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A new look at molecular vibrations
I THIRUGNANASAMBANDAM AND S Molax
Department of Physics, Presidency College, Madras 600005

(Recetved 31 May 1975)

An overlooked category of internal coordmates has heen recognised
m a recont study of molecular vibratnions Taking this aspect into
account, & [resh study of the force constants and the mean ampli-
tudes ol twelve molecules of the pyramidal XV, type 1s presenied
here with mueresting results

1 INTRODUCTION

!
)
{
{

el al 1974a) appears to have brought oul significant results it the understandmg
of molecular vibrations  The reflex angle in the simple planar ktruclmru assoeiated
with these molecules provides an internal coordinate which demands our attention
from considerations of molecular dynamics  This additional nternal coordinate
obwiously mereases the number ol such coordinates from the usual threc 1o four
m number  Such a rcasonable set of fonr mternal coordinates naturally throws
up seven foree constants but, fortunately all of them are not independent  More-
over, 4 new symmetl y coordinate has meidentally presented 1tsell and it turns to
be o redundant symmetry coordinate  This redungant coordinate casily elimi-
natos three of the seven foree constants, leaving us with the well known four
mdependent force constants Lo be evaluated {rom the three spectral froquencics
charactorising the structure  Such a new approach has led to very interesting
results relating to the foree constants of these molecules

A roeent study of the bent symmeirical XY, molecules (T]).\rugnnnasnmbundam

This new procedure is now extended to another basically important type of
molecules viz,, the pyramidal X ¥, molecules Naturally, there are three honds
and three intorbond angles in this structure. At the same time, we are now
oalled upon to recogmse the three reflex angles also as not ol unimportance in
this regard  Thus there aro nine parameters which, provide an dqual number of
internal coordmates  All these nine mtornal coordinates are taken into account
in framing a new set ol symmetry coordmates consistent with Wilsow’s group
theorctical mothod of analysis. Tt is interesting 1o note that three of these sym-
merry coordinates are redundant and they are used to work out six redundancy
oonstramts relating to foree constants. Consequently, out of the votal number
of twelve force constants, only six are mdependent and vhese are the usual foroe
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constants recognised in this molecular type over the yeavs  All these six inde-
pendent force constants arc evaluated heve m tawelve moleeules, making use of
the four speotral frequencios distributed m the {wo spevies associated with {his
moluoular type

The procedure adopled here m the solution of the seaular cquation is the
same as the one adopied w the study of the hent symmetreieal toatomie molecules
as well as the carlier study relating to planar tetratomie molecules (Thurugnana-
sambandam el al 1969, 1974a) The values of the foree constants obtaned heve
appear to be interesting from many points of view  The results are found Lo provide
a pleasing verification of the fundamental statemoent of Herzberg which has heen
the guding primeiple m the evaluation ol force constants m wolopic mojeculos
all these years - Since the solopiec molecules have the same clectionie shucture,
the potential function under the influence of whick the nucler are moving is the same
1o a very high degree of approximation

The highly acceptable sets of {oree constants, as obtaned here, are in tun
utihged to find the mean amplitudos of the twelve molecules under consideration
The results are again cqually mteresting and mdicate that {he present compre-
hensive procedure, involving all the internal coordinstes, 18 reasonable und ut
the same time capable of leading 1o refi eshmgly sigmficant resulis in the study of
molceular vibrations

2. TUEORETICAL CONSIDERATIONS

The pyramidal XY, structure comes under the (¢ pomt group and gives
nse 1o two non-degenerate vibrations of A4, type and two doubly degenerate
vibrations ol E type

Fig 1. Geometry of tho pyramudal XY type structure, ihe equlibriumn hond distances,
bond angles and reflex anglos.
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The new set of symmetry coordinates appropriate to this molecular type
has been obtained as follows

S1(A1) = (I/VE)(Ad14‘Ad2+ Ada).

8y(A4,) = (1v/6NAayy+Actyy +-Acgy— A1y —Afyy— Ay,

Sri(Ay) = (1/4/6)(Actyp+Adtyy+Actyy + Afl13+Afas +-Afly) = 0 (Redundsant),
Saa(E) = (1/4/6)(Ad,—Ad,—Ad,),

Sap(£) = (1/4/2)(Ad,—Ad,),

S4a( ) == (1/V/12)(2B0tpy— Actyy— Aoty — 28+ Ay + B ),

Syp(E) = (1/4/F) Aoty —Actyy— Aflgy + Afa),

S.5(B) —= (1/V12)(2Ads— Ay —Actyy +2A 85— ABys—Afs,) = 0 (Redundant),
Spa(8) = (1/a/T)(Acty,—Aayy+Afy —ApB,) = 0 (Redundant),

whore Ady is the change o in the j% X — Y bond, Aaye and Afy are the changes

the intenior and exterior angles between the j¢* and k% X —Y bhonds respectively

4 T MaTmix

On vhe hasis of the most general quadratic potential fur\cti«m. there are twelve
force constants and they are given in table 1,

\
\

Table 1  Description of the force constants
Iforec Nature
constant
Ja Stretching
Sau Bond:bond interaction
fu Interior bending ‘
faa Interior-interior adjacent angle mteraction
fad’ Bond-interior distant angle intoraction
fae" Bond-mteror adjacent angle mioraction
I Iixterior bending
Jas Exterior-exterior adjacont angle mteraction
Jas’ Interior-exterior non reflex angle interaction
JaB”’ Interor-exterior reflex angle mteraction
Jap’ Bond-extorior distant angle mteraction
fag” Bond-oxterior adjacent angle micraction

The general F matrix elements may be obtained by the usual procedure
in wilson’s F-G matrix method The redundant symmetry coordinates lead to the
following relations among the force constants oonoerned.

(f'dat2f"aa) +(F'ag+2f"2p) = O,
(f'da—T"aa) +(J'9p—f"ap) =0,
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(fat-2faa)+(Fs+2f55)+-2(2f 2g+-f"ep) = O,
(fa—Tea) +(fs—fo)—2(f sg—F"p) = 0,
(fe—fad) —(fo—1F4s) = 0.
(fat-2foe) -+ (f5+20) = 0.

Making use of the constramts, the F matrix elements may be reduced o the
following ocondensed forms involving the six independent. foree constants viz ,
Ja. Jad, far Jear [da and f’g, only

4, Type E Type
Fy, = fa+2faa Fyy = fa—faa
F22 = 2d2(fu—i'2fﬂl) FM = 2d2(fa'"faa

Fio=V2U(['442"a)  For = V2 t—f"a,)

5. (@ MATRIX
The @ matrix clements are
A, Type -
Gy = py+p.(1+2 cos @),

Oy == [ piy-+2p,(1 —cos ))(1 42 cos a)/d3(1+cos a),
Gy = —2V 2p,(14-2 cos a)(1—von &) d sin o,

E Type :
Gy = piy+p,(1—008 @),
Qg = 2[py(24-c08 )+ p (1 —cos &)?]/d(1+ oos),
Gy = v/ 2u,(1—00s a)?/d sin o,

where g, and puy arc the reciprocal masses of the X and ¥ atoms respectively.

6. KineTic CONSTANTS

Making use of the G matrix clements, the followmg kinetic constants sre
obtained

Ka = (1/3)[(py+2p,E)| A+2(uy F +p %) B),

Kaa = (13)(py+2p,B)|A—2(pyF +poE?)|B],

K, = (1/6)[(py+p.F)(C|A)—2(ny+p:E)D|B)],

Koo = (1/8)[(1ty+uF)NC|A)—(py+p.E) (DB)),

K'a, = (u, 8in «/V 18B)[(1/2)—2E sm «],

K"4, = —(jt, 5in a/V 18B)[(1/2)+2E sin ],
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whero A = py(py+3p,),
B = pyl p1y(2+cos ) +3u,(1 —cos a)],
O == (1-+cos a)/4(1+2c0f ),
D = (14-cos a)/2,
E = (1—cos ),
F = (24 cos )

Further thoge indepondont kinetic constants arc related to tho dc;pandcm,
kinetic constants in the following manner, in smmilarity with the corresponding
foree constants.
(K'4q+2K"3)+ (K'ap +2K"ag) = 0,
(K'ay— K'a)+ (K'yy — K"g5) =0,
(K H20K,) 4+, +2K,5) +2@K ,+ K"yp) = 0,
(Ka— Koo +(Kp — Kpg) --2( K'pp— K'q) =0,
(B, — Kg) — ( Ky — Kgp) =0,
(Kg +2K,,) + ( Ky 1-2Kg) \‘0-

7 TFORCE CONSTANTS \

The six mdependent, GQVFEF force constants are evaluated nsing wilson's
T-G matrix method (Wilson ef @l 1955) The secular oquations have heen solved
with the help ol kinetie constants on the basis of the procedure outhned mn ow
earlior papers  (Thirugnanasambandam et el 1969, 1974a, 1974h)

8 MEeaN AMPLITUDES ,
Utiliing Cyvin's equation |TF—AAE| = 0, the symmetrized mean square
amplitude matrices (X) are ohtained.

9. Rusunrs AND DIScUSSION

Regults relating to the twelve pyramidal X ¥, molocules under consideration
are diseussed here  Table 1 gives the deseription and the distribution of the
[oree constants relating to vhis molecular type. The structural paramecters and
the vibrational frequencios of the molecules arc tabulated in table 2. Table 3
deals with the Lkinetic constants while table 4 gives the lorce constants ovaluated
here The mean amplitudes of the molecules studied here are collected in vable 5.

The kinetic constants of the molocules studied here may he grouped under
threo heads Bascd on the propertios of these constants, they may bo grouped
as complemenvary kinotic constants or supplementary kinevic constams

The four bond-angle interaction linesic constants from the first group of
complementary kinetic constants as they vanish among themselves when added

vogevher  Thus
K'4,+2K"3,+K'a5+2K" g5= 0.
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The second group of complementary kimeuie constanus is provided. by the two
hending kinetic consvants K, K; and the fowr ungle-sngle mreraction kmmetie
~onstants inasmuch, as they also become zero wlhen added wogether  Thus.,

Ko 42K it Ko 2Ky 422K K" ) = 0

The remaining vwo kinetic constants, viz , the stretchig kmetie consvant
K¢ and vhe bond-bond interaction kmetic constant Kyq are together called sup-
plementary kinetic constants as they lead 1o a characterimie constant Lypioal ol
the molecule concerned.

Thus. K i = EK,{"'—EI(,M

—= 3| pay+-2pe,(1 —c08 o))yl py+34,)

The mberesung procedure evolved here m the solution of the yymmetrized lorce
constants (Thirugnanasambandam ef el 1969, 1974a, 1974b) is based on a detailed
stady ol the kinetic constunts ol molecules.  Kxtending the procedure to the mole-
enles under study, it will be seen that there are two equaions given by uhe two
lrequencies as against three unknown quantities £, Fyy and £, assoviated witly,
the A, gpecies  The new procedure gives o consuramt-relation governg #,
and Fyy viz.,

Fu = (1(12/-[1'22)-["2'.'

Thus the two equations ave readily solved with the help ot this third equauon

The foree consvants Fy,, F o and Fy, associated with the E species are similarly
olamed with the help of the egquation

-Faa = (K.x4/K4a)-1’144

The symmesty foree consvants are combined 1o yield the mdividual foree constants
listed in vable 4.

Reference may be made to the different workers of the carlier investigators
msudying the foree constants of these molecules I general. iwmay he mentioned
that, the prosent valnes of the foree copstants are more systematic than the carlicr
values,  The values of fz and fgg remam i the vespecuve ranges given by the con-
cerned auvhors  Onabe other hand, the bendmg foree constant and, the inveraction
foree constans are found 1o he considerably reduced as a result of the tecognition
of the reflex angles and theretore additional force constants

Turning 1o the nature of the results obtained here, the followmg observauons
may be made  The strotelung foree constant fz and the bendmg foree consant
[ arce found to be pracrically identicel among the three membes forming each, of
(he Tour sets of isotopie molecules studied here,  This 15 indeed a sikmg and at
the same time mdependent veufication of the hehaviour of such molecules as
‘nbieipated by Hewzberg years ago

3
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Table 2

S No. Moleeule dA -4 r(Ay)  va(da) vy(L)
m deg em 1
7 J— _NP-E 1 0116 10642 3506 1022 3577
2 ND, 2405 798 2052
3 NT, . 2000 G5 2204
+. Pl 1 419 93307 2452 Tod1 2457
5. D, ] 1761 - 766 1766
0. Ty . . 1443 643 1424
7. AxH; 1 523 91' 367 2209 973 22326
8. Anl), . 1571 096 1582
9 AT, 1289 378 1294
10. SbIl, 1.712 91 31’ 1989 790 I!l'T\\ﬁ
1 Shiy L4009 A6Y Lm{l;
12 S, G2 47 1153&
n) Duncan ef al (1964) h) Sution (19568) \

¢) Sundaraam o ol (1960) d) Al ef ol (1964)

Table 3  Kmetiwe constants (10 23g)

N No Molecule Ka Ku K, * [Lp
1 NII, 0 1571 0 0030 0 0208 0 0044
2 ND, (O 2987 0 0108 0 018) 0 006Y
3 NT, 0 4302 0 0220 0 0532 0 0083
4 1, 0 1623 0 0004 0 0203 0 0004
5 1'Dy 0 6D 0 0016 0, 0303 0 0002
G 1, 0 4611 00034 0.0573  —0 G005
7 AsH, 0 1652 0 0001 0 02006 0 0002
8 AsD, 0 3262 0 0003 0 0407 0 0001
9, Ax'l 0 {833 0 0008 0 0604 —0 oos

10, NbH, 0 1660 0 mm;;l 0 0207 0 ool
1 Sbhi, 0 3204 (U 0 0412 0 0002

0004 0 0612 0. 0001

12 Sb'T, 0 4902 (

ni(#)

400 °

K'ya

0. 0009

0 0034
-0 0070
— 0 0001
- 0.00006

0.0014
-0 0002
—0 0001
—0 0003
—0.0001
—--0.0001

-0 0002
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Table 4 Toree constants (105 dynes en

U, - -

+ No Moleeulo fd Jau It s Jia I'a
1 NH; 7 0081 0.0410 1475 0 0187 0 014 0 0185
2 ND, 7 0484 —0.,0329 0 1dig 0 0167 (U TR N PR T T2 i
3 NT, G Y404 0 1074 O 1501 -0 1R 0 0465 00503
4 PH, 3 4701 0 0022 [UNTLE Y [T ) [UNUTIR] 0 0054
5. PD, 3 4754 0 0073 (8 0 004H 10,0024 0.0104
G PT, 3 329 0 0496 00007 -0 0040 — 0 0083 0 Ohl6
7. AsH, D2NH0T -0 0130 073 00013 - 0 o 00014
8. AsD, 2 8R4 - 0 011l 00732 -0 001) 0 04 0 00N
9 AsT, 2 KB2T -0 003 (0.0741 00016 - 0 00 0 0006
HU sShH, 2 309K 0 0114 o 0606 -0 o0Lh O 000 0 0008
1. Shig 2 0101 0 O06A 0 0508 00015 - 0 0002 0 00l
12 sor 2 314 O 0002 0 0609 0 0012 -0, 0008 0 ou24

Tahle 5 Mean amplitudes (A) at 298 16K

N No Molecuin (ou)t ()4
) l o xTITI .‘ 0 0710 l).l‘.’.‘_).i_'
2, ND, o 060G 0 1030
1. NP, 00559 0.0937
4. i, 0 0838 01179
o rn, 0 0710 0 1200
6 1", 0,0654 O 1178
7 Asll, 0,0873 0,1561
8. AsD, 0.0738 0. 1339
9 ANT, 0 0671 0 1231
10. ShH, 0 04923 0 1710
11 ShD), 0 0778 0 1480
12 Shly 0 0706 0 1378

The remaining four force eonstants are all mteraction foree constants and
T . H ™ " .
they are also found to reveal own their interestmg characteristics  The angl
angle iteraction force constans f,, is always found to be negative 1 vhus type ol
molecule  but magnitude-wise insignificant when compared with the predominant.
hending foree constant f,.
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The hond-distant angle mueraction foree constant 4, is also negative whereas
the bond-adjacent angle mteraction fovee constanu [“g, 18 always positive
the latter beimg i general of greater significance than the former regarding 1hen
magnitudes '

While a devailed discussion of the sigmficance of the mteragvion force conssants
in molecules has to await further work in the field. iv 15 templing even now to
compare the pyramidal structure studied hore with ihe planar structure, studied
carhier (Thirugnanssamhandam e ol 1969).

The angle-angle interaction foree constant f,, and the hond-distant angle
interaction force constant f’g, ave negative in the pyramidal as well as the planar
structures  Regarding the magnitudes of these force eonstants the pyramidal
structure appeavs to differ from 1he planar structure  Then, f,, is found to he
considevably less than f, i the pyramidal case wheveas 1w equal to balf of f,
m the planar case However, f"g,, m genceral, appears to be lavger than J” g, in the
pyramidal molecules while 1t is equal to half of f'4. in the planar molecules

Thus it appears that the interaction force constants may he counsidered to
be basically important. m distinguishing the pyramidal frony the plana struetwe
relaving to molecules  Ttas quite probable that an underftanding of all thes
agpects may trow Turther hght on some of the vecondite {eatures of the
pyramidal strueture such, as the mversion of the ammoma moleenle

The present set. ol symmetrvized foree constants has been utibsed m Cyvim s
secular equation (Cyvin 1959) to avrve al the symmet vized menn squar ¢ amplitades
at temperature 298 16K The mean amphtudes have heen computed from the
mean square umplitudes and they are given in wble 5 The mean amphuades
cvuluated in the present investigation appear to he ipasonable lor all the molecules

The mean amplitudes of vibration for hoth the honded otz and the non-honded
a,t distances appear to decreuse as one proceeds {romlower Lo higher wotopie cases
The mean amphtudes obtained here agrec favourablv with the mean amplitudes
obtained from the clectron diffraction data as may be seen from the following
cases

THX—T) (Y. .T)
NH, 0.0710 0.1222 PW
~ 0078,-0002, 011 4-0.02 A
0.09 002
ND,  0.0606 0 1030 PW
0066,-+0002. 010 40.02 A
—0.08 002
PH, 0.0838 0.1479 PW
0.085 +0.008 — B

P.W-Prosent work A-Bastianesen ef al (1964) B-Bartell el al (1959)
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10, CoNernvsion

The quadratie foree constants of fwely e moleculcs of pytanudal XY, strueture
are evaluated here mtroducing a new type ol mternal coordinates and Wherefore
a new sot of symmetry coordinates It may he seen that hghly systematie and
reagsonable sews of independont foree constaunts relatng to these molecules have
heen obtamed here for the ficst time  The mteraction foree constauts seem 1o
assume, m magnivude and sign, significant values churacterisue of the moleeules
and the molecular type The mean amplitudes studied here are found to be
m the expected vange
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