·_, 

..... ' ... 
.. . ·. . .:; 

This mode causes a net translation along the· y axis of '· 
.. ,., 
·_.-~·'·<~:. -~ :<: ... ~ . •, .. .. ''· 

.·;- .•:' .·. 
~ ... ·, . ~ 

"· l • !', !>" 
:~ . --~. . . 

. -· ~ 

; 
.)-- .. ' 

' .. 

•'.·: 

and a rotation about the x axis 
. - ~ ,.:. 

~ • '4 •• • 

.. -__ , t· ' 
. .,._. 

86 
X 

; . 

... - . i ' ~ 

·<:·:.,:<.in the WXY
2 

case, and the atomic displacem.:nts for this case are given in~ 
-... : .. 

· Table v. 
' _.; . . -~. 

. ::. ,~- .. ~- '1 

The B2 mode cou:ples·only withrotation,s.about'the x-axis; and the -.· ..... ,. 
\ i 

·coupling element is 
;, . '~' ; ·- . 

. ·. 
-~ . .._• ' ... 

:·"" 

··,' 

. :·_. 

,. 
.,_ ,. 

'.\' 

. ', ~. \ .' );· 

_ •. (2 _,.;_ 

•·•. 
·-.:· 

. ; :. ·~- ' 

... · . 

i 

I 

·j 

i 
i 
!. 

t 
i 
I· 

i 
!, 

Again :proceeding from the definitions "in Eqs~ : (6a) ~rto. ('Tb.) and the Ec~·· 
l: 

''•' , . 
.f :.: : 

·- ~ •/ . 

-~. ~ ' . ' ~~ .\ 

.. 
' .. ' 

"; ·.· 

.. 
··. ·. 

.··' 

displacements, we get 
·,,, 

. ,·. 

aYZ 
t 

* . .. * . ·* '.·, *' 
= -2myl 8zlt .-· 2mzl . 8Ylt' .. ~z.3: 8Y3t-mcz5 ::~Y5t 

"/,' 

Azz 
. tt .. ··. = ~(8ylt l + ~(8y 3t )2 ~+ me (8y 5t )2 .~ ... , 

... 
~~.._ ... . xx· · yy zz- . 

Att = Att + Att=. l 
' . 

• • •• '. 1 

·.: ...... 

·.' ~. I •"' 

. , : \ ' . ~ ': . . • 

~ . . : . 

. :·· . 
'. 

' .. 

, .. •• :1• 

. •' ., . 

:_:: 

'• I . 

': 
·":·. 

. .. 
.·rl :.;· 

.• ~ f 

'' ..... 

·~ . 

; .' I .. r ... ~ . , .,, •. ·.~ . 

~ ; .. - . '·.~ . ,, .. , . •' 
·' '.' 

.... 
. . . . ~ ·: . ' 

·.,_;' · .. :_ : ':~ 

' -~ 

. :• '"·. 
.• · .. ,• '• :::. ·• ·' ' .·. -~.- ., ... 

•o••l '' 

. ;; 
;·"·"".!~, 

I 
r 
! 
l 

,, 
I 
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·, ·•· .. 
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The first result follows· from the fact that only the :yz components of the' ,: -· 
.-· :. . . . :"':' ~-~ .. 

'. ,, ' ' .. . ' ' I' ' • . ,< :·:., • • : ··' •, 

.. ,; 

, __ ", moment-of-inertia tensor transforms as B2:, and the last relation from the·<:: · ' _ .•. -

. ·. (" ... 
·. , .... -

•'. /" 

vibration's being in the yz planeo The :~C99 _ element used in this last 

result was found to be 

.· .. '• 

(£
99

r 2 = m(l- (2iti/M) •: _,. ·;' 1 ••••• ,. 

"· ·.-· . 
. -~ ; . 

- * ; :·>_ ::where. a = {y
1 

* cos: f3 + z1 ~in f3). 
\· 

-.. 
-· .: ·, 

·.' .·· •.; -. .,., 

' ~ . ' 

.•: ' 

. .. - ... 

~. ·,. . : ·: .. ' .. 
·. ~ . . - ;. ~ .. .'. · .. .. 

. . -·: .· ._..,_~ :· ; 

~Rocking Mode - .:. . . . . 
. : . . ... :~ .... ! ., ., .:· . .. -~. ··.· ·:.~.-·. · .. ·~; . ·· •. · .~.;. 

The coordinat:e ~ in Fig.- 2(c) and Tabl~ .IV defin~~'the. ro6king m~t,fon;<_, 

, .;--of the CH
2 

group agains-t the CCl
2 

plane;. and -is giv.en in. te~s ~f the·:- I .- • 

·-·:•. 

. :.: 

H-C-Cl angles € (where cos € = e 51o e53 -~ ~ co~:a.· cos f3) 
. . . -~ -: .. .. : 

• I· '• ' ., ·••· 
• > ., I 

... -.. ~ . . "" 
: " . \'·- ~ 

\ .~. ' 

·. ' : 
' = l (s + sa - _s6 ~ s ). ..,47 2 5 ' 7 '. ' 

. ·:· .... 
. ,- .·· _, ' 

._·:: 
... ;- .. 

- ,,~:However, in order to insure that we have a set of independent coordinates; -/' 

·we must eliminate the redundant coordinate ·.J
10

·by setting i~ equalto -~~~~):~(.2)·<'-:.: 
. . ' ' . . . - : .. , . \, 

.; 

' 'Replacing the 

-i~ J. = s + 
. 7- . 5-

c~mbination ~ (s6 + s
7

) by s
5 

+ sa,·,. the independent coordinate_·,'_: -; 
. . . . . . . ~ . . . . 

.:· . ~ 
sa· -_--,_. ·,_ ·-' . ~ ',. ~ ,• 

' . :, . ~; • . .•· J : 

'l'he approp~iate displacement vectors on atom 3 are. given by :I . " .... -· ··: ;.~-...... 
.··,. 

- 85 1 · · 
'.·'. 

.• ' .• ·• ··.:: i 

i '~·- -(- "'' I' -I ( . .. ' . 
' ' 

.. _.: .:' .. < . . . ~-· • p 3~ = ·2 r (e53 _x. e 52) /cos ··ll'' _.-:.· -. 

·-:\ '· 

. ';' .... ·;:~ _;_~·:·~·<.~' . 
. ' .... , ... ; ' .·. ;·. 

_ ., for- a change of one-half unit in s
5
; and · · .. . , 

: -.. ....sa . 1 I . ·.. -- . - :.- _-:.-
P = 2r (e51 x e

53
) cos 'ljf ___ . _ .;· .--:-: .. -

~r . ·: ·--- .. ·· .;>._· . 

-.. , .. 

.. _ for a change of one-half unit in :s8,_ where cos-~ = e_52o ~e~3 x e
51

_) /sin ·€_~v·;~/:j;.··~:· '.~-~--
.' _r- ... :> ... :~:-><.>· The_net displacement of atom' 3 will be the sume·of these _two vectors, . -.\_. ;. ___ , ',.·/~! 
. ': '. ;. ·~·-·- ·; )~ ~- ~- ~. . . ~ - ' . . . :·. . •:. '' .. , . . · ..... :J.~ !: ·~-

\.!,~. :·. ,·,.:·,_. and if the_ appropriate-cross and dot products are-.calcuJ.atedwith_the aid or-~:.·;:(~.-
.' . . ; . ' '~ . . . . '" :\ ~~~ ~~~: .. .- -.:·. 

(10) _and the relation e5~ - ·(-sin a.; 9,. c_o~ a.~-~-· we-\get .. ~ . _. \!:\~)<;. _ 
' •. - . l, •· ·.: : . . . .-.·. T' • ., • • ' i\' . _'·, .. '. .. ; . c • ~ ~· -~· ·: ;_..1· (. 

, __ • • -... _.·:_:_:_. -:~~-----·.-_ ... --~:_: •• ,,_.; ,·· ; • J • _.: - ~. • • ·.: <: :. <j' .·.··r:. ~~- ( ·:. ~ 
.• :~ :. ·. ··: .· .. : . ... . -~;;";.:: ·~_;· •,_ ... I .. ', 

,.. ·.-~·.::.. .:·.· .. :. ·- ···! .. ' ~ -,. .• ·,._, : ~ . .:·; . f ··., ••• '{\.· • :·: . . : .. •·,,;_ ... _.,_,~-- '•.·. ··.-.-·-. .,; .<.:···~::/.·'::: 
:: ·:c·=:· -- ·-- . - - _, .,-- , -> ... .- -·· .. 

;• ... _ .. ~ ..... ::~_ .. · .,. ··.··-~-· ... ~_._ ... - .·:: 
.... . ... . .: ... 

~. ·' . '. ·. . . . . . ~ 
. •.. ,. ' : :~ 

!.• ••• -. •. t; ' . ' : 
'• .. ·~ . ~:. 

. .. .. : ~ 
~: :: ; 

·• .. -
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which is a vector in the xz plane. 

. ;.;;. ., . 

We can proceed in exactly the same fashion to :get the net displace . .;<,::. 

· ment of atom 4, but a simpler method is ~ust to note that the displacement. 

· .'_ ::·:'.'vecto~ on. 4 will be that on 3 rotated through an angle 2a. in the xz plane. · , .. 
·~ . ~ . . 

appropriate fo~ of the rotation matrix ~ is 

. ·. 

> .. , and we have ~ha~ i4resultant 
~ ' 

2a. 

0 

sin 2a. 

· ... 

0 

.1 

0 
:' ,· 

. . 
cos 2 

.,.- .. 
-+ resultant· · 

= ~P3 . . . . , or 

. :,:· .'· .. 

'. 

' .• -'_-•;'- .. : ~-- .?· 

. ~ ~ . . 
'.·." 

., : • . 
. . ' ' ; :~· '' ' .. 
~- r :.~: , 

• : "·. ··-l ->: ••. ,_ --~ ·,; 
. ·._ ... 

._;_·. 
I 'V •: ;' ... ' ·• • ; :"; 

.• . . .. 

, . 

,j ;,.,.·. ~I 
'( 1 .· 

P resultant 
4 

- .· ~ :i~ ! cos ~ (co~:, ~' :l:,;~y.·Y / ' 
,. .·•·•·· :-;·. :•.·. ,,.i" •• ; .. ~::~·\;'./_<::· .. ·.·.··· 

differ only in the. sign of their : z' ·,-. · 

~ l ' 

' ··, .. · and the two net . displacement vectors 

. ' . component. ."-···· 

The Eckart ·corrections are 
... -: 

. . •' ... ~ 

.. ·•· .. •' 

. _._.;, 

. ·~-·. ' . . , .. 

8-r =. rsinsi~ € Q £7 . -M cos.~~ 2c··~7 (m../M)~os a. .. x ..... cos ..... r . . . .· r .t1 .. , . . ,.1,._ 

86 . = r sin e f7r :· .· ~·. (z * 
y sin a. cos 13 Iy 3 

= 2c&n __ ol!.jr' : .· . 
-ri 7 y· 

* cos rcr,.. · x sin a,) 
3 

I')'' i, '. 
~~ :> ' 

. . ·; 

. _;_:·-. 
.. '.,\ 

,( . 

·-~ ' .. . -,::. ';-

,. . 'where the more convenient notation is .I,, 
... 

' ·, ·. ,.' ',: ~.: ... 

c = r s~n · e/2 sin a,* cos :~· ">f.'·: : · ·:.'Y· .. ::::':,··:.:·/·;' 

d = (z
3 

cos a,- x
3 

_sin a.).· ... · '' . 1), .: 

,, \' ' ·,::: 

.·. ,, .... 
',! 

The sets -of displacement 

.>··' .:_:' ... ~ .... . ·:, .··, .. , ' . 

for the rocking mot'! on' of bOth' hydrogen .·. . . i,: .. · 
·'· ;'· 

......... ·· . .... '·. 

-: . 
' ~ .. 

.·, , . 

L. 
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. A;;= _2m(oxlr)2 + ~(ox3r)2 .+me (6x5r)2~. 

Ayy= ·Axx + Azz = 1 
rr rr. rr 

with the 

· .. · '.·· . 
. ...... : 

"' .. \. )• ~ ' .. ; ' 

· .. _, 

Coriolis Coupling Constants .. · 

.~ ~ ... :~ •' 

,·, , .;,!,. 

,': ,. "'· . 

. ' . 

"' " .~3\.J.n "''2 t . 
. ::- . 

. . ·:-:. 

From the direct prod'uct representations, the~ mode (s) can couple 

•.· 

:through rotations about the y axis with the B1 .mode (rh .the··-\ with the.:·: .. ~:·.·,.·:,.::.: . 
. B (t) throug~ rotationS about the x. axis; and the B

1 
with the. B2 mode vii~ .. :\·: . · .. 

2 . ' ' . . '. 

rotations about the z axis • The non-z~ro coupling constant will then be 

~~r = 2m(ols0xlr) + 2n;r(oz3s0x3r) +me (oz5s5x5r), '· . 

• '.1 ~Y = ~(oy oz - :oz oy ) -· 2m.._{·oz
3 

oy3t) - m (oz
5 
oy5t·),;~_;;, .. )( . 

st ls lt . ls lt ~ : . s c s : ~-- .·. · .... 
. • l ·. ··'·.· 

~~r = -2m(oylt0~r) -~~oy3tox3r) - mc(oy5t0x5r). <~· ·· · 
, .• I 

PYRAMIDAL XY J MOLECULES. 
~ .. t ' . • • • 

As a further example we examine a degenerate low-frequency mode of a 
. . . ,. -;: . 

,·.· 
pyramidal XY

3 
molecule with c

3
v symmetry (e.g., NH

3
) (12). The column vector : ':-._ ·' · .: ' 

····: .. 

notation will .be useful here·, and the degenerate asymmetric stretch ----~~.,.-:;: .. 

.J
5 

= 6-1
/

2 (2s4-s
5
-s6) which transforms as the x co~r~nate of the degen~rate.·?·<~··~-~ 

" :. •'( . .' ·-~ .. 

pair (see Fig. 3 and Table VI) will be the excited coordinate. Since unit :: .··.~:··:_: .>: 

displacements in s4, s
5 

and s6 will cause a total dis~facement 
·:·· ,' 

' ! s
5

, .the P vectors will each be divided by 4f.J6 to get:the unit 

in J 5• 

displacement .. ~ :; .::.: 
·, ~. .. j j •• .: :: . .. .~· 

-~- , ·. 

. ,., . \ 
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. ·· 1= 1 

. ;·-

.· .. 0. 

-2c.:C
7
t c~~ ct (~/M) 

.-2~7t (~d z1 * /Iy~ 
.. · .. . ' ,. .... - r:·. 

..... 
. TABLEV. 

'·.· -.2 '. 

.. 

. ...... ·. 0 .. :. 

.-·,.,. .. 
"!•1 . .. . . ' ·. ,. . 

:; .·, l(l .. ~- ,,:_. . . 
~ _:·r . . . . ' .. 

- .-, 
• _.: .. : •• .' 1"" 

. a 
Corrected displacements of atoms in CH2c12• · 

' ' 

·-- .• ·- ... · :-·-. 

.-.··· 
' 

·:. ~; ·, .... ..:. . 

, ;:.··. :-:·<>::· ·"· 
• • • 0 •• : -~, ••• ~ ;. ~ :· • .. • 

. ._ .... ·-~- .. ·~:· ·~; .. _ . . ' ·- : ... 

.... 
·.:0' 

. ·. ·, . ·~ . 
. ~ / . .' 

·'-..... ·' .. "- . ·~· . 

.· . 
.:..· 
' ":· 

. 5 . 

0 

same as 1 . · ..... ~ ~t· ~OS ~(1~~/M) same as 3 ·-2c ~tc9_s a(~/M) 

-2c ~t (~d z;/ry) 

0 

· · -2c ;;e (~~d· z */r) 
... . . 7t .· .t1 .3 y 

. ·'··· .. .. · ·.o·'·-·, __ _ 

.. 
.'·':"··.-..·-··· -~··. ·.· ' 

o····. () :· B2 '·.· .. 0 

'·---~~~------------------~----------------------~------------------------------------~-----------------------------------
~~48 -~~sa 

. · . ··'· ... 
.· ~--··. :. -~;·. 

. 6yil : ~ 
. 1 . 
~R~8 cos a 

:. ·'. 

. · .. · ... . "'l. '· •• :.; .· 

.-~ ... : :_., . 
·•: ;-._J. ·-· ·-~ . ;~0·-,· -;·. :-·: ·:· ·•· .:· 

. '· ... ~-: .. f~ < 
. ' .. 

!'·." .. -~ 

0 . :.._ 
':-· ·.,:·,I ._. .. .. . ,., .. ~ .. 

0 

0 
.,. · . 
.,.-~ . '-

.-·_.··. same as 1 
. .. ·~ 

. •.. -: 

~- . : .••· ----·: ~ 

.. .-
. ··:~ 

.. ..... 

. 1/2 -
2 . ~9rsin 13 (m/M) 

+21/ 2oe.nv. __ (·m b . *;r· ) 
7""' z5 x 

·.;.-: :. 

same as·l s~e as 3 same. as 3. 
.. • '. ~4 

-~-: ··::. ;--.... ~ ,._ 
. ~. :. ·.- ·· .. :. -:- : . . -... ~ ' ; . 

_,·. -~ . ·, ·>:·. 

·, <~ 0_:· .. -~ :. - .. 

- _J ··-·-

~~-. : ., . . ·-· -.... ~ -.. ~.---.' 

'·.··. ·-~ :.< • ·: 
. B 
. :. 2 ·0· ·'·· 

-5: 

-~-: .. 

a *' The definitions are b = (y~ COS a+ ~l* sin r3)j C = r_.sin ~/(2 Sin CL COS 13); d = _cz
3
* 

the H-C-Cl angle; ct andr3 are one-halr-the Cl-C-Cl and H-C-H angles respectively~ 
COS CL x · sin ct); e is 

3 

. . . -·(". :'-';,.,' .. : . ..: . 
. ~::~. ·~~-.' • / •• ~ '<:~.::.. -.··· ; .. -• .. 

: .' . . . . . .... ·.. ~ . •: -:~· .. 
_·. ; :-. !:..--~ .. 
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·.,. 
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·. ~- ' where the unit~·.vectors hav~ .;the• 'projections 
' '. ~·-· . : ... 

- . -~ 

•.\ ·~ 

. ...... 

- ·.: 

', ·, 

·: ,• 
_\,· 

I , 

\ 
._-{ ,_ 

' . ., ~-

-, .. e
41 

= (sin 131 01 -cos '13) 1 e
42 

= ~(.;.120°)e41 · .• 1 · •• 

·- ... 

( 1 i ll . 'IT i ll . t:~) . . '. 
= - 2 s n "'' - 2 s n. "'' -:-cos "' . . . : . 

· R(+l20°) ( 1 sin r.~ • ...f.f23 sin r.~. -cos. _,r.~-_ )· e42 = ,.... e41 = - 2. ~-', ~-', "' 
' .· ~: 

-·.- :; ··:-. ·,. 
·,! 

where R(-120°) and R(+l20°) are matrices similar to that in Eq. (ll) repre-. "' ,.... 

·senting .rotations of -120° and +120° respectively in the xy plane, and 13. 
{.·... . .. ,·. 

. -~ ·{· :: .... 

. terms of the XYX face angle 9, we can shown that . ·. . '~ . 

is the angle between e41 8{\d the negative z a.Xis as shown in Fig.· 3· ·In 
2 . . .. ~-

sin 13 = 2(1 - cos e)/9 • 
-·::: . 

· ... · 

. _.,- ·. 

For this· member of the degenerate ~ir;.~ 1 we obtain the corrections· '. 
.,', ·. :. 

I 
.... 

. ·' :-·: 
sin 13 BT 

X 
= -(3~/4)~8 (m/~) '· •, ~-- t;' · ... •' .. ' ,. 

. ee y = 
'fb:f4sm 

2Iy 

:.- .. 

·:···-

} ~; : '· ~I ~ 

I 

I i 
I 
I 
I 

I 
I 

I 
I 
I 
' ! 

., .<·where m~=m2=m3, and z*=z1*= z2*= z
3
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. ~- · .J6 mz *·~ · 
= s::.x

36
-· = Y6 £ ~(·-·1 +. 6m)• -·• · 4s 

5x2s v T 4s. sin ,... . M ··•· 2! 
y 

f 

- t'• 

·;·~-.. ~ --- -- ~- ·; ' ' 
~ . :- ·: .. ~· ' .... -' ·. 

' 

", 
. - - :~ 

. ... j 
~- ..... -. 

~ . ·. 

,. 
-.~ ~ . 

. · ~.: ::~ 
' ' . 

1.,'. 

. •' 

- ...... 

· ...... 

. . 

't 

5Y1s = 5Y4s -O 

·.·, . ;_ "'6 'r:$ cos (.l + 
ezl - 2 4s ,... 

t.· -"6 ..,.\ 
4 c;(..4s cos 13 + 

f 
·. •.'·• 

$ m 'X *£4 .... , 
2 s 'f 

2I '· y 

/'· 

'' - ,. ~ -.. 

.. ~-
.·_ :, -

. ') ·-

'"•' /: 

':'.· 

',/ 
/r,-" _. :--. · .. ·· .·.where the substitution .f = .(- ~ · z * s1.9-/~ ~ * cos .13 + ~~*· ~in ·13·} h~s'.:.·_: 

. _._. .. ' . . ~. ·,: 
... ":- .. 

. . -. 

··· .. '• 

been madee 

'For the E mode, 

. ,/.'-

I 
/ ' . 

/. 

I, 

' . 
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; :-.. ·. _.: 

. *' . . . . "·.·: * ·. : :'': . * '' 

J' • ~ ' • " -. 

'.·-

1.' '' . 

.. 

.. _, .... ·, ,/.> 
~- . .{. .. \ . : ·-~ .· B ys 

= mz (5x
1 

· + '25x2 ). - mx.. . 5z1 - 2mx2 _ 5z2 ·+ 
' s ' s ~ ·, s . ' ' s .- ... 

,' .:t· •.. .. -~ ' 

.· _; 

.J. 
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- .. ··. 

XX 
a s 

1·-··. 

··.'" 
·-. ~-·,._ 

~ .. , .-: ' . 
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where use has been. made of the . relations y 2 . :. = ·.'( ~ XJ.., Y 2 

* ·*.:;· * . 
= -y3, _ .. x2 = x3. •. · .. ": 

.. .. 
Also, · 

'. t. 
Axz = -m(5x

1 
5z

1
· + 25x

2 
5z

2 
), · · 

ss s s ·. s s ' '·. 
' " 
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.with the £ 44 element ,giveni·.as .·. ~;,··· .·. -,;".: ,, ··:: ,. 
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Displacement vectors.and coordinates for planar WXY
2 

is the redundant coordinate." - -;_ 

Displacement vectors and internB.l .coordinates for c~cl;:, 

molecule. The remaining angle~ are s
5 

1:. 2~5-4n_87 = . ~1-5.:.4; and sa ~ 
= 4 1-5-3; 

9.. 2-5-3· 

Displacement vectors and coordinates for XY3 triangula~~ ·.,::· ~ 
-~ ,;· 

· ·pyramidal molecule. 8
5 

and 86 are the 1~4-2 and 1-4-3. · :· 

angles respectively, and f3 is the angle between the -i· 

·.axis and the 4-1 bond which is taken to lie in the xz 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com~ 
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or con~ractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any infrirmation pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






