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INFWENCE OF VIBRATIONS ON MOLECULAR STRUCTURE DETERMINATIONs~' 

II~ 
. . . . * AVERAGE STRUCTURES DERIVED FROM SPECTROSCOPIC DATA. 

Victor w. Laurie 
Department of Chemistry, Stanford University 

Stanford, California 

and 

~~dley R. Herschbach 
Department of Chemistry and r.awrence Radiation Laboratory 

University of California, Berkeley» California 

Abo tract 

Formulas are given which enable structural parameters 
for the average molecular configu.ration in the ground 
vibrational state to be calculated for some simple types of 
molecules. The data required are the observed effective 
moments of inertia and harmonic force constants. No knovzledge 
of anharmonic constants is necessary. ~1e average structural 
parameters have a t-tell defined physical meaning and are 
directly comparable with diffraction results. Polyatomic 
molecules for which explicit calculations are given are co2, 
cs2, H20, S02, 03, N02, .cH4, HCN, and c2H2• It is found that 
the average bond lengths involving Hare usually 0.003-0~005 A 
longer than the corresponding D bond. For bonds involving 
heavier elements isotopic differences are smaller but none­
theless significant. Implications of the results for the 
general problem of structural deternunation are discussed • 

* Support received from the National Science Foundation, the 
Alfred P. Sloan Foundation, and the u. s. Atomic Energy 
Commission is gratefUlly acknowledged. 
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!n Part I of this study1 it has been shovm that a good 

approximation to the momenta or inertia of the average con­

figuration of' a molecule can be derived from the effective 

·spectroscopic moments without knoli.rledge of' anharmonic 
·:\ 

potential constants. The eff'ective moment of inertia f'or the 

ground vibrational state is related to the equilibrium moment 

by2 

(1) 

where each vibrational mode (of degeneracy d
8

) contributes a 

term. The vibration-rotation parameters €~ may be separated 

into harmonic and anharmonic contributions~ 

The moment of inertia of the average configuration is then 

given by. 

or 

(2) 

(3) 

(4) 

!n the· general formulation given in I the €~{har) parameters 

are rather complicated fUnctions but depend only on the 

harmonic force constants, molecular geometry,p and atomic 

masses,. For some of the si~pler types of molecules explicit 

I 

I 
I 

I 
I 
I 
' 
i 
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ct . 
expressions for the e

6
(har) can be obtained. These are given 

in this paper, togethel._ with numerical results for a ntnnber · 

of examples. 

DIATOMIC MOLECULES 

The relations a~ong various bond length parameters; as 

formulated in I, have been examined for several molecules. 

Table l shotrTs results obtained from spectroscopic values for 

·B0 Jra~.- and rue and the expressions given in I. There are 

several interesting featur(;3s. First, <r2>112 
> <:r> > r

0 
> r

9
; 

l 
as expected From'Fig .. 1 of I. ]'or hydrides r - r ~ o~ 01 A o · e 

' and. <r> - re ~ 0. 02 A. Since electron diffraction nrg't values3
J

4 

are essentially <r> we expect spectroscopic effective bond 

lengths and electron diffraction bond lengths to differ appre­

ciably for hydrides. For heavler atoms the difference will 

be less but can still be significanto Another point of interest 

ia the effect of isotopic substitution on the average bond 

length. Replacement of H by D causes a shortening of about 

0.003 - 0.005 A in the varlous bond lengths r
0

., <r>, and 

<r2>1/ 2.. The heavier isotopic subst:ttutiona cause a shortening 

. of about 0. 0001 A, except l'lhere the heavy atom is bonded to H. 

Then the effect of heavy atom iso·copic substitution is mol"e 

"• ·· · or less. negligible, since H does almost all of \-;he vibratingo 
. . ' ~ ' 

LINEAR XY2 MOLECULES 

For a linear.XY2 molecule in its ground ·vibrational state; 

Eq. {4) reduces to 

\ 
\ 
I 

j 

i. 
'" 

I ,. 
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* . 0 ~3 1 1 4 ] Ib = Ib + K c;r- - w - a;-+ m + ro 
'. l 2 3 2 3 . . . 

(5) 

, . .· . . z· 
· 'Nhere K = 161' 863 .amu. A cnt1 and the vibrational f'requencies 

' . 

.. rua are expreasE:d in cm~1 • Using. (5) arJ.d observed spectro-

.scopic data ·the results of Table I! are obtained;· One 
·, .. ' 

~nterest1ng result is the decrease of both ! 0 and I*· when c12 

is replaced by c13 in co2·• For a rigid molecule isotopic .sub• 

stitution by a heavier atom trlou1d ei·thet> increase the moment 

. of inertia or for a molecule lilre co2 cause no . change·. How­

ever; the decrease in the average bond length actually causes 

a decrease in the moment o:f .L"lertia •. Although it is not an 

XY2 molecule. vJe ha~e included c12s32s34 tor pu~poses ~f 
compar>ison with c12s~2 • The relations for an XY'Z molecule 

given else_where .in th~s paper were used in the calci:lla.tions • 

There ls some ambiguity. in the listed r 03 since the bond with 

-- s34 has a slightly different value than the bond. with s32 ~ . 
. . . ' 

Howe.ver; the substitution of s34 for s32 def:i.~itely shortens 

·the CS bond length by about 0.0001 A. 

BENT x:£2 MOtECULBS 

For'a bent XY2 molecule the following relations are 
' 

obtained: 

{6) 



... ~ . 

' .. 

. ._., 

·1* I 0 
b = b [ 

2 2 1 J + SK cos X. + sin X. + ....-e._ 

ml mz I 
' - c 

(7) 

(8) 

where ~lS and l;23 are the Coriolia coupling constants and x · 
is a parameter determined from5 

Here £.denotes the symmetry axis and ~the out-of-plane axis. 

The C • s can be obtained by the methods of I or by the relation 

·of l>1eal and Polo. 6 Using these relations and observed 

! rotatior~l constants and quadratic potential constants we have 

· calculated average parameters .for H2o., so2, o
3

, and N02.. The 

results are given in Tables III and IV. 

Firat we note that the ambiguities in effective parruneters 
I 

arising from the inertial defect7 are absent in the average 

' values. Within the experimental uncertainties in the rotational 

and potential constants used in the calculation the rela·tion,.-

is satisfied,as is necessary for any set o:r physically well 

defined moments of inertia. The observed small :residual values 

of the inertial defects are a measure of the errors present 

in the calculated structural parameters, which should 

approximate very oloaely to actual averages. 
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Other points of interest are the fact that for water 

<r CrY < . <r oH> by o., 005 A and that Ib ~or so2 becomes smaller · 
I 

aa we· increase the·mass of the S atom~ Since s lies on the b 

ax;ta; Ib for a rigid molecule would be unaffected but the small 

decrease in the average SO bond length causes a decrease in Ib 

for the average configuration. As we· shall see later these 

small isotopic variations have an i~raportant effect on calcu• 

lations of the positions ot: atoms nea:r>to a principal ana. 

For molecules of the methane type 

I * Io . I~'[ 2 1-2· ( 1 + 4 ·) p2 ( 1 . 4 . ) t.·' 

b == b + ~ ro + ~23 2ru:" ro «!) + ':>24 2(j)'7+ ill fill . 
J 1 3 2 3 . . 4 2 4 

+ 2~~A.(m t.n -J- - rol )] •. (10) 
• 3 4: 3 4 ' 

The Coriolis constants may be obtained from the relations 

(11) 

{12) 

and 

(13) 

Here r is the aver·age XY bond length, I is the momen·t of 

inertia., 5 and the force constants refer to the usual synunetry 

900rdinates8 of sp~cies F2•· 

l 
l 
l 
t 
l 
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The a vel"age bond lengtha derived. f'or methane are 

given in Table v. Again deuteration is found to decrease 

the avel"'aga bond length by about 0.003 A. l"J:he electr-on 

diffraction r values a1..,e seen to dif\.f'e1,. substantially from g 

both. r 
0 

and . <r>. It can be shm<i"n 4 that ·the displacement 

of r g .from the equilibr1t'l.m c1istanca r e .lo st;rongly dependent 

on the anharmonic potential constants~ just as found in I 

r,or r 
0

• · Hoilfever, the difference r g - <I'>: like r 
0 

- <r->, 
is practically independent of tho anharmonic constants. 

Altl1.ough r g and <r> are identical for diatorrdc molecules3 

(after small corrections for centri.ft.lgal distortion and 

theJ."rnal vibration) J they differ for polyatomic molecules 

because.rg represents an average of the instantaneous 
. . AJ9 

. distance betvv-een atoms- vJhcreas., as discussed in I, <r> 
is the· avel"'age projection of the distance along the direction 

of the und.isplaced bond. Procedures for deriving <r> from· 
. 9 

r are available. Thus a precise coJlrparison o:f: the g 

electron diffraction and spect;roscopio results can 'be made 

in -te:t"I118 of <r> by: means of calculations ~·lhich invol\re just 

the harmonic force constants. A completely satisfactory 

check is obtained fox· methan.e.P· 
. L1. 10 

as the valtles of <r> derived-"' 

from r are identical to those in Table V. · 
g 

.LINEAR XYZ f-10LECULES 

For a linear ]YZ molecule 

I r 
. . l 

. I 

l 

.j 
I 

' I 

' 

i 
I 
I 
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(14) 

'l'he Cor-iolis couplil'lg constants are readily evalv.ated from 

the r·elationa 

... 2 2 
(_.12 + ~23 -· l (15) 

trhere the quadratic potential constants for bond stretching 

are defined.b¥ t.he valence force field 
.; 

These relations have been applied to HCN and the 

results are given 1n Table v'I. In this case the t:r'eatrent 

is different fr·om those rdtl1erto discussed,.,. hm-:ever, in that; 

(16) 

more than one isotopic species is involved in the calculation 

of; a given structural para.raeter.. Since the average parameters 

vary slightly among isotopic species i·Je no longer• have the 
., 

· ·- . unique description possible vli th the calculations car;:c•ied 

·\. 

· out for a single i.sotopic 1nolecule. 
1~~~ 

Howevar, Ke expect C .:> 

· substitution to have a much smaller ef.fcct than dcuteration 
1.-. lA 1':~:: 1.:1. 1"' lli and accordingly the pairs HC. eN J:; HC ""N "" 1 and DC .c;.N. ~'=, 

Dc
13

N14 h.ave been treated separately. The l"csults thus 

obtained are in accord \•"ith v.rhat one v:ov.ld expect. It is 
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found that <r·cJ? .:.. <l .. c.r)> == 0.005 A "tihereas <rm~> is· 
essentially the same for both HC1~ and DCN ~· Also the 

calculated <rcN> and <ror?' d:Li'fer from the equilibrium 

values by amounts in accord vJith other calculations.. Although 

our assu.-nption that rON is unaffected by isotopic sub ... 

stitution introduces some erro1"'1 as discussed later, the 

. :;-,_.dif.ference bet\'Veen <rcri> and <rcn> is certainly real . 

. -· . !f the 11 substitut;1onn method., 11 which assumes rci-I::;: l:"CD; 

is used to calculate a structure f'or HC1.•J values o:r 

rcH =-' l.OG3 A and: r 00 = 1.155 A ar~. ~b.t~ined ~ Since this 
. . ~ . 

r
8 

value .for the CH bond is st.lbstantlally less than the 

eq':.l,.i.l.:it)ritun '\tJ".hi.e of r
0 

= 1.066 A, 1 t violates Co stain 1 s 

rule11 that r
5 

> i'e· However, the neglect of the bond 

shortening caused by deuteritun substitution Hill al-vmys 

lead to an apparent bond length wW.ch is shol ... ter than the 

average bond length for either the H c:r- D species. This rnay 

somet;imes_, as in HCN, even be shortel" than th<$ equJ.librium 

value. 

LINE.a.R Xz Y2 1\WLECULES 

·For this case 

* 0 ,Ji 1 1 l 1 4 
I =I -1'-l-+--+-+-.· +-·-b b. ~ illz ~ <~4 o~ o~+o-5 · ' 

2 ( 1. l )., 
.... ~1: ~24 ro- + m ~- J 

. 1 2 4 

(18) 

1 

I 



···.· 

: .. 
...... 

··~ ~~ .· . .. . 

. ~ ·':. 

,:· ..... 
. , 

'~·. 

·''. 

.: . . ' 

. ~~ ' 

. ·. ~ 

~ '' .. 

.', ' .... 

.. :;: ·.· ... · .. ·, 

. ;; ..... 
1·.:.•: 

., I" 

.... ~ 
· .• · .. i .. :· .. 

·.! 

.. ·. ~ ·.'· 

· ... ··· . 

·. ·• 

.• . 

• ,! • ··~' 

.( . · .. 
'"! .. 

·"·;'· 

... 

\·. 

-9-.. 

o.nd. 1 
2 . . !f 2 & 

+ 2 rx:t'xx 12 + rxx 2z)/I 
·;· 

where the quadratic .f6l"Ce constants re.fer· to the symrrietry 

. coordinates given 1n Table ill of Part :t. 

. (19) 

(20) 

· .. For c 2I-Tz and C2D2 the vibration•:r·otation parameters and 

the:· equilibrium structure ha~e been de'cet·lrdned .12 The 

contributions :r:t~cm each vibrational il10de are shown. in Table V!I.1 

and in.El.y be compared vdth the data .for linear triato~c 
. . 

molecules given j,n Tab.les II and IV of Pa+"t I. In this case.; 

it.· is .!'o~1d. that I 0 and £.c- are very nea:r•ly equal, as the 

negative con~l;rib"Ut.io~s to E(har) from ·che. stretching modes 

are only slightly outweighed by the posit:i.v¢ contributions 

i'ro.m the be.nding modes. The anharmonic ·contraibutj_ons also 

l.are.;ely cancel.: . ~;~~\ ' 
... 

If t·.re aasUJne that l"'cii: > r 0D by 0.003 Ai i!Je calculate 

<t~cJ:? = ·1.065 A 'and <x·cc> = 1".206 A. The equilibrium va.lu~~12 

ar-e r~H = l.058 A an9. r~·C ':... · l .205 ·A. The usual a.ssur.1ption 

that r 0H:::;: reD has two unsat:i..sfactor¥ conscq'\.lences: it 

· yields rciu ==· 1.057 A:, a value too close to (and iess than) 

the equilibrium V?-1ue; and it requiros the anomalous 

conclusion13 that the CH bond becom$s shorter in excited 

vibrational states .. 
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There are several advantages !n basing spectroscopic 

structul.,e de)cern1inat1ons on the I* ra·thel., than the ! 0 

moments. l?iJ.:>st, the inconsistencies v·.rhich .must be accept~d 

trlhen the I 0 moments are used in relations that hold only 

.for genuine momei.'lts of iner~cia ·are largely eliminated. by 

·* the '!J.Se 'of the I moments.. For example, the problems arising 
. . 

'· · f'rom quant.u.111 defects in planar molecules. are avoided, as 
. / :~ . . 

·f. 
·'•. ,, ,.,. 

'. 

.. [. 

:·· 
-. . . ~-

·-..... . . :-. 

.. . . 

. : ~ 

~ ./ ·.:. 

... \' 

' .~ _ .. 

.. ~-·. 

illust.rated in Tabl$ III. Another impox·tant advanJcage is· 

the physically Vlell-defined meaning of the averag~ 

structural parameters. This· nmkes tr~m a e·:mvenient basis 

f6:r· the 'precise co;rrelation of elec'tron dif:fraction and 

spectroscopic· re·~:nilts, as discussed ux1der Table V. The 
. ·. . 

lre.ffectiven :or 11 substitution" pal"ameters connnonly der:l ved 

from spectroscopic measurements are defined only by the 

· operat'ional ·procedures used to obtain them. The relation 

·.·. ot l""s paramete.rs3 in pal"'ticular, to the electl"'On diffraction 

rg pal.,ameters is extremely complex, and r g -· r 
8 

depends 

strongly on the anhariuonic force constm1ts. · Furthex·more, 

the. r 
0 

and r~ bond lengths can be longer Ol"' shorter than the 

equilibrium values, whereas the average pond lengths a:r•e 

consistently longer.. The average parameters .should therefore 

offer a more reliable means i'or comparison of' tnolecules, and 

should be ·preferred whenever, as is usually the case~; the 

equllibr•itUn structu.i"-es are not available. 

,, ;· 
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.As we have seen$ f'or the simple molecules co:nside1:..ed 

* in this paper the r· moments can be derived from the 

obsevved I 0 valu0s without a no~nal coordinate analysis. 

Additional formulas, intended for applications which r~quire 

the contributiol"lS from the individual vibrational .rnodes, 

are collected 1n the Appendlx. 

In practice the complete calculation of' an average 

· structure is unfortunately limdted to small molecules; not 

much larger·than those treated. here. Although only the 

.ha~"lnonic ·force constants are required, even these are only 

avai;Lable for f'airly simple molecules. Hov-:rever, as shmm 

in Parts III and IV o£ this study, it 1s sometimes feasible 

and useful to treat portions of' larger molecules. 

A fundamental di.ff'iculty i'Il+ich ~f'fects the calculation 
·' ~ 

of the average structural parametersp as well as the 

effective and substitution parameters, is the runuiguity 

introduced i-~J"hen it is 11ecessary to ccrnbine data from several 

isotopic species. These par~a,.,-neters all dif.fe:L"' slightly for 

different isotopic species, as illustrated in several of.the 

examples trle have considered ... 

Since deuteriurrt substitution shortens the average bond. 

length by 0.003-0.005 A, st~uctures obtained by ignoring 

this dif'i'erence have to be interpreted vJith some care. For 

example; anomalous ~esults 'Nere obtained for HG'N and c2 r-~ · 

even though~ according to the criterion adopted in the 

substitution method; 11 neither of these molecules has an atom 



... 

·.; 

.... _.;: 

.t ,.,· 

·-:..., 

..... · 

dangerously near to the center-of-mass. 
. ·. ,~i r 
l.t'he consistent 

differences found empirically in Tables I and IV to VI 'Nouid 

seem to justify replacing the conventional assumption that 

rXD = rxH by rxD :::1 rxH: - 5.t 1tiith 5 = 0.,003 A; and in any 

case it would be desirable to include the effect of varying 

5 fr-om zero to perhaps 0.005·A Nhen reporting results 

derived from deuterium substitution. 

The decrease in· an average bond length on isotopic 
/ 

substitution of a heavier atom is only of the order of 

0•0001 A. This is, however, enough to account for the 

'twrong-way" change in the moments of' inertia of c13o2 and. 

·. s34o2 noted in Tables II and III. FUrthermore, the neglect 

of' even such small isotopic variations can have a relatively 

large effect on the calculated structure. We shall illustrate 

this here for the simple case ·of a lineal .. XYZ molecule, and 

·· ~ n Part !V discuss the pro1:1em again in more detail. If' an 

isotopic substitution is made on the _!th atom, the coor•dinate 

z1 of' the atom (in the principal axis system of the parent 

molecule) is related to the cr~nge in the moment o? inertia 

by 

l'lhere p. :c 1~1/{lVl + lml1) and fvl is the mass of the parent 

molecule. This relation holds only if .. 'che bond lene;tb.s ·are 

·unchanged by isotopic substitution. I.f we assume that the 

substituion shr.inks the bonds slightly., 

(21) 
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l · {22a) r . t = zz ... z ., c 1? 2 ""' 51 l'l2 1 l· ' 

and .:~"' . •' 

r' = f ... zv = rzs .... 6 ... (22b) 
'. '·' 2:5 ~3 2 .). 

then Eq., (21) must be replaced by 

AI(i=l) 2· 
+ 2(m:izi5l m....z' 5 ) ·= ~zl .... 

~ 3 3 
(23a) · 

.·. AI(i=2) = 2 
J..t.zz + _2 (m1zJ_ o1 ~zS55) (23b) 

AI(i=3) ;:; lJ.Z 
2 + 2(m1zi51 ~ m3z3o3) s (23c) 

111here primes re;f'er to the substituted species and terms 

quadratic in the increments o1 and 57. have been neglected. 
;;; 

According to the definitions (22) 1 the coordinate zt 
1 is 

negative.; '7 I" is positiveJ and o1 -and 53 l-till be positive "t<Ihen '"'3 

a heavier isotope is substituted. Therefore v.re see from 

Eqs. (23) that for. all ·thr•ee atoms the apparent z~ calculated .. 

. from Eq. (21) ~'lill. be too small . This occurs simply because 

the decrease in bond lengths makes D.I smaller than it \'lOUld 

···be for a rigid molecule. Although this shoN·s that a 

nsubstitution" coordinate l\fill al\>·,rays ·o¢ sma.ller. in absolute 

magnitUde than the actual ooor'Clinate, a bond length can 

involve either the sum or difference of the abaolut:e magn:U;uo.e;::~ 

. of i;;\w coordinates, and h-ence a usubstitution11 bond ].en$tl1 

can be either too Short o.r too long. 

' 

·-; 
' 

. ', 
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The discrepancy to.be expected is readily estimated 

'. :rrom EQ.s .• (2S). For example.ll if 't'ie consider substitution 

. ~ . 

on one of the end atoms (1=1) and take 

lJ. ~ 1 

m
1 
~ m ... ·~ 20 g mole -l 

.5 

.... ·:t ·r .1.,A' z1 ~ z3 ~ •'-'. 
' -4 . o1 ~ 10 ·. A, o3 ~ 0 

. ·,' 

t-re find that the apparent jz1 1 coordinate calculated from 

· Eq. (21) ttlill be too small by about 0 .. 002 A-. Here an 

isotopic.vari'ation of only 0.01% in the.bond length 

introduces an 0.2% error in the substitution coordinate. 

The discl"'epancy can vary over a wide range, and differ 

considerably for substitutions on different atoms in the 

s~ molecule. 

For substitutions on the middle atom (1=2) 1 this effect 

can be greatly magnified, as Eq. (23b) predicts that the 

,, . discrepancy will increase strongly as z2 . ia decreased.. This 

is illustrated in Table VIII 1 which gives results cal.-. 

culated for several molecules on the assumption that 

o1 = o.5 :: 10_.4 A. To these examples we may add co2 as a 

limiting case. Eq .. (2Sb) becomes in this linut 

AI = -4mr5 

13 and 1n· Table II t-re noted that C substitution gave 

!ll * = -0.004 am1.1 A2 ;; Thus \<\Te f'ind o ~ 5 x lo-5 A for co2 ,; 

·about the expected xna.gn1tUda.14 From these results; and 

. . .~ . 

(24) 
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other evidence discussed in l?art IV~ we may conclude that 

•- the slight isotopic variations in the average bond -lengths 

are responsible.; at ·least in large part,. for th~ · · 

appearance of imaginary coc>rdinates-and. other notol:'ious· 
·. ' : . . . ' 

· · diffi~ulties associated 't'Jith s~bstitut1on of atoms. near a 

pr:tnc.ipal axis • 

As \'Te l1B. ve .seen.; the errors caused by isotopic variations · 

are appreciable even for atoms · ta:trly d-istant 'rrom an· axis~ 

arid structures obtained by simply neglecting these 
. . . ' 

·variations often contain spurious features •. It· 1•JOuld be 

. very useful, particularly \1hen comparing structural. · 

parameters for different molecules, to be able to estimate -

· . corrections by· means of a set· of.' empirically15 determined 

6 t s for various bonds and angles. vfuether it is feasible · 

·. ·- , t·o establish such a set of 5 t s or similar parameters is not 

,. ·yet ··clear, and cannot be settled i·Tithout more data on 
' ' 

,_'·a imple mole.cules • Ho\'H~ver, the physical interpretation or . 
. , average structural parameters suggests that· the· 6 ~ s may 

prove to be roughly characteristic of bonQ.s . and transferable . 

betl'teen molecules. 
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: . ·APPENDIX. . HARMONIC TERMS IN VIBPu\TlONAL CORRECTIONS . . .. 

,,. 
' - ... 

· .. ' ·. 

~ . . . . 

. ',. 

· As sho\'m in Eq.. (·13) of Part I~ the vibration-rotation parameters may be written · 
as d

8
e

6
=-(6i/ro

8
)(H

6
+A

8
)# 'so that the ha~onicand anharmonic .co~tributiona 'are given 

. by the dimensionless quantities H
8 

and A
8

, respectively. Formulas foi .. the 1!
8 

· coefficients are given beiow for the types of molecules treated in this.· paper. ln . 
addition to the notation employed in the text, it has been convenient to define 

the function ~st ·=: ~J\s/()..3 -1\t). · 
:... ~ ... 

)1olecule H H H l 2 3 

.·. - '·. -·.·· .. 
: . . ·;. 

. . ·.: . . 

., ' 

------------~----------------------------------------------------------------------------~ .. Linear XY2 
_ Linear XYZ 

. 1 l ... f;32 l-1;23 ';' 

' l-~i2!;21 l-ti2;12-£;~2;32 ' • ·· ... l-~~2;23 
Bent XY2 

a-axi.a 

·. ,· · · b-ax1a 

.- .· ... ··. 

·' 

. .• ; ,.· " . .i 

-· ·· sin2x 
2 .. 

cos_x ·. 
·· ... 2· ' 
' l-/;13~31 ·., 

_cos 2x 
sin2x 

. 2 . 
~-~23~32 

'. :-· . 

. (: 

' • 0, ' __ .....__...,.:_;_;__~....;.._------------------_...;-------~,.;,;._------------

' · -: .·· Molecule· · 

. Tetrahedral X"i..-1 
:.t. 

·:· >, 

'. 

. ~ :· . ' 

' : ~. . .·: 

. ·.- .. ":.-. 

•r • • ( ., ') 

;. • • ' • • ~~ ,> f 

'< •• '· 

-, · .. ; 
-, .... \. 

'- . ; 
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1 •. D· R., lierschba.ch and v. H• Laurie• J,. Chant. ;?hya., 371 .. ,· 
• ,t 

· , •· ,: , ·. 000 (1982 )',. prec¢ding pal)et" j. heX'eattez~. ~eferred to as. I • ' . 
. :·~. ', \ • I ' ' \ ' ): .~ 

. . . . . . . . ~ . . . •·. . . . . . . 

2 ~ . The non-diagonal ei~rnents €~P 1-rh:toh appeal? in the gene1'1.a.J. •·· 

.. \ .. :·· i·· :·rormul~a of Eqs ... (ss) and (S't) .. !n I vanish :tdentic~lly · 
. . . . . . . . . ' 

: '; ·< ··•• 

. ., ·, i 

·. ••. i 

·· :::, :, tor all type.s or rnolecttl~s ccne~d.e:i.""ed in this papet•. •' .. ·.' .··,·· 

•,· •• ' i 

.·: ; 'l.'i:l$ nu.11bel"ing of' the Vibrational modes used here ·confol~ 
'• . ··. :.,.· 

(n·. • V?-n. t-Ioatrand Company.,. l~et>z York; ~945} ~ .·· · 

· ·· , S. L .. S .. l3art$ll, Jt. Chem~ P.hys. !2_, 1219 (1955). 
,,.! I' • ,· 

4;~ ~· Norino; K .. ItuchitsuJ and T. 01-'"..a~ J,. Chem~ Phys ... • S61 
_·· _J :" :· 

· .. ·... ··. ; 1108 (1962) ~ 

. ; s·. In :Eqr. . (9) .and elGen;here tha momenta of inertia tor> the 

aV$ragG oontig"Uration (which. iS here the »standardu 

•· 

:' · ; ; oo.n.tigv.ration dGf:lned in l?art· !) should ·b~ ttf>ed, out the 
~:,: ·- . . . 

. ·obeerved ef'tective momenta gi v~ auff.icient · accw?acy ~ 

.. . ~ . . ·.' . 
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Footriotes (cont)- ,.. 

:·,. __ -.-.-

·-..... 

'-1:5 .• J~ Overehd, Trans~ Far. Soa • . 56, $10 (1960};; --14 ~.A· value aomel-.rha.t. less. than. 10~4 i~· also :tndi~ated tor 
·~ .. 

nitrous oxide, since the z2 .found. by the substitutiori' 

method.~~l. although, very s!114ll,; 1s not yet imaginary a~· 
predicted in Table VI!!. Substitution of' the middle · 

atom in N1~i14o16 does given- an imaginary z2 .1 howev~r,. 
' 15 ~ \ve must rely mainly on empirical analysis., since the. 

. _,:: 

'· 

. . i·: 

... _, .. 

dominant contributions to the isotopic variations '. c •. 

come front vibrational anharmoni~ity.- as shown in, 
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Molecule 

HF 
DF 
TF 

. ··ol6H 
.. 16 

· · 0 D 

.. 12 
. C H 
cl2H 

.·.He135 . 

HC157 

DC135 · 

DC137 

TC135 

TC137 . 

. 012016 

. 01s01s 

Cl35F 
C137F 

. r12101ss 
!1270137 

-19- . 

Table I. various bond lengths (A) of some 
selected diatomic molecules 

ro . <r> 

0.9257 o. 91'70 0~9349 0.9326 
.. o. 9234 0 .. 9171 0.9300 0.9284 
.0~9230 0.9177 o. 9286. 0.9272 

0.9800 o. 9707 0.9897 0.9873 
o .. 9'772 0.9700 0.9843 0.9825 

1.1303 1.1187 1.1415 1.1388 

1.1265 1.1188 1.1348 1.1327 

1.2837 1~2745 1.2926 1. 2904 
1.2837 1. 2746 1., 2926 1.2904 
1.2813 1.2744 1.2889 1.2858 
1,.2813 1.2744 1. 2889 1. 2858 

·. 1. 2800 1.2746 1~2871 1.2853 

1. 2800 . 1.2746 .··.· l. 2871 . 1.2853 

1.1355 1~1283 1.1407 1.1402 

1.1333 1.1283 1.1405 1.1400 

1.6352 1.6283 1.6372 1 .. 6368 

1.6351 1.6283 1.6371 1.6367 

2oS236 2.3209 2 .. 3250 2.3246 

2.3235 2.3209 2.3249 2.3245 

Ref. 

a 
b 
c 

d 

d 

d 

d 

e 
e 
f 

f 

g 

g 

h 

h 

h 

h 

h 

h 
;;;;:::;, ;;;: :;..;.; %·S j ;::; :.::e:::ee: ====================================-============~=~======== a G. A. Kuipers{ D .. F. Smith., and A. H. Nielsen; J. Chern. Fhys. 

25, 275 (1956),.. 

bR6 M. Talley, H. M. Kaylor, and A~ .H6 Nielsen, Phys. Revo 77, 
529 (1950). 

0 L. Jones and M Goldblatt., J. l•1ol Spectroscopy 1, 43 (1957) .. 
·. · da. Herzberg, Spect;r:a .of Diatomic Molecul~ (D. Van Nostrand 

Co., Inc., N. Y., 1950). 
er. r,t. Mllls, H. w. ThOlnP.SOn; and R .. L. Williams" Pl"OC. Roy .. 

Soc. (London) A218, 29 {1953). 
t:J. Pickworth and H. w. Thompson., Proc .. Roy .. Soc. (London) 
A218, 37 (1953). . r • 

gc. A. Burrus, \-1. Gordy, Bo Benjamin, and R. Livingston,. Phys. 
Rev. !rl.1 1661 (1955). 

he. H. Townes s.nd A. L. Schaw·low .. ~~~~cctroscop;y, 
. (McGl .. a\lv-Hill Book Company, Inc., N4 Y .. .1 1955 J. · · 
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. . .Table II. Ib and. bond lengths f'or 
· a · b co2 and cs2· 

MolecUle Io * Ib ·r ro <r> b e 

01201s 
2 43!'214 43.242 1.1600 lol621 1.1625 

. ,.,· 
01s01s 43.211 43.238 1.1600 1.1620 1.1624 

'.i 2. 

012832 154.563 154.620 1.5532 1 .. 5548 1.5545 ·. 2 ., : 

012832834 159.252 159.309 1~5532 1.5544 1.5547 

aDerived from data or c. P. Courtoy., Ann~ Soc. Scien. 
, ..... · _Bru.xelles., Serie !j. 73,'5 (1959)~ 

' ' 

bDerived f~m,dat~ ~fA .. H. Guenther, J~ Chem. Phys. 31) 
: .. 1095 '(1959) .-

. i .. 
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~able !!I. Moments of inertia for some 

· bent XY 2 molecules ( amu A 
2 

) • 

-~-£ . .-.·. ·..... . 

' -~·~· .: , 
Molecule·· 

..... ·.·. · .·· .. H 0 

. ·. 
2
equ111briuma . o. 61590 

. ~-. . . 

· ·• effective a · · ·; .o. 60488 

.. (. . average . . o. 63435 

. ' : ~·. . . . 
•· 1,.. ,.· . D 0 

'I 
b 

1.15621 

1.16348 
1.19073 

. :· 

I c 

1 .. 77025 

1.81575 

1.82712 

""/. -.. ··· ;:._ . 
2 e~ilib.riuma : .• 1.1078 2~3133 3.4167 "."\· . 

. ' 
.·. · ·: effective a 1.0961 2.3190 3.47~~ 

. : •. j\" • . - .: • ~ :), 

-,. . '·' 

• .~ . 'I • 

. '.'!" :~ • ; 
,• 

- :~- .' . ' 

.;: .. '·.: ,.. 
.. >-', 

~-.. 

• • , t .I 

. ~ ., 
',:. ~ . . 

.·.: 

.·, '· 

average 

sS2o2 
· effectiveb. 

average 

. 8ss0 . 
. 2 .. 
· effective0 · 

·average .. 
83402 ... ··· 

effective0 
.:);' 

. average · · t 
• ' > ~~ \ 

0 
3 . d 
effective . 
. average 

· Nl40_·. . . 

. 8.31756 
8.3972 

8.44572 

$.5264 

8.56959 

8. 6510 

4.74523 
.4.8024 . 

2 .... 
e!'fectivee, r ... 2.1093 

. average ·. 2.1582 
== '1 . i a . . . . ·.· w. s. Benedictt N. GailarJ 

24, 1139. (1956) •. 

2 .. 3580 

•48 .. 9946 
. 49.0934 

. i 

48.9941 
49.0931 

48.9931 

49.0921 

37.8708 

37.9715 

38'.906 

38.992 

3.4945 

. 57.4'470 . 

57.4881 

57 .. 5761 
57 .. 6171 

57~6998 

57.7407 

42 .. 7175 
.42.7728 

41.087 
41.134 

b . D. Kivelson, i. Chem .. Phys. 22., 904 (1954) • 
' -0 W. E. Smith., Austral. J. Phys. g_, 109 (1959). 

dL .. Pierce.- J• Chem. Phys .. 24, 139 (1956). 
/ '· 

_,, eG• R. Bird, J. Chem. Phys. 25, 1040 (1956) • 

-0.00186 
·. o. 04738 

0.00209 

-0.0044 
Oo0648 
0.0018 

. .· 0.1348. 

.-o. oo2s 

::·o.l363 

-0.0024 

0.1371· 
· .... o. 0024 

0.1015 

-0.,0091 

0.072 
-o. 015 

. -
tE. T. Arakavre. ·and .A. H. Nielsen, J. P:lOl .. Spect. £, 413 (1958}. ·. · ... 

·"'"":::-· .. , . .....,._ .. 
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·.·.Table IV. Structural para.1·neters ·of nome 

~:et::: 2 

l•1olecule 

: ~· . 

H20 

n2o 

c32o 
i::l 2 

s33o2 

s34o .. 
.· ·. 2 
. 16 0... . 

.;;) 

= 

p • .• : 

ro <l") 

. o. 9579 0.9735 
I' 

0.9571 0.9683 

1.4321 1.4350 

1.4322 1 .. 4350 

1.4321 1.4350 
! 

1.2760 1 .. 2794 

1.1967 1.2000 
:;:;::::::= 

: ~, . 

: •:=::rt:t:i!..:.:.""~-== 

eo ($) 

104°56t 104 °16 1 

104°52' 104°22' 

ll9°32t 119°21' 

119°32' 119°21' 

119°32 1 119"2J..i 

116°58 1 116"'44 1 

134"'15; 133°•:1:8 1 

--~~~....:::~-' 

\ 

.I 
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Table v. Bond lengths tor methane .. 

r 
0 :t>g <r> 

'' 

,CH4 , 1, .. ,094 a. 1.107° l.099a,d 

·CD4 1.092b 1.102c lQ096b;d 

,aBased on the rotation.al analysis or K. T. 
Hecht, J. M:>l. Spectroscopy §; 335 '(1960). 

bRotational 'constnnt B
0 

= 2.631 cm-1 

tal{en .from G. s. Shepard and H. L. · \'Ielah~, 
. ·~ ... -

J ~ Mol. Spectroscopy ;b.; 227 (1957 )·. , · · , 

· 0 From reference lOo 

dHarmonic force constants taken from t. H • 
Jones:· and R.. s. McDov.rell; J',, f·1ol.. Spec ... 

troscopy b 632 (1959}. 
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Table VI. B~nd. le~gths ·for HCN .. a: 

""'· ,· 

DC12N14} 

1 -:z 14·.. .· 1.<)659 ' 1.1531 
DC '"'N .. ·. 

.1.0657 1.1557 l. 0706.. 1.157 0 

aDerived from data of· D. H. Rank:t G. Skorin,l{O» D. · P. Eastman, 

and .T .. A. Wiggins, J • .C)pt~ Soc .. Am. 50, 421 (1960)~ 
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Mode 

·"· 
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2 
3 
4 
5 
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.Table vu. Vibration-rotation parameters 

for acetylene.a 

. A ·: 

·-0. 01566 
-0.02560 
-0.01645 
. 0.03172 
0.02791 
0.00192 

·: II' ;:: 

~6s8 (anhar) 
CzH2 

0.0575. 
0$0639 . 
0.0496 

-0.0583 
-0.0533 
o. 0595 

. ~ (anhar )/ e (har) 

-3~67 
-2.50 
-3.02 
~1.84 
-1 .. 91 

31.1 Sum 

~ Io 
I b = 14.330,. 

e . . 
!b = l:G: .. 270 

I, ,·• 

1 
' .· .... c). 01984 . ·o. oess -·4.45 

2 '· -o. 02883 0.0656 ·-2.28 
;3 -0.02248 0.0731 -3.25 
4 0.03803 -0.0881 -2.32 
5 0.03822 ·-0. 08 ... (2 -2.28 

Sum o. 00510 o. 051'7 10.1 

. !0 19.893~ * 19.888, e = .19.825' == .Ib = !b .·. b 

::= ,. 

aDeriVed from data of reference 12 •. 
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Table VIII • Effect· of'. isotopic. var·iations on 

calculated coordinate.a 
,. 

. . :. . ... ' ~·. ~ . " . 

A -:' ~ 0 0 .. • ) ' ' 

•. > _: 

} ... · 

. :,•. 
,.··,· · . 

Apparent z2 
. :' ·... . .: .... -

. .:.-· 

79 . ··. 
Br · CN. 1.1840 0.0070 

·, ' .·· .. ocse80 .·· 
.l.i910 

1.0952 

0.;6679 

1.0873 0.0079 

.. · .. _ .. c1~5cN 0.6588 0.0091 
i · . 

. ~ . ( -: 

0·5106 0.0118 
.•.'. '· __ ., __ , ·-o·~·s: .... :;. .. ·· ·.··~ . : · ... ·:. ~ . ·. -0 ~5224 

•,.' 

· t · !" ~ ' , ., r; 

. . ~ . ; .. 
'• . : ~ .... . : -;. 

.; 

-<· .,. - ···' 

·_'.:'A .... · 

•• f • ;·~ 

. ~ .. 
... ~.. . 

.. '· 
·'· .. -". 

·.·' ... :t,·. 

.. . ·; 

0.1694 0 ·1438 040256 

NNO imaginary 

a.Calcu1ations based on data from c. H. Townes and 

P.'. :G'• SchawlOi.'lp r.ucrovmve SpectroSCOP:l (IVIcGraw·-Hiil 

Book Companv, Ne1,..1 Yorl\:, 1955 )-; except for FCN, vlhich 

is ·from J .. Sheridan and J. K.. Tyler., ~9: t~_r~ 185 J 96 

(1960)·:. The apparent z2 coordinate was determined 

.from substitution Of: Jche :-'lJliddl~:-.atoin; ·.an.J:-!15: substitution 

t.'9~::NNO-~ta .. ct~ ;:subsi;itution for the other molecules • 

. ' .. ... 

1. ; ••. 
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") .· 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
m1ss1on, 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 contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




