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and
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L Department of Chemistry‘and Iawrence Radiation Laboratory

University of California, Berkeley, Californla

Abatract

Formulas are given which enable gtructural parameters

for the average molecular configuration in t£he ground

vibrational state to be calculated for some simple types of
molecules. The data required are the observed effective

B moments of inertia and harmonlc force constants. No knowledge
of anharmonic constants is necessary. The average structural
. parameters have a well defined physical meaning and are

directly comparable with diffraction results. Polyatomlc
molecules for which explicilt calculations are gilven ave COZ’
CSZ’ HzO’ 302’ 039 NOZ, CHQ’ HCN,’: and Czﬁzo It 18 fOund that
the average bond lengths involving H are 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 determination are discussed.

%Support received from the National Sclence Foundation, the
Aifred P, Sloan Foundation; and the U. 3. Afomic Energy
Commission is gratefully acknowledged.
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"fIn-Paft I of this studyl it has'been ghown that:ajgood ;
apprqximation'to the moments of inertia of the average con=

figuration of a molecule can be derived from the'effectivé

'~ spectroscopic moments without knowledge of anharmonic

potehtial constants. The effective moment of inertia for the'_

‘ground vibrational state is related to the equilibrium moment

CIgm I vy e s - : (1)

’: where each vibrational modev(of degéneracy ds) contributes a
: term; .The‘vibration~rotation parameters eg may be separated

::into-harmonic and anharmonic contributions,

¢ a o | - o
&g ~ves(har) + es(anhar). | o | {2)

~ The moment of ineértia of the average configuration is then

lgiVen by_  | _
| Iz=vI§.+”%vZBdseZ(anhar) o | }» '} - (3) :
or - . | ‘ : _ R
1, = 12 - % 5.4,e%(nar) T O

~_In the general formulation given in I the eg(har) parameters
'f are father complicated functions but depend only on the
_.harmbnic'force constants, molecular geometry, and atomic

masses. For some of the simpler types of molecules explicit
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. Qg o a s ' -
expressiong for the es(har} can be obtained. These are glven

in this paper, togethérvwiﬁh numerical results for a number

of examplesﬁ

DIATOMIC MOLECULES

- The relations among various bond length parameters, as
formulated in I, have been éxamined_for several molecules.

Table I shows results obuained from spectroscople values fop

: 3 ae, and o and the expressions given in I. fThere are

O e

several interesting features. Filrst, < >l/2 > <E> > r, >ir )

e
ag expected FromgFig. 1 of Il For hydrides r, ‘~ Ty ® Q.01 A

and.<r> - re % 0.02 A. Since electron diffracﬁicn rg* values®

- are essentially <r> we expect gpectroscopic effective bond
fvlengths'an& electron diffraction bond lengths to differ appre-
e ¢lably for hydrides. For heavier atoms the difference will

be less but can still be significant. Another point of interest

is the effect of isotopic substitution on the average bond

: 1ength.  Replacement of H by D causes & shortenlng of about
0. OOS - 0,005 A in the various bond lengths T2 Loy and

<r2>L/&,‘ The heavler isotople substitutions cause a 3ho“ten1ng

.~ of about 0.0001 A, except where the heavy aton 1s oonde& to H.
* Then the effect of heavy atom isotopic substituticn is more

 v‘or‘1ess.negligible,'since H does almost a1l of the vibrating.

. LINEAR YYa MOLECULES

For a 1linear ¥y molecule in 1ts ground vibrational state,

(4) reduces to

34

et e =



, o

”However, the substitution of S for s

o o 3 1 1 4 : S
s TR IS 4 P U N PRS- . 5
LI [‘”1 W ,“’5 ‘”.2‘““3] (5)

- where K = 16ﬁ863 amu A% ¢m° and the vlbratlonal fvequencies

1

‘W, are expressed in cm“ ., Using . (5) and observed spectro=

B

| 'scopic data the results of Teble IT afe obt ained. One

1nterestiﬂg fesult is the decrcase of both I° and I when 012'

13

is replaeed by C in 002. For a r¢gid molecule isotooic sub-

o stiuution by a heavier atom would e;ther incroase the moment
‘ of ineroia or for a-nolecule 1like CO2 cause ho change. How~
'-ever, the decrease in tne average bond length actually cauges

a decrease in the roment of inevtia. Although it is not an

52,34

XY? molecule we have included C12 for purposes of

comparison with 012822. The relations for an X¥Z molecule

 given elsewhere:in this paper were used in the caleulations,

' There is some amblgulty in the listed rog Since the bond with

34 QZ

has a slight ly diLferent value than the bond with S

32_definitely_shor5ens

“the C5 bond lenguh.by about‘0.000l A,

~ BENT XY, MOLECULES

For a bent XY, molecule the following relations are .

~ obtained:

R ' 2 ‘ g 1? o | '

® . y

xa..z + 3K Si“f+"gsx+ R O
. 1 2 I ' |



‘?1_-of Meal and Polo.

. 2 2 I -
I, =10 +3¢ |98 X, 800, b A7)
b b W W v

| | ‘_ 1 2 I, |

i 'z§=zg»x[i~+i+i*m‘;2 (..l_.i...._......_. . )
| . 3

Wy w2 wB 13 w2 a)l--t-cu
- ar? <_;.._+ _...;.__.,.)] LY
v 23 Wy w2+w3 L

where 513 anoltz:,5 are the Corilolls coupling constants and Y -

is a parameter determined,froms
'- coszx + zczs(zyx;)l/?cos X+ e (r/1 )] =0 (2)

'Here b denotca the pymmetry axis and e the out-of-plane axis.
The £'s can be obtained by the methods of I or by the rela ion
6 Using these relatlions and observed
" potatioral constants and quadratic potential conﬂtanﬁs We have
;calculated average parameters for H,0, 50,, 05, and NO2 The
results are given in Tables TIT and IV. |

, First we note that the ambiguities in effective parameters
.arising from the inertial defect7 are absent in the average
K values. Within the experimental uncertainties in the rotational
'vand potential constants uged in the caTCulatlon the relation:
Lk *

I, %,ia + Iy

is satiéfied,as is neceséary for any set of physically wéll_
'defined moments of inertia. The observed small residual valﬁes}
of the inertial defeuts are a measuve of the errors present |
in the calculated structural parameters, khiCh should

approximate-very ¢logely to actual averages.
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- Qther points of interest are the fact that for water

<rOD> <o by 0.005 A and that I, for 50, becomes smaller"

‘as we increase the mass of the 8 atom,, Since 3 lies on the b

“axis, I, for a rigld molecule would be unaffected but the small

decreage in the average SO bond length causes a decrease 1n Ib

for the average configuration. As we shall see later these

A small isotopic.variétions have an lmportant effect on calcu=- :

lations of the positilons of atoms near to a principal axis.
TETRAHEDRAL XY, MOLECULES

For molecules of the methane type

¥ L0 1 4 - 2 1 4
I =1 + K|z + L2, < T )4-& ( + -)
A 11 | N
*an@m~~m~w~ﬂt {10)
34 w3+m4 W Wy ‘ ' |

The Corilclis constants may be obtained from the relations

Ip . L ey

54 = Bhazb2e - - o ()

S -  (2)
and A o : .

: ’ »2 8 2 ,

7‘3;24 + _7\4{;231 <1+ ‘mY){r F - 41?3‘ +44, }/I {13)
Here r 1s the average XY bond length, I 48 the moment of
inertia,s and the force constants refer to'the»usual-symmetry

'coordinatess of species Fo.-




. . 4
~distance between atoms™’

The average bond lengths derived for methane are

given in Table V. Agailn deuteration is found to decrease

'the avérage bond length by about 0.003 A. The electron

& -

diffraction r_ values are séen to dififer substantially from

"both{ré and <r>. It can be shown4 that the displacement

of v, from the equilibrium distance v, 1s strongly dependent

on the anharmonic potential constants, just as found in I

for r

o+ However, the dlfference Ty = <> like'ro ~‘<r>,:'

- is practically independent of the anharmonic constants.

ﬁlthcugh‘rg and <r> are identical for dlatomic molecules®

(aft@r small corrections for centrifugal distortlion and A:fv
thermal vibration), they differ for pélyatomic molecules
bécause,rg reyreSehts an average o? the instantanequs

9 whereas, as discussed in I, <>

. 1s the average projection of the distance along the direction
"of the uhdisPlaced bond. Procedures for deriving <> from
.rgvare available. Thusg a precise comparizon of the

electron diffraction and spectroscopls resulis cen be made

in terma of <& by means of calculations which involve Jusi
the harmonic force constants. A completely satislactory
check 1s obtained for methane, as the values of‘<r> derived”
from r, ore identical tc those in Table V.

LINEAR XYZ MCLECULES .

' For a linear XYZ molecule
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~out for a single isotopic molecule. Hou :ver, wWe expect C

L - o5 S U ST 05 RUNUIE S

{14

The Coriolils coupling conotant are readily evaluated from

‘the relations

. '02
%12

2zl 2 2 4 - .2 \
Aylog + Aglyp = vy Fi1 ¥ BryyPyz Fiz ¥ Ty Fyg)/I,

where the quadratic potential constanﬁs for bond stretching

aré defined Dy tnu valence force f{ield
2 ' . . L
ZV(ucretching) xs Tll(S fg) P33(61Ym) + 2F g Bryy bry,

- These relations have been applled o HCN and the

results are glven in Table VI. In this caSe the treatment

is different from thosze hitherto discuszsed, however, in that

more than one lsotopic species is Invelved in the calculation

of a given structural parameter. Since the average parameters
- vary slightly among lsctoplc speciles we no longer have the

unlque description possible with the calculations carried

174

-substitution to have a much smaller effect than douteration

(0 : 2. 14
and accordingly the pairs Ho ow'®, menl*, ana polful4,

DClQNlé have been treated separately. The results thue

obtained are in accord with what one would exp@mt.- It is

+ Loy =1 B - o (18)

(18)

o
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| found that <rcﬁ? % <?GIP = 0.003 A whereas <PCN> ig.
esgentially the same for both HCN and DCN. Also the

‘caleulated <rCN> and <rgp> differ from the equilibriumv

values by amounts in accord with other calculations. Although =

our assumption that Yoy 18 unaffected by lsotoplc sub-
stitutlon introduces some error, as discussed later, the
., difference between <ry> and <ryp> is certalnly real.

If the “substitution” methad,l;

. . "whigh asgumes Toy = Taps o
is used to calculate a structure for HCN values of
- rgy = 1.083 A and'rg, = 1.155 A are obtained. Since this

rg value for the CH bond is substaﬁéially less then the
: &quilibriﬁm vonlue of reAm 1.066 A, it violates Costain's
rﬁlell,%hat rB'> rea However, the neglect of the bond. 
Shortening causéd by deuteriun substitutioz will alﬁays

lcad to an apparent bond length which is'shOPter than the
averagevhond,length for elther the H or D specigs; This may
‘séméfimes@ as in HCH, evep'be shorter thon th@.equilibrium

- ovalue.

LENEAR.XZYé MOLECULES

-For this case

¥ o 1 1, 1 i 1 4
Lh=h - Ragtag vy Y vty T aa

(mf
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The Corlolis constants are determined from the relations

Cotate=t

ol

B S - I - S ‘
Mlpy Rl = (Brygyyy + 2 f}:vxxglz + f’xxgaz)/z R ‘20), :

" ‘where the quadratic. fdfce'consﬁants refe"‘to the'symMetrV» |

‘ 3coord1nates glven %n Table VI of Pavt I. a :

RS For Czné and CZIM the VibfablOH*POuaLiOP paraneuevo and

Y the. cquil&brlum gtruuture have been decerm;nad.la The - ‘
contrLbutiOﬁs from each vibrational mode are shown 1n Table VII,_
'an& may be compared with the dacq for linear triatomlc
moleuules given in Tables Ii and IV of Part I. In this casés
¢::1t is ;ound that 1° and I are very nearly equal, as the

?negatlve contributions to c{har) from uhe. ’ching modes

f_are‘only slightiy ou “weighca by the pos;ujve contributions

R rfrom the bending modes. The anharmonic - cont:¢butions also

5xlarga¢y cancel fat

. If we ass sume thgt 1CH:> rapy BY 0. 003 A, we CalCUlatb ')l
“x'<rCP> = l 065 A and <rcc> = 200 A.‘ The qu;librlum valueslg
a;e‘rgﬁ = 1.058 A and rS C l 205 A, The usual assumptlon

| that rcﬁ== rap has two unsat;szactory ccﬁ$equ§nces:. it -
:leelda 2 o = 1. 057 A, a value toc closge to (and less than) -
'the equilibrium value; and it rcquircs phe ﬂﬂomulous

13

'ccaclusion that the CH bond becomes ~horter-;n exclted ‘}5

vibrational Suates.
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- DISCUSSION

‘ uThéré afe seVaral adVﬂntages *n'basiﬁg épectﬁéécobid
utructure deberminations on the " rather than the I°
'}moments. .“irst, the inconsiscenc1es which mu&t be accepted
 1when the I mcments are used in rela ions that hold cnly
For genuine momeaus of lpercﬂa ‘are larvelg el mlnatcd by
4t tne use of the I momevtso For examp’e, the prcblems ar¢sinéb"
from quantum deaecto in plunar moleculeg ar» aveid@&, as o

7f iliustrated-in Table IIL. Another important advantag isf

?f?fthe phy&ically vell defxned meaninv of the averaoe

'1structural parmmeuers. ThLS makes them a GDnVLPlenu basis

for the precise corfelation of eiectron diffraction and

" .:spectroucopic results, as discuswed under Table V. The

j“efféc%i?e":or substitution” parameters ébmmonly deﬁived
ifffom épeéﬁroscdpﬁc measurements are defined only by the
'.jopefaﬁional'pfocedures used to obtain them. The relation
'Jjof Ty parameters, in parcxcular, to the eleccron diff”dCthn
:'l‘r paramaters is eftrcmcly compleA, and »r_ —T;S depenao‘

& g
strongly on the anharﬂonlc force constants. ‘ Furthermore,

o)
equ;libwium vulues, whereas the uve“*ge uond lenﬁtho are

the r and r bond lengths can bc longeyx or shcrtcr than the

'conS¢stently 1onger. The avewage paranet cra snould cheraxcrc
offer a mo“e reliable means for ccmparison of wo1eculcu, and

.should bu preferﬂed whenever, as is nsually the was Qg t%é

',.cquilibrium structures are not availa able. -
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Ag we have ueenﬁ for the simple molecules conuldered
in this paper the I moments can be derived from the

' cbsefved I values without a normal coordinabe analysis.
-'Addltional formulas, intended for applications which ceqﬁira
ﬁhevccntributions from the individual vibrational modes;
 are collected in the Appendix. | . |

| _ In practice thc complate calculation of an average
"struoture is unfortunately limited to small molecules, not
 _mu¢h larger than those treated here. Although only thé
'VVharmonic force constants are réequired, even éhese are only

’ évailable for falrly simple molecules. However, as sﬁown
in Parts III and IV of this study, it 1s somebimes feasible
'  and useful to treat portions of larger moleculeé,

A fundamenfal difficulty which affects the calculation
" of the average structural bgrgnetéfﬂ, as well as the |
effactive aﬂd gubstitution parameﬁers,'ld the ambiguitly

introduced when it 1s necessary to ccmbine data from several

. 1isotopic specles. These parameters all differ sligntly for

different isotoplc species, as illustrated in several of. the
examples we have considered.. | |

Since deuberium substitution shortens the aVerage bond.fV'
1ength'by 0.003-0.005 A, structures obtained by'ignoring
this difference have to be interpreted with some cave. For
example; anomalous results were obtained for HCN and Colly
even though, according to the criterion adopted in the

11

: substitutioh method, ﬁeither of theese molecules has an atom
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dangerously near to the center-of-mass. mhv consistent

f-differences found émpiricaily in TablesI and IV to VI would
‘ geem to Justifly r@placing the conventional assumptioﬁ_that’
ryp = Ly Y Typ = Ty - O+ With O = 0.005 A; and in any
case it would be desirable to include the effect of varying
'5 from zero to perhaps 0.005 A when reporting results
derived from deuterium subsﬁitution-

- The decrease in =n average bond lenﬁ th on isotopxc
| substicut*on of a heavier atom 1is only of the order of
-0,0001 A.. Thils iz, however, enough to account for the
| *wrong~way" change in the moments of inertia of 01502 and
fSSZ'LO2 noted in Tables II and III. FPurthermore, the neglect -
gf even such small isotoplic variations can'have a relatively

large effect_on the calculated structure. We shall illustraté

;M%*f this here for the simple case of a linear XYZ molecule, and

in Péﬁt7IV discuss the protlem again in more detall. If an
isqtdpic-substituﬁion is made on the 1th atom, The cocerdinate
zi of the atom (in the principal axis'systém of the parent
molecule)'is related to the change iIn the moment of inertia

by

where p = MAmﬁ/(M + Ami)-and'M ig the mass of the parent
molecule. This relation holds only Af the bond lengths are
‘unchanged by isotopic substitution. If we assume that the

substituion shrinks the bonds slightly,

. AImp;zi ‘ [ €0 N



and

guadratic
- Aecording

' negative,

Eqs. (23)

magnitude

_of two coordinates, and hence 2 "Sprtltdthn" bond WOngth '

J;Az(iml) =zt + 2(m
© AI(1=3)
a.heavier

|   from Eq. (21} will be too small.

¥;be for a rigid molecule.

13-

SRR
' 1 : PO I - o
Tip = Zp % By ™ Fip = Oy

,rég m_Zé ”’Zé'ﬂ FEB - ﬁs.v' 

. then Eq. (21)'mu3t be replaced by

- LAI(inz) 2 uzg +‘2(m13i61 ~1m32365)v5

it
©
N
140 4V]
-‘z,
V]
Can S
8
-
o]
| el
o
| 2o
'
v
t3
(422
o)
ot
S

- vwhere primes refer to the substituted species and terms" o
in the increments 6l'and 83 have been negleétedg-

to the definitions (22), the coordinate z!

brd
o

(€2

isdbtope is substituted. Thérefore.we see from-

that for all threé atoms the apparent z2

the decréase in bond lengths makes AI smaller than 1» would

than the actual coordinate,-'

can be either too short or too long.:

Although this shows that a

‘bond length can -

.j(22$)i .E j

N (zsb)fi?f’

’(23c):v::.f

is positive, and ﬁlAand 63 will be positiVe‘when:-
calculated
This occurs simply becauSe |
Msubstitutlon” coordinate will aiways be‘ﬁmaller.in abaoluté';'

;nvolve either the sum or difference of the absolute magn¢audps' oo
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The discrepavcy to be cxpected ia readlly escimated

from Eqs. (23) ~For example, Af we conslde“ substitution _‘_w7_93¥“

'vﬁf’ on one of the end atoms (1~1) and take -

7! a1

M e 20 g mole” -1

p?-.
@

Z

[

n 1.2 A

1 H
SRR
1R

o

"$ fwe flnd that the apparent léll coordinate calculated from  f'
. (21) will be too small by about 0.002 A. Here an
~f'is°t°p19 variation of only 0.01 % in the bond length

" introduces an 0.2% error in the substitution coordinate.

‘ ;{The diScrepancy can vary over a wide range, and_differ
;ﬁ éonsiderab1y for substitutions on different atoﬁs in'the
:‘same molecule. »

For substitutions on the middle atom {izz), this effecc

‘Maican be greatly magnifledg as uq (2ob) preélcts that the -

:iffldiscrepancy will increase stronwly as Zp 18 d@°fea*ea‘ .This‘

‘1fj*is illustrated in Table VII¢, which gives res sult s c@l~

‘ culated for several molecules on the ascumption chat

1 5i =) o5 = lO ‘o' To these examples we may add COZ as & .

. 5! -limiting case. Eq‘ (Zob) becomes in this l;miﬁ

"and‘in‘Table II we noted'tha’c_c13 substitution gave

| AL = -0.004 amu A%: Thus we find b = 5 x 107> A for CO,y

':abcuﬁithe expéétéd magnitude;14 From these results; and:



:';'ara responsible@ t 1east in 1arae part, for the  4_ji"

""[ff}appearance of imaginary‘coordinates‘and other notorioﬁs-'

" and structures obtained by simply neglecting thase

‘”f;;very useful, particularly when comparing Btructural _
‘fparuneters for different molecules, to be ablé to estimato

15vdetermined .

‘fcorrect;onsvby means of a set of empirically
¥}’to establish such a. set of B's or *milar parame cers is not
ﬂ’yet clear, and cannot be settled witbout more data on:   M
Eggsimple molecules; However, the phjuical lnterpretation of
-;j;average strucﬁural parameters suggests that the Bta may

o~

"between molecules. 'f'

'7-other evidence discuséed in Part IV, we may conc1ude thaﬁ  ‘}
i:ﬂythe slight isotopic varlations in the average bond lengths Ag}jff

:;”f”fdifflculties associated with substxtution of atoms near a'v"'."

As we have seen, theerrors caused vy isotopic variaticns‘ S

”.f are appre01able even for atoms fairly distant from an ax1s, f"

?igfvariauions often contain spurious reauures., It would be f'ﬁ’f,f-”:”~

:“6*ﬁ7for véfious bonds and angies. Whétherviﬁ ig feasibie'fl3"

‘PTOVG to be roughly characterxstic of oonds and transferabiev1 2-f"E ;

vvvvvv



APPENDIX HARHONIC TERMS IN VIBRATIO&AL CORRECTIONS

: As shown in,Eq. (lo) of Part I, the vibrationarotation parameters may'be written
» as d € == (GK/m )(H +A ), g0 that the~harmonic and anharmonic contributions are given
~§fﬂ,by the dimensionle@s quantities H and AS, regpectively. Formulas for the Hy
. coefficlients are given below for the types of melecules treated in this paper. In .
" addition to the notation employed in the text; it has been convenient to define - gk"f:. ‘”
the function b x /(A At) T S s R

M01ecule  _. 3'Hi£ Sl o H

v3f915;1 :5 };;

:_S-Linear XYé' :1¢i_ -; S ;41- L 1»& _ 7 ‘
ﬂ:fi - ' S o S  Tfﬁ o o  ‘.i LD o
o Bmear vz 1-bpfy o 30 C12512“‘332‘552 S Mt

o a-axis _V"sin?xﬁ §: _f1fff;1J["~;ffi'cos X o - ~ fj{”§a/IcQ§:

S B - L RO S-S R, " "

Lmear XY, by 1 4@42 o i1‘*353""  1”§14€14'§24524 o 51‘535[{5”” *
‘ 2 (3 IR ot
524=24*523523 gzo(a'§23) L A '€z4)

fﬂi@trahédfal,ﬁ¥4- v
i - + 2&74(1“543) = * 2C34(1» 34)
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“‘afD. Ri Eerschbac& bna‘va d. Laufie, J, Chemcgﬁhya., 3?,
T 000 (1969), prhsedlng panafg hﬁreaftey referre& to as I.
.f;z Tha ncndiawcn&l eloments gé
Eal formulaa of Eqs. (36) aha (3() in 1 VQnigh'ldenuically

ki

which “pnear in %he genefal

éfor all tyw@s of malecula ccnslder@d *n uhis papev

:”he numbering of tne vibwational mcdes used here conforms

?te uhat of G. Hbrﬁu&wg, Infrared and R&mhn Snectraf# .
(_( (n* V’n Nostrand COmpanJ, ch Yorks 1943) s ;“
3¢ L. 8. Bartell, J. Cnem. Phya. 23, 1219 (195 );.5.’=1 f",:”V T
".4 Ya morino, K,.Kuchitﬂuﬁ arﬂ Gka» Ja Lhem Phgﬂa'$3;5fiff[?:fi*f

averag@ configuration (wh;c ia hgr the “s“ndara“

5‘»{ Gonfiguraticn defined in Part 1) should be used, oup th@ e
:  ‘ chservad effactiwe moments give EUAfiLiEﬂt accufmcy,n1

:iG Je H. Mcal anﬁ S+ R Psloy J. Chem Pﬁij 24, 1126 (1956)
‘ng;p. Darlinm and . H. Dewniugnﬁ Phys. Rev. a7ﬁ 1°a (Lgag);
| f"‘ﬁ; W, Lauri@; ¥+ Chem. Phys¢ 28, {195@} .
"8.<.ﬁ B. Wilaan, J. ¢. Declus; and P‘ C. u%msm, Mo aculaw e

5 VibraﬁlOﬂﬁ (NcGraw-Eill Buar Compzﬂy; ﬁ&w*Ybri 188 )g p‘ 1&6;
f;ga v, Marino and E. Hirota, J Cnam. ?hjua 933 ZS? iiaus) ;
10. L. S. Bartell, K. Kuehiiﬁu; P. Ji deWeuls ¥ Chem. shys.;‘i'ﬂ
35, lem (1961} fsa.i,as*f;p;~tka~*‘x-*‘;’”:’ £8
.fll. ca c. costain, J@ Ch@ﬂ. Phys. 29, 564 (79¢8) By
ff ”18¢ M, T. Christenﬁen; Dv R. E&ton, B. ﬁ. uwcaq, ¢ﬁ§ h‘ é | »;;éii;?f:é

Thcmpscn, Proe. Reya Soc. A B, 15 €1@56) |
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Footnotes (cont)

AR

':13 J Overend, Trans. Far. Soc 56, 310 (1960}

3.1 A value somewhat 1ess than. 10 4 is aleo inaicated Lor TT:'

.”}initrous oxide, since the Zg found by the substitution j£~fii
;j method,ll although very umall, is nat yet imaginary aé ff*ﬁi
ff predicted in Table VIII.y Substitution of the middle * ‘” |
?atom in 15N1*016 does given an imaginary 22, however':;fj;
115‘ We must rely mainly on. empirical analySLS, since the}ﬂfff%;

A dominant concmbu’c.:.onu to the isotopic var:ations :Z,j;;;”ffff

f{ come from vibrational anharmonicity, as shown in‘
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Table I. Various bond lengthe (R) of some
gelected diatomic molecules

_E]wt .. Molecule .- .~ ey oo Ye <r2>%/2 <> . Ref.
. .. EF O 0.9257 © 0.9170 © 0.9349 0.9326 a
St U DR . 7 .0.9234  0.917L . 0.9300 0.9284 b
:\ T ) TP ) n' ’ . .‘ Ov 9230 ' Oc 917? ) Oo 9286 Oo 9272 ‘ 0
L ':l”lfoizH . 0.9800  0.9707  0.9897 0.9873 4

L2 07D 0.97TT2 0.9700 | 0.9843 0.9825 a
ety 1303 1.1187 1.1415 . 1.1388 a
¢ 1.1265 0 1.1168  1.1348 1.1327 a
#e1®®. . 1.ees7 - 1.2745  1.2926 - 1.2904 e
mex® T 1.ees7 1.2746  1.2926  1.2904 e
ope1®>. 0 1.2813  1.2744  1.2889 1.2858  f
“perd’t . 1.2813 1.2744  1,2889 1. 2858 £
o aar®® 0 12800 0 1.2746 1.2871  1.2853 &
oomea® 0 1.2800 0 1.2746 . 1.2871 0 1.2853 g
¢*8o*® ‘1,133 1.1283  1.1407  1.1402 . h
ct%® o a1sss 0 11285 1.1408 1.1400 h

C o er®p 1.e3s2 1.6285  l.6372  1.6368

oo e®r 0 1.es51 1.6285  1.6371 0 1.6367 h
: 12713 plsess 2.3209 2.3250 2.3246  h
o glBT3T L o 3235 2.5209 2,5249 2.5245  n

&G, A. Kuipers, D. K. Sntith, and A Hﬁ Nielsen, Je Chem. Phys.
25, 275 (1956)." |

 gbR° M. Talleys H, M. Kaylor, and A H. h1@786n5 Pnys. Rev. 17,
- 529 (1950).

- ®L. Jones and M Goldblatt, J. Mol eVp)ec‘i;:ao.:s‘,;copy 1, 43 (1957).

dc, Herzberg, Spectra of Diatomic Molecules (D. Van Nostrand
R CO:; Inc., N. Yo 11950) :
Ceocoo o %1, M. Mills, H. W. Thompson, and R Le Williamsg Proc. Roy.
.. Soe. {london} A218, 29 {1953).

fJ. Pickworth and H. w. Thompaon, Proc. Roy. Soc. (Lonaon)
A218, 37 {1953).

" :,’gC A. Burrus, 4. Gordys B. BenjJamin, and R. Iivin@atovg Phys.
" Rev. 8T, 1661 (1955)

C. H. Townes and A. L. Schawlow, Mecrowave Spectrogeopy
{N@Graw«ﬁill Book Company, Inc.y N. ¥.r 1955). |
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" fTable II. ¥, and bond lengths for

X L . ‘ - om0 — i = ’
- Wolecule n I v, oz, o <>

L clzoéﬁ . 43.214 43,242 1,1600 1.1621 1,1625

e 1302 ' 43.211 43,238 1.1600 1.1620 1.1624

‘-“; '012822  154.563 154,620 1.5532 1,5645  1.5548

”jc12332334 159.252  159.309 1,5532  1.5544  1.5547

,  aDeriVed from data of C. P. Courtoy; Ann. So0c¢. Scien,

‘“~'bDerivea from data of A. H. Guenther, J. Chen. Physo 3L
1085 (1959) | |
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Moments of inertis for some

Table III.
. ~bent XYE moleculea (amu AZ)

fmblecglé'*?; f,fj.I S  Ib .; .' : 1

.'Xcaraﬁxb

MW H2O

© - Cequiltbriun®

‘75feffectivea‘“
< . v Dzo

o effective ,

_;Q:g;aVGrage>'“-
.' sz202“ |

ffieffective o

SRR
fﬁif_si'oz

average o

8 *o, '
A effective® 5’

5_(;_ayerage '
effective”
average.77

SR P
N0,

- effective®’
. average - -

equilib‘rémm =

o average"”"'

‘effectivec -

fdlé:zflogs )

T8y, 5. Benedict,
24, 1139 (1956).

CW; t

w

N Gailar, and E. K. Plylcr; J, Chem. Phys.

0.61590
e 1 0.60488
Y. average .. . 0.63433
!.1.1078
1.0961
©1.1347

. 8.31756

8.3972

o B.44572
;3_3.5264

. 8.56959

;»’?.4.74523

2.1582

1.15621
1,18073

2.3135

2,3190

~;42‘5580

48,9946
49,0954

48,9941
. 49.0931

48,9931

49,0921

37.8708 .

. 37.9715

38.906
38.992

11;77025

1.81875 -
1.82712

3,4167

3.4799
3.4945

BT.4470
| 57.4881

57.5761

- 57.6171

| 57.6998

57.7407

42,7178
- 42,7728

41,087

41,134 &

-0, 00186
0. 04738
0. 00209

-0.0044

0.0648
0.0018 -

. 0.1348
71-0.0026

0. 1363

*0.0024‘

0.1371
*-f°*°°24

- 0.1015
) -*0.10091

0,072

-0. 015

-

=

by, xivelson, J. Chem. Phys. ?2, 904 (1954).
, iths Austral. J, Phys. 2, 109 (1959)
- 4, Pierce, J. Chem. Phys. 2¢, 139 (1856).
.. %6. R. Bird, J. Chem. Phys. 25, 1040 (1956).

| E. T. Arakawa and A. H. Nielsen, J. Mol. Spect. 2, 413 (1958)
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e ol irable IV, Structural parameters of some

. bent XY, molecules

LE

W = 3

o molecule r, <> O <&

O o

; 1;-‘;' : HZO - 0'& 9579 0.9735 104956t L04°10"
D,0. | 0.95T1  0.9683  104°5Z' 104°22"
T1.4321  1.4350  119°32'  119°21°

0, - 1.4322  1.4350  11g°s2'  118°21'

31,4321 1.4350 -11e°32¢ 1181
' i

'1.2760  1.2794  116°58° © 116°44°

Cwt%ol® - 1017 1.2000 134°150 13548
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Tabielv;” Bond lengths.for methane.
S Fy s @ o
. .cH, 1,042 1,107° | 1.009%%
iep, - L.os2® - . o1.02°  1.096P2d
P e i~ .

_ZaBased‘On the rotational anélyais of X. T.::'h
' Hecht, J. Mol. Spectroscopy 5, 335 (1960)
Protational constant B, = 2.631 om -
- taken from G. S. Shepard and H, L.- wplsh3
J. Mol. Spectroscopy l, 227 (1957)

. From reference lO. _ B

, dearmonic force constants taken from La H.
Jones. and R. S. McDowell, Je Mol. Spec~

o troscopy 632 (1059)

B

R

aES
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Table VI. Bond lengths for HON.Z

12N14

13N14

7,y7ffv } 1 0659 1.1831  1.0876 1.1558 1.073g. 1.157,
o HC o s | ¥

'*'12314 - o o , R |
: 13 14 . 1i 0659 i 'l‘o 1531 . 1- 0657 1- 1557 * l‘o 0706 = 1: 1570
_-Dc N _ : : :
"ff Derived from data of D. H. Rank, G. Skorinko, D..P. Eastman,
. and T. A. Wiggins, J. Opt, Soc. Am. 5O, Azl (1960)
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Table VII Vibration~rotaﬁion parametera K

for acetyiene. R

. ~0.01866 0.0575° - . = =3.87
0 =0.02560  0.0839 . - . =2,50
- =0,01645 . . 0.0496 . . - =3.,02
1 0.03172°  -0.0583 . =1.84
. 0.02791  =0.0533 IS

,,f5$um271? 0.00192 . 0.0595 ." 1.1 I
NID = 14,332, I = 14.350, IS = 14,270

OGRS

R
it

475?»0;01984'”‘3"{b.o&BSfJ*Q‘:;.'”;wé.és :
7 =0,02883 . 0.0856 ~2.28
©0.02248 - . 0,031 . - =3,25
. 0.03803 . -0.088L - . . =2.32 .
L © 0.03822 . -0.0872 . .. - - 2,28
- Sum -~ 0.00510 0.0517 . 10.1
= 19.893, I, = 19.888, IJ =19.825

W e : : =

NN I 1

‘aDeriVed_frbm”daéa of reference:lz,'}ff S



,lEi)fiTabié‘VIIif ?Effecﬁiof‘iéétopio~vafiations on

calculated COordinate.a

. Moldgule Actual z; ~ Apperent z;  Diffevence

Coese® 0 1.08s2 0 1.0873 - 0.0079

6%y . o.ee79 . 0.6588 - 0.0091
flocsT . 0.s224 7 045108 0.0118
RN o.eee 041438 ©0.0256

ff NNd:f” ,f.  0.0726 - imaginary

" Bcaleulations based on data from C. H. Townes and

0 AV L. Schawlow, Microwave Spectroscopy (MeGraw-Hill

““ﬂBocK.Compaﬁys New. York, 1955)¢ except for FCN, which
LSLfrom‘J}'Sheridan and J. K. Tyler, ﬁ@ﬁqﬁ@ 185, 98

© (1260).. The apparent z, coordinate was determined
. from substitution of the middle atom; -an N1° substitution
ff@?;NNO}éa%C}§§suﬁstitution for the other molecules. .

o e




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 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.





