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only to fnm thg COErect expresgions bam for the energy, of vibration
and the conve?gence factors of tha rata‘;mnw lines of the bands,
Lut glso to apply the result "o determ ine ihﬁ m{mimi constants
of theHUN mlecules . #9714 S

The Hamiltonian for a vibrating and rotating molecuie hias been
given by ‘;’s?‘;imn and Howard?;" which may be written in theé form

¢ Ly i ; ‘

= é%{é’* i 1 D RS

z

]

v 4

8

M!w

%

b Nm’“‘ AP V. (1)

sl (Mg=ag) Pagh
The Z;f are &h& csmpenexxta of €he ‘total angular momentum, while
Ay are {h& wmpanents of the angular momentum arising from the

vibr aﬁz(}n m(}tmrz along the coordinate axes rotating with the mole-
cule, The P are the momenta conjugate to the normal coordinates,
By are the cofactors of a determinant ¢ which contains thb moments

&
(M

si mema which are themselves functions of the normal coordinates.
3« m thc patenixai funcu:m of the ystem ﬁubgmt to the geomsirical
symmatry of the maieaulc. Iti m cxﬁ&lll]}ﬁd that V can be developed as
& power series, of ‘the normal enordmateq
In the case oi the X+ Y-Z type molecule, there are three normal
modes af vzbratmn, and these are mdmated in Fig. 1 e shall use
the g g,enerahzed coordinates? which are somewhat
"different from those defined by Adel, Let ¢ be
o o o the relative displacement of the atoms X and Y,
& . oo TP zthat of atoms, Y and Z, while r.and; ¢ indicate
the polar coordinates of the cenlral atom In 2
G &t Omy i)y
plane perpendmular to the line mmmg the  end
Fig, 100  atoms.

s’%x

A e

2. Zeroth m*e?,m* potential energy of vibrotion

We ghall, imﬁ obtain the energ gy of vibration of the non-rotating
molecule, which determines the band centers. Now for the parallel
vibrations w, and W, let 2y, #,, and 2, indjcate the displacements

70 E Bartunek and B ¥, Bavker, Fhvs, Roo. ga 550 (1988,
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irom . the equilibrium of X, Y and Z respectwely, then g=gyer 2y
zmez,—2,. The kinetic energy expressﬁon RER

. ; P e u) i '..\ ra b"l_\_";";\- R
T (m zl —]'mg»(/v + mn 3)
,,'-‘["' h Vol
beécomes T =} (g & +pa ¥ +2quqv) - (2)

1
where m,, my and m, are the maseee of X, Y and Z respectlvely, and

Pq=my (g + M )2 e ey ——ma (7m+ ms) 12
Hezemomg (2, v z ===ml 4 My -y
For the perpendicular vibration ws; 8E° (% yl) (%5, Yy) and
(g ~y,) iidicatedisplacementsiof- Xpi¥iand. Z respaettively vin .the
plane perpéndicularito: the-figure iaxis; ,The corrcspondmg kinetie
energy is

ety Hias e
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In terms of + and @, it becomes
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where 4 4) &l
MNTo ! Ma\T, . _
g J70¥ Bl m’u n; G Jrairdy iihd
ax)d 8§z -7 and s r --:;X Z, the equxhbrmm

L *D

dwtances betweenl atoms Ti\e' symmetry of the molecule 1mposes
th(; condgtxon thatcthe potentml functien must:be-an even;function of.
r, The quadratw terms of V' may be written as

afd! 0i saio u_ ) (}gn R Y 7.3,‘230) fia/+2,::»1¢ \z)‘u: . l‘:(‘i)
After transiormmg to the normal iorms’, T and V0 ‘Bécome
Ao v JJ’{\ by ’) N
L. 1= Gy +Z +R LRI 0w odix
N “ , [ 0 . '\ . . .
T 5 él (,\ Qj”—f-‘)\ Zg*—i-)\,a'R’), . )

Whe?? ?\, Tz = (’E’svf“"t)"}‘ktzl”zé’rz]zu”“)z)ln’!
w13 S ds A.IA.S\-C':("I{I;%S& 1'_13 )/M foOTiE )\.2;;,}?221Pr'ﬁl\i (6)1
2 SJated '

m %Q}EE‘ ybyvt‘t’]e ’follov.vmg

'1‘%dmu




52 - A TUKIANG -
where L "'_c (V“)\.l‘ku)’

€21 =0 (fezA1 - ”)/(Mzkl"kss) .. |
011—02(1“91>\1“’cls)/cf“b‘??\s—'kll)g o

By mtr(}du(;&ng, the ,dxmensmnless coord-mates S
instead of:Q;cZz and*gﬁ, which:arg’ 'related to. theml'fby:-‘a.:

o =2m(w, ()7 Q. & =25i(wy/h)i Z, P=2rr(u> )R, and Gog,
the zﬂroth order Hdamiltonidn’of-thé noh: rotatmg molenle taken the

form - . s /V Foa Byb or e p n o9t ny
Hq~(20"c/h)(wm wyp +wspg Ao/ P2 p;, YAV (8)
where VO =} hc (w,‘cr +u) P' +u)" 1) P e e

The zeroth order energy correspo ding to ‘this Hamlltoman is

RinIe ,xi!"‘q 3 R s
,Wq = hc [h (n v +w,(n +1)+ws(’n,~,-,)3 (9)
&F‘i.inja;;z sk RIEOaS 5% 1o k4T B LA REFCIG AnEWTISU BS0SIAL
3. Higher ordsr Bérims ‘zfnlfpotentmi ‘ewenyand terve: A spidis 5@57 A BE
B w90 Yoan V10 i ) SR L‘KiUD S
The higher.. -bower,_ ﬁe;ms \of the. normal coordmates in the
potentml functlon may be wmtten as ;

18 2ify ¢ e Yaoen meill

AV, =he(a o +b P’ +c < gZ+oc§ JHBEPIFYES?),

?L’Vz = he(d CT‘"“GP +75 H? G‘P +77f0’§ +1P’§ +
GEENHETS s crgp’ S

Pl e ATy b 0 TSR

-
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The® terms ‘dep‘e'nd:r{glon Aoc are' A“P,OC(SHJ AB wm% represent the

) vl 39 O B
energ of mteract,lop between fhe parallel and the perperidwular
vibrations, and aré functions of the v:bratlonal quantum numbers
%y, "3, 80d 2, only. It can be shown that the- AOC -are:given by
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X33 =3f/2~18007 |40, ~ 57/ 20, —(6(8) [m T “]
= ' s ' S W 2w T o —20, )

. 1.1 ‘ :___'_b_a____ e .__b_]___ - —L 'M—Bx 7

K= —e[2-} [u) +2w, e p—Ew, ri-dﬂ +ws*Z@zJ"

— ‘ ‘ 1—_.
Xu;g-(3ab b *‘7/“’8)‘(5’/2) m &T—sz]'

: 1
Xu==h~3<ac ® +0W/°’=) <°’/2>[‘F‘W ~ar=za)
1
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= (bejw 8¢5 /W 3 [,.__*_ ._1‘ ] A
X,,:.-.f: (b c/ 306 [ ) (B [2) 8+(_w2 5, -—Zw (11
-éofvxng for w,, one obtams
A _,:wli: ! —Xll'—Xlz" Xlu .

w] = - LX)Q e ’XIQ - 3.;&33, .
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4, Interaction belween mbratwn and rolatmn

Up to here only the eigenvalues for the energy of the non~rotatmg
molecule have been evaluated “We shall consider those terms of the
Hamiltonian’ dependxﬁ’d upon the total angular momenta M, ,ie,the

interaction between vibration - and rotation, A straxghtforward
application of the method of Wilson and Howard leadsto the- following
two terms:

g Ag)
[1 (n 3 /2fr’c‘1 ) (ic 5lw, ’—{—k,g/m ; ’)+(h/4rr’1 ¢)

(M ’+M - z(M“A“,JrM
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in which ], is the equilibrium momént‘of inertia and
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ky =2(- (“’93 Tz 85) Crath (s s, TRz 51) C33) .
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In-the:fivst: appwxmﬁah@n, the ifirst term gives:the’rotational energy

SR

of a rigid. mtfat}%}mamely, st hoosny ad S L
o 23 T ¢
G ! EJ (J+1)'.'.l e LY IR
whlle in the next apprexxmqtmn xt gives, the energy changea
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oufhweeenetgy change due tothe contributions of nondisgonal maty

elergents Wy Ay, 9P to the second order approximation s -
k4 ¥
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U, —2041.0,: X1, =518 - Xy == 37 o :
=711.9, X1 =i 2,88, X, =-=14.T, Xy 3.25  (20)
1,=3368.6, X;3=—5548, X;=+19.6 X, 077,
and the zeroth order frequencies and poteptial .constantsl0 are
w, =1959.5, W, = 72.9.4,: -, wy=,3450. 0 cm™1; :
k., 6231085, k,,=16. 54, ior 1»13 .-—-0? té be asaumed (21)
i, =18, 9516 greem?,
With these vajues; the transformation icoelficients. e;j’s. and the
quantities Jo,, kg Far.oouni... «Jif Can be.cglcmaced BTN SR TS
oy = —1.018- 1011, '_ C5a j F004VEpT T 6 11027»05
Ty =2.975610% < &Y RIES-1001] ¢ 6y =1U1024108,

s =0.034, t* —0.966, gl
Fy = — 8814010777, CRepies - —1.528800770, (22)
far-=425001050 00y Moz 1 vSIl’IzO“#r-bs kva=7 33 &?10‘0

Cky -9628.10%°¢, ,
" The convergence iactgr -:B 1B |
resolved bands given in Table 179,

y, c_m"l.‘_”___;“ z.@lzﬁ(?}?;'if;

15552,04 1.423 4
. ABT070. | 1423 .1 1
19635 89. 143* _
BRIk '11‘6?4"38 B -1 4666.5

D 2
-0.6549 Y
- =0.9549
- 0.0436
e e 2400413

1, 11613 50 r
" 9627.22
" 956853 135 1 PHF
"85&}‘60 3 o fubs s
z 10i28G" ,e,\Q QQQO upr

95 Lindholm, Zeits. f. }’hys'-ib& ;'4541“'\'('1’93&)"‘ ‘alyo sde 2T Y W,
Vibrational Spectra.and. Strucrure of F(;lya:ganncMng;@yl‘g\g (Unigers:!
tity Press, the National Umversl ty of Pek‘mg, 1959).
"10. Here the valuas of force constants and that of 1 ellghtly dlffel' fromv -
.+ cghoses givénuin 8y «AnY (7) ‘bécatises ﬂwemhyncall&enéi‘éﬁ’ﬁ LT god ¢
% 10737 org. see, & M=l 678450 34 groareusdd, Bt Hiw 18D
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The convergence of 5 1y gives B, ¢y = —.0.01088, that of 4 v, yields
B; ¢, = —0.01080, while: from 3 y, oiie. fmds B 0 = —-0 0:070.

The average of these values is

BOOC-—'—OOIOSG B - S (24)
Tbe fundamental V, serves to evaluate oc 1, and we find B
B 0ty = 0. N T

The ditference of B;~By of I +4pgand:4 Y, gives B,of, = - 0.8113,
that of y,-+3v, and Wy gives B§%=—0.0082, that of.-y, 41,
43V, :and 'V21+3V3 gives — 0,0107, while from the convergence of
V,+2V4;, and ;the constant. (5. one: fmds Booz1 = -00091 The

average of <these values is . e _
PEog CBelhy = —00101., ST (,25)
SubSIItUtJOH‘Of th ~values of’ equatmns (22) - (2 ) iiﬁto (18) gives
e P teBa 4003067 1118, T (26a)
By LT 0 0917“ + 0 3890-—~82 16 = .._ . (26b)
0.389b +- 003063= 589, T (26e)

Combmmg (26c) wuh the relatzons X,,‘~‘—.—2585. Xj; =325, one
findsll, ., . ST

tmn‘} tfife expxje_sslons:.ior"the fuudamentals for‘i_f_)CN are Foad

A-l’—F;AS = (kx x’ >, T‘l“ks s"""q +2k, s l"'?z )/M,

763810 : ‘1' dx!!enng from: those glveu in
wx“ appear, xf WO iollow Denmhon s--calculption in the case of
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7/

These and equatxon (6) yield ithe "ollowmg relatxona between the

fuudament,als of HCN and DCN;:I e, 1L NS
o -:_ % h, z s . ;
@y ‘(ﬁ’“uf” : /‘D ==<f"s/ﬂu ), oo, -’—f,w [B4). (29)

in whmh z-ﬁl,.uf == f; 8‘%7 P"g[}"g, = 0;632 p; [(1,3 ,:.() 598

After the suusntutzon of the numerical yalu_es of the reduced masses

and the force constants of borh, molecu}es ‘
c;i's ete, for LON thus calculated are

C1y = 2.187-1013 - g5 _.187(,-101!:;7

constants kl i ey” and

= 1"1-‘632‘.1 g8

c:n, = 24Q§f1‘011§. . 013 = 5'440'.19“»“1’ =1, 163 108

&3 == 0003"' 4/’ ;:0"92}7 LY s"“—""==1 ’
ke -9228109 Ry = 0.0308:10% % (g0
ko' = 3.4304104%" ko' = 091427000, b k¥ = 407510000
ey e 4,842 wumikr e 137 q«m, "Bilc 3739 IO“’Y

2y M0 =

The expressxons ‘tor D,~ ,\vg . X>, ) ‘and- X;.;f' al'e »respeehvely

€O} moleculs, ']?m;.

t

Y S
Avracws

< T il“‘r ;+ f /\i}d}"r ]

h C {w, 73w 2y,
] & 2
3m7] ogts- Ty (w15 W gJ

, ) ]c'
obgn[kg/\‘, e

With the values «rwen in ( ), the former w111 koe two- sets or’values for b and
8, namely, ) Lo . P " .\U i Fi YIS

o fis R _.».:jA‘J " 3 § i

b= =162, -

. /J—-‘—590 5
Qubst‘tutlon in the lat.ter ,
-0.0026, if b= -16. 2 and b’ - 0.,
-102,3 and [v —_— 503 8 zs'-c)qosen Both & : dhffer evennnﬁhe oxder of magni-
tude from the empencal daia) 0061"""{ A R RN
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ahd n., IS L&L LT (31)
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where [,/ is the equhbnum ~moment of inertia‘of tﬁe _mojecule,
From the Raman spectrum, ° ‘the valde of vy (obs y=1906 cm™t was
.’ identified,12 while ‘those oi v, (obS) and 1.’ obtained by Bartunek
and Barker were2630 cm~? and 23:17+40" <o’ gr-cm?  respectively,
Subsltxtutmg the known values into equation (31), wefind I

R o 450"10 3 + 6. 6172-10‘ = 1£0.0, . -
e ~ (32)
_ “O‘*es 7-_=,10 2 +16 77%10 I = 4538.7.
3 l-s s *
Thus ¢ = + 307 3, V s +518 8 cm‘ﬁ Aare obtamed and (262\) and
(26b), gwe a e +~ 82 2, 00w — 407,86 cm~ 1, .The value’ of d, f, g,
and ¢ can be eValuated {rom X“. Nyas Xya, Xy 80d X5, with the
aid of the calcutated ‘value.ol'a, b, ¢, ¢f; 5, ¥ and the’fundamentals.
The results oi calculatxon are hsted in Table 11 and expressed in wave

ll

umber_' T T I S s
wet a2 i- 312 g= 72_.6 Cd= - a0ts
b= — 600 =63 h= | 2298 j"é“'z 576.8

= 3073 f=982 Y= o 2496 v 5188

i) : .
[ A a

‘¢ ; Table -1—1'?’! Potential eoﬁsta‘ﬁta of "HGN“ T

TH ,poi'entxal conqtantn of H(,N molecule:has beemevaluated
A chec’f{ oi these constants and hence a test 01 the method of the

..‘i
| .
e , - k, , L/ B O
iﬁl, +R A I ,’
(x2 3[ \ /\, IO IJ" 7 f;\xil VIP'Y- .-'4,51,30('?9' .t
‘.'Jz? SA “n T 1(:) d VR AL
) ! [
" . ’3; j-’ . "’AI- X " ( by \l_}__ K {t\ : )
v P L . ‘__ T__,/_.z_ el SCEREI -
- O N KIBH—i Ig\ u)s d), ‘&iu)! . oy
3 A F

With the values of b and B,,émd ‘th‘g 3congmﬁ‘g§ for DON, ops obtaius
£y - Y

Lo e

] LI
@ AT
3

12. A. Dadien and H, Kopper, Wien. Ans: 92 (‘1900)
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whzch agrees fquxte ) e
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