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\hstract

This paper concerns with the effect of thermal and mass diffusion on unsteady tice convection flow of an incompressible and

clectrically conducting flutd subjected to constant heat fluy and acceletated boundary motion m presence of constant magnetic field An evact

solution has been obtained for species concentratton temperatute and velocity vanables The fluid velocity and shin friction have been computed
for some saturated hquids  The results are discussed with respect to buoyancey ratio parameter (N) and Hartmann number (m)
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1. Introduction

Magnetohydrodynamics is currently undergoing a perod of
ereat enlargement and differentiation of subject matter. The
MHD mass transfer process are important in power
engmeering, chemistry and metallurgy Many studies of such
proceses have been concemed solely with thermal convection
even though huoyancy effects resulting from concentration
differences can be just as important in generating fluid
motion as temperature gradients | 1.2]. The buoyancy effects
due to mass diffusion for steady state and pure convection
condition have alrcady been studied by several workers
[3 8]. The effect of Hall Current on the unsteady free
convection flow of a viscous incompressible and electrically
conducting fluid with mass transfer, has been reported by
Hossain and Rashid [9]. Later on, Hall Current on the
unsteady hydromagnetic flow with simultaneous thermal
and mass diffusion was studied by Acharya er af {10]. Free
convection fluid flows with heat flux are encountered in
many industrial problem such as nuclear reactor, solar
cnergy collectors erc. The effect of magnetic field,
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gravitational forces on the flow characteristics of an
electrically conducting flmd have been an active area of
research in geophysics Recently, unsteady hydromagnetic
free convection flow with heat flux and accelerated boundary
motion was studied by Chandran ¢r of |11]. Callahan and
Marner [12] have analysed transient, laminar, free convection
over a vertical plate with buoyancy cftect. Garg [13] has
studied transicnt laminar, combined free and forced
convection over an isothermal vertical plate subjected to a
step change n temperature and concentration.

In the present paper, we have obtained an exact solution
for the unsteady free convection with thermal and mass
diffusion of an ¢lectrically conducting fluid past an infinite
vertical plate subjected to uniformely accelerated motion and
constant heat flux. An external magnetic field of strength B,
is applied perpendicular to the plate. Under the condition that
the magnetic Reynold number is small, the induced magnetic
field is negligible compared with the applied ficld This
condition is usually’ well satisfied in dow velocity frec
convection [14].
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Most of the studies cited above reported less cumbersome
governing cquations which could be subjected to analytical
solution procedures. However, the availability {of' closed
form solutions is still dependent on the nature of the
boundary value problem considered. If the “boundary
conditions are prescribed in terms of variable quantitics, the
solution procedure are generally more tedious. The present
analysis deals with the accelerated motion of the plate
considering a variable boundary value problem in terms of
time variable. An exact solution to this problem has been
derived by using Laplace transforms.

2. Formulation of the problem

The physical conﬁgur'ation consists of unsteady flow of an
electrically conducting and incompressible viscous fluid
with simultaneous heat and mass transfer along an infinite
vertical nonconducting palate. The x’axis is taken along with
wall in the horizontal direction and y’ axis perpendicular to
the plate into the fluid. A uniform magnetic field B8, is
applied in the y’ direction. Initially, the plate and fluid are
at rest and at some temperature 7, . Now the plate is set into

sudden acceleration with velocity Ur' in x' direction, where

t' is the time variable and U is a constant. Heat is also
supplied to the plate at constant rate. We assume that (1)
molecular transport properties are constant, (2) density
variation due to temperature and concentration difference is
approximated by Boussinesq approximation, (3) mass fraction
of diffusing species is low compared to that of other species
in the binary mixture, (4) viscous dissipation in the energy
equation is negligible, (5) no chemical reaction takes place
in the fluid during the flow. As the plate is of infinite length,
all variables in this problem are functions of y' and ¢
According to Rayleigh, convective terms and pressure gradient
term in momentum and energy equations are neglected.
Hence with usual boundary layer approximation, the basic
equations are expressed in the following form

dl’ — azu' '_ 1
a Ve +gB(T' - T2)
. w . OB

+gf (C'-C)- po n
Tk AT
a " pep 'Y )
ac' g
= = D‘a‘yTi‘, 3)

where u' is the velocity in the x’ direction. 7" is the
temperature of the fluid. C’ is the species concentration, &
is the thermal conductivity, D is the molecular diffusivity,
g the acceleration due to gravity, fthe volumetric coefficient
of thermal expansion, ' the volumetric coefficient of
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expansion with concentration, v the kinematic viscosity, p
the density, o the electrical conductivity and C,, the specif,
heat of fluid at constant pressure. The initial and boundary
conditions relevant to the problem are

wW=0,T=T,,C=C,, fory'20and¢ <0,

C"T':_. g X' _ m,

u' =Ur, —~—5—,aty'=0fort'>0_

TRy
=0T -7, C'">Cy asy'>wfort’'>0, (4

where g,, is the constant heat flux per unit area and m, is
the constant mass flux per unit area. Let us introduce the
following non-dimensional quantities

y=y'(U/v2)'/3, = t'(U2/v)'/3, u=u'/(U)B,
= kU (1= T2) (V)

C= DUV =CL)/(mv¥3),

Pr=vpep k. Sc = v D,

Gr = v2iq, gB/(kU*P),

Ge=v¥im, gf* [(DU?),

m=oB3vV} [(pU).

egs. (1), (2) and (3) can be rewritten in the form :

A Pu ieC —

5= 32 +GrT + GeC — mu, (3)
a_1ar

a Pra? (®)
& _ 1 2C

A Sear N

The corresponding initial and boundary conditions are as
follows :

u=0,T=0,C=0, fory=20andr<0,
aty=0 fort>0,
Y y

u—>0,T->0,C-0,
where Pr is the Prandtl number, Sc is the Schmidt number,
Gr is the Grashof number for heat transfer, Ge is the Grashof
number for mass transfer and m is the square of Hartmann
number.

ar a
u=t, Z-=-1, S =,
&

asy—» oo for?> 0. ]

3. Method of solution

The Laplace transform method is used to obtain an exact
analytical solution for this time-dependent MHD free
convection problem. However, the difficulties arise in
obtaining inverse transforms when kernals assum¢
complicated forms. We use convolution integration to
overcome this difficulties. Let us introduce the following
variables.
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u = | uexp(-st)dt,

0= J'QTexp(—st)dt,
0

C= [ cexpl-snya. ©)

Now ¢gs. (5), (6) and (7) are transformed into

2

‘;2 ~(m+8)T+Gré+GeC = 0, (10)

42 Prs8=0,

-—‘E,———- rs (”)

=

‘cllyg Sc)sC = 0. (12)
I'he new boundary conditions are

god d6__1 dc_ 1 o

ST d
ii—»O.E—-)O,Z:—)O asy—» o, (13)

The solutions of 'cqs. (10), (11) and (12) can be written as
=_ 1 I 312
U= exp[ (m+s) y]

_ (_ﬂ—[%:_)j‘ﬁ/—f[e)(}) {—(m +s5)2 _))}

24
~ exp{-Pri/2sV2} y] G ;)83/2

x [exp{——(m+s)'/2y}—-exp{—Sc'/Zs‘/2 }y], (14)
— l ,
0= exp{-n(Prs)' 2}, (15)
= 1
C= Wexp{-y(&'s)'/z }. (16)
, Gr m
where a =W’ B =T=pr
= GrN___ -_m_
%2 =0soser P =150
- B (m, /D)
Blanlk) (7

N1s the buoyancy ratio parameter so that N = 0 for thermal
driven flow and N — o for mass driven flow, positive for
both effects combining to drive the flow and negative for
effects opposing it [1].

The temperature, species concentration and velocity
distribution can be obtained from eqs. (15), (16) and (14)
fespectively on inversion [15-19].

T(v,Y=2Pr-12 (r/zr)"2 cxp(

Pri2y
-y erfc 2|/2 A

-yPr
4

(18)
12 ”n —y?&
Cly, 1) =2Sc"2(t/m)"* exp| ===
’ Seli2
3 —-yerfc( ;ﬂ/zy)* (19)
Wy, 1) = 1 (1) + 13 (v, 1) + 133, 0)
+us (v, O +us(y, 1), (20)

where

112 y )
W0 =5 {2,,,7+(mt)/}

12 v orf; y
x exp(m!/2y) erfc {2‘”2 +(m()l/2}

{2,1/2 =(m0)'? }“P( -m'y)

~(mn)2 }]

(1) = —alj Vi(y, x) H(t - x)dkx,

x erfc {

w0v0) = | 0, x) H( - 2,

h( 0= %exp(-ﬂ.r)[exp{~(m—ﬂl )72y}
x erfc{—:-z—’l]'ﬁﬂmt—- B2 }]

Wi (>, t)=; xp(*ﬂl1)[exp(—il’r‘/2/3"2y)

<

x crfc{l; 7 z(ﬁ,t)l/v}+exp(,|)rl/z ﬂn/zy)
f Pr‘/z), X 2
x erfc “27/—2‘“(,&’) \
!
w0 =-a [ K00 H(t-x)dk,
us(ri 1) =z [ Wty ) H-x)dk,
Lo t)== exp( ﬂzt)[exp{ (m- p,)l/z},}
5 —(m- ﬁz’)'/2}+exp{(m - fy)2}

x erfc {

x erfc:{2 73 +(mt - B2 }]
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W,(y,t)= %cxp( -ﬁzl)['exp ( ~iSe 1;;{/312/2),)

. | Sc'2y
x crtc{ Ww(/?»t) /’}+exp(15c-1/’/}'/“ )

12y,
X erfc{z 7 +z(ﬂ21)x/?H

H(t)=2(t)x)"*. 1)

and erfc denotes the complementary error function.
Velocity given by eq. (20) involves convolution integrals
uy, u3, ug, us. However, u3 and us can be expressed explicitly
in terms of exponential and complementary error
functions without convolution. We rewrite the corresponding
expression i.¢, 3rd and Sth term of eq. (14) in the (s, y)

plane.
.q_L exp ,,.prl/zsl/Z' exp —~Prii2g x/zv) -
B s (B +3)s'? (22)

a, -Sclizsli2y ~Scl2si2y
‘B‘;‘ Cxp s}/; —-€X p (ﬂ‘7+ )S‘P) - (23)

which on inversion, enables us to write u in the alternate
form.

u(y, 1) = u(y, ) +uy (v, )+ uz (3, 1)+ uzy (. 1)
+ug (W, ) +us (y, 1) +usy (3. t), (24)

where uy, uy, uy are defined in eq. (21)
and  uy (3. 1) = %]L Pri2 gy, 1),

u32(}".’) /}';/2 Wl(}’,f)

Us (9, 1) = %Sc‘ﬂc'(y, 0

usz(y,l)—p,q/z W (», 0). (25)

2

The solutions given by egs. (20) and (24) are equivalent.
Therefore, either of them can be used to obtain velocity
distribution. Further, the solutions given by eqs. (20) and
(24) involve imaginary quantities, when S, and S, are
positive quantities which correspond to Prandtl number and
Schmidt number less than unity [us;(y,1) and usy(y,0). In
this case, W (y,0) and W(y,?) have to be re-expressed in a
form suitable for computational purposes. However,
results are presented for saturated fluids for which Prandtl
number and Schmidt number are greater than unity. For
completeness, we write an expression for W; and W,
for positive § and f,.
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Wi(v, 1) = exp(- 1) Im [exp(iPr"’ﬁ:/zJ’)
P /2, )
x erfc {—5%7%“(/;',)1/2 H 6
Wy(y,t)= exP(‘ﬂzf)lm[(iSc‘/zﬁ‘z/zy)

Sel?y
Xcrfc{avjl"i'l(ﬂzl)lll}] 75

where Im denotes imaginary part. An approximate value fiy
W\ and ¥, can be obtained using the series approximation
for the complementary function [18]

exp(-x?)

erfc(x+1y) = erfcx — o

x [1=cos(2xy) + 1sin(2xy)]
2
« ecxp(-n?/4)
( )exp( v )Zn U n?+4x2
x [fo(x,3)+1g, (x.0)] + €(x, ), (28)
where f,(x,3)=2x~2xcosh(nv)cos(2xy)
+ nsinA(y)sin(2xy).
£2,(x,¥) = 2xcosh(ny)sin(2xy)
+ nsin h(ny)cos(2xy),
le(x.y)| = Jerf(x+ )| 10 1.
It may be noted that the solution for velocity variable
obtained above can be used to find the induced magnetic
field B,(y,1). By is given by the following equation
_ OB
&

with the boundary conditions

L = oByu 29)

B,(y,1)=0 asy— o

[B,] = 0 at the insulator wall (y = 0) or

[B.] = Jj: (sheet current) at the perfect conductor wall
o= 0)

where [B, ]= B,(+0, )~ B,(-0,1) ie. jump of B, at the

boundary.

and

y
We thus obtain B,(y,1)= —O'BUJ u(y,t)dy both for the

insulator and conductor wall for y > 0 and
B, (y,t)=-oBy L u(y,t)dy for the insulator wall.

B.(»,f) = 0 for the perfect conductor wall, (30)

for y < 0. Also Jj; = (TBoJ u(y,t)dy, the sheet current at

y = 0, for the perfect conductor wall.
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Now, we calculate important physical parameter skin friction.
1he skin friction on the boundary is given by

_ (Cu
" ’(}ﬁ Hy=0 (31)
and using eq. (20), we have
r=ntnontntntrs, (32)

2mt +1 1 \/?
where 7 _-'Zm‘/T[] —erfe(mt)1/? +(-7—r—) exp(—mt) |,

. {
n= a,JO Vi(x) H(r - x)dx,
1
5 =-ay [ Wi(x) -0k,
7% =a2j(: () H(E = x)dbx,

!
7= ~a2j0 Wy (x) H(t - x)dx

and KD = exp(-ﬂ,t)[(m = P2 {erfe(mt - By1)'2 -1}
—exp(By—m)[(m)2],
) = expl(- o) (m = 5,2 {erfe(m - 507 -1}
—~ exp(fat — mt) /()2 ).
(1) = exp(=B0[i(Pry )/ {erfe(~By)? 1}
= Prif? exp(Bi0)/(t)V?2],
Wy (1) = exp(=Ba)[i(Scpy ) {erfe(~ 1)1 -1}
= 8¢V exp(f1) /()2 ] (33)
It 1 is given by eq. (24), then 7 takes the form

r=ntontnon+rontygto,
where 1), 7 and 14 are defined earlier.

and g, = Pri2 [1"0XP('”/11’)]//3' :

T = a2 Scl/? [l - exp(—ﬂzt)]/ﬂz .

The arguments of complementary error functions can assume
real and complex values depending on fluid properties.
Therefore, the expression for velocity and skin friction can
be expressed in terms of real and imaginary parts for
numerical calcuiations. For incompressible fluids, the
arguments become real and in this case, error function have
been approximated by Abramowitz and Stegun [18] as

erf(x)=1 -—(z;a,z')cxp(—-sz e(x), (34

where z = (14 px)~!, p = 0.3275911,

ay = 0.254829592,  a, = -0.284496736,
ay = 1421413741,  ay = -1.453152027
as = 1061405429,  |e(x)|s1.5x107.
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4. Results and discussion

The velocity of free convection fluid flow (eqs. 20 and 24)
given in terms of exponential and error functions arc
themselves functions of space and time variables as well as
the dimensionless parameters characterising the problem.
We have evaluated the fluid velocity for some typical values
of the governing parameters in order to predict their
sighificance in flow evolution. The variation of velocity is
sh(?wn in the Figures (1-6) and tempcrature or concentration

o—""""—"7 "/ e e e )

6 i i ) 1 1 1
0 1 2 3 4 N 6 7
y
Figure 1. Velocty profiles for Pr = Sc = 70, N = =2.0, Gr = 1.0,
m=10—and m =20 ---- Values of f for curve A = 02, B = 04,

C-06.D=08

6

Figure 2. Velocity profiles for Pr=8c¢=70,Gr=10,=02,m=1.0—
and m = 2.0 ---- Valuesof Nforcurve 4 =-2,B=-1,C=0,D=1,
E=2
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9 5 for H;O and SO, respectively. An increase in the plate
velocity results in proportional increase in the fluid velocity
8 and after attaining the minimum value, fluid velocity steadily
reaches to zero in layers of variable depths. The velocity
reversal is observed for N =-2.0 and N = -1.0. These result,
T follow from a very complicated interaction of two buoyancy
effects through velocity to the diffusion mechanism
56 Thus, the approach of the boundary layer fluid velocity
profile to its free stream value (zero) depends on boundary
s wall velocity as well as magnetic parameter m for a given
value of Grashof numbers and buoyancy ratio parameter
4 [ |
3 2
2 1 1
02 04 06 08
t
Figure 3. Boundary layer thickness §Pr=Sc =70, Gr= 10, N = -2.0,
& = — and & = ---- Values of m for curve 4 = 10. B = 2.0. ‘
10 |
|
g F
5 ¢ P R T RS VR PR I B
0 1 2 3 4 4 ] 14

Figure 4. Variation of velocity with time Pr = Sc = 70, Gr = 1.0,
N = 2.0. Values of y for curve 4 = 1.0, B=20,C: 3.0, m = 1.0—
m=20----

variations are shown graphically in Figure 7. Tables (1, 2)
provide the skin friction at the boundary. The results pertain
to two saturated liquids of different viscosities sulphurdioxide
(SO,) and water (H,0) at a temperature 20°C. The Prandtl
number of these liquids have been considered to be 2.0 and
7.0 respectively. Figures 1 and 5 indicate a stronger flow
reversal with decreasing Hartmann number in outer boundary
region for negative values of N.

The uniformly accelerated motion of bounding plate
y = 0 for a given value of U is depicted in Figures 1 and

Figure 5. Veloeity profiles agamst y for Pr= 20, Sc = 23.53, Gr =10,
N==10,m=10-=- m=20---- Values of ¢ for curve 4 = 02
B=04,C=06.

15 - - ———

Figure 6. Velocity profiles against y for Pr = 2.0, Sc = 23.53, Gr = 10.
t=02, m=10 —, m= 2.0 ---- Values of N for curve 4 = -20.
B=-10,C=00,D=10, E=20.
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This enables one to look at the effects of these parameters
on the boundary layer thickness.

[ K1

T:C

bhigure 7. Temperature/concentration profiles as a function of y for various
values of Pr/Sc at £ = 02 Values of PriSc for curve 4 = 10, B =20,
¢ -30and D40

Fable 1. Vanation of u forr= 04

I Se Gr N y m u
Ny 23 83 10 +1 10 10 6 50833
20 248829
20 10 3 03864
20 067763
120 10 10 1342568
* 20 522914
20 1o 617642
20 1 59155

Figures 2 and 6 show the effect of buoyancy ratio
parameter on velocity profiles for H.O and SO; respectively.
For aiding effects, the velocity level increases and for
opposing effects, the velocity level decreases. Another
nteresting result is the large distortion in the velocity field
caused by decreasing the value of N. Negative values of
velocity are predicted in the outer boundary region for
opposing effects. This results from incoming flow first
experiencing the negative buoyancy effect of thicker species
diffusion layer. The flow is eventually drawn upward by the
combined action of thermally caused buoyancy and the shear
that results there from. These large effects upon the velocity
distribution would be expected to have very large effects on
the stability of such laminar flows.

It is difficult to define boundary layer thickness exactly.

Usually, y = & when the boundary layer wall velocity u (0, 7)
has been decreased by 99% or 99.5% [20]. The values of

295

d corresponding to these percent decrease in u (0, 1) be d; and
&, respectively. In order to give a quantitative estimate of
the dependence of the boundary layer thickness on the
magnetic parameter, we have plotted the boundary layer
thickness & and &, (Figure 3) as function of the time for
some typical values of the magnetic parameter. The boundary
layer thickness increases with time but magnetic field tends
to suppress it. Thus magnetic field has a diminishing effect
on the fluid velocity. This fact is also more clearly explained
in Figurc 4 and Table 1.

Table ig. Variation of skin friction for different parameter.

Pr " Se Gr N m t r
20 2353 1 -2 10 01 077776
02 150943
03 226094
30 01 1.28604
02 277602
03 4.22527
42 10 0.1 0.39304
02 073293
0.3 1.0872§
30 0.1 (89338
02 1.98110
0.3 301628
70 70 1 -2 10 01 070174
0.2 1 39021
03 2.130892
30 0.1 1.230174
02 2.732880
03 4.242094
+2 1.0 01 0.294310
02 0554817
03 0.847753
30 0.1 0.8062118
0.2 1.844815
0.3 2.844930

Figure 4 depicts the variation of velocity with time. For
different values of plate velocity the fluid velocity decreases
very rapidly near the boundary and its profiles show uniform
pattern. Effect of magnetic field also reduces velocity
profile. Figure 7 presents the temperature or concentration
profiles for different values of Pr or Sc at = 0.2. It is shown
that temperature or species concentration profiles at a given
point decreases with increasing Pr or Sc.

The skin friction 7 at the plate has been given in the
Table 2. The results correspond tg same saturated liquids
(SO; and H,0). The skin friction is proportional to Hartmann
number and also increases with time. Aiding effect (i.e.
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reliable assignments of its vibrational frequencies. A number
of modifications over the previous assignments have been
made in the present work as a result of normal coordinate
calculations for the four probable conformations of this
compound.

FaRALEL

INTENSITY«C P S)

SERPERCICULAR

| ISUSOE U SR S P S S 4 ' 1 PR 4 -
7100 J000 2900 2600 3’0U '1600 1500 MU0 1300 120D 1100 V00 00 00 700 400 %00 400 100 200 10G

PO PO S S S S

RAMAN SHIFT (cm Y

Figure 2. Raman spectra of 1,6-dichlorohexane

The objectives of the present work are to dentify the
various conformations of 1,6-dicholrohexane present in the
liquid phase and 1ts most stable conformer which explains
the crystal phase spectrum as well as to make vibrational
assignments for all the conformations on the basis of normal
coordinate calculations and potential energy (P E.) distribution
for each vibrational frequency of the conformers. Also the
refined force field of the molecule giving the best fit for the
observed frequencies of all the four conformations have been
obtained.

2. Calculations

The calculations were made for |,6-dichlorohexane for its
four most probable conformations. Among these the most
symmetric conformation has a trans configuration as shown
in Figure 3. In this conformation, both the chlorine atoms
lie in the C -C skeletal plane of the molecule and it belongs
to 'y, point group. The other trans configuration is one in
which the chlorine atoms lie above and below the skeletal

C-H=109A
CC=154A
CCl=17T7A
ALL BOND ANGLES = 109 47

Figure 3. Structure of 1,6-dichlorohexane (Cax).

Neena Jaggi and R M P Jaiswal

plane with the molecular symmetry C,. In the thyry
conformation, both the chlorine atoms are on one side of he
skeletal plane with molecular symmetry C,. The fourty
conformation has one chlorine atom in the skeletal plane ang
other above or below this plane and therefore belongs to (,
symmetry. The normal coordinate calculations were firstly
made for the Cy, conformation of the molecule by writin.u
its cartesian coordinates, internal coordinates and symmelr;
coordinates. The force-field used in the present calculatiun—s
was transferred from the studies of 1-chlorohexane [9]. Atter
refinement of the force-field, it was found that mos: of the
calculated frequencies for the conformer with Cyy, symmetry
fitted well with the prominent bands observed in the crystal
phasc infrared spectra of the molecule suggesting that this
is the most stable conformer of the molecule. The refined
force-field was then used to calculate the frequencies of all
the four conformers simultaneously along with their separate
input data. In the final run nine force constants were put into
regression so as to fit sixty observed frequencies with an
average frequency error + 5.4 cm '. The computer program
MOLVIB [10] is used in the present calculations. The
molccular parameters used in these calculations were C €
~1.54A.CH -1.09A,C-Cl-1.77 A and all the bond
angles assumed as 109.47°. The final force constants of the
molecule after refinement have been given in Table I

Table 1. Force constants for 1.6-dichlorohexane

l-orce Group Coordinale(s) Atoms(s)  Value!

constant mvolved common

Strech

K, CH, C-H - 4792

Ky CH: C--H 4 593

K c-C C-H - 4421

N C-C-Cl Cc-C - 4024

Ky -Cl C-Cl - 3.560
Stretch-stretch

F CH; CH.CH C 0.032
Fy ClHs CH,CH C -0 004

Fr c.cc cceece c 0238
Frar c-C-Cl ce.cal C 0.730
Bend

Hy CH; HCH - 0.447
Hp C-CH; CCH - 0.587
Hs CH; HCH - 0.523
H, C-~CH-C CCH - 0.708
He C-CH-C CCH - 0.708
Hp CHCI CICH - 0.697
H, c-c-C ccc - 1.331

Hs C-C-Ci CCCl - 0,924_




rable 1. (Cont'd)

Vibrational analysis of 1,6-dichlorohexane

force Group Coordinate(s) Atoms(s)  Value?

constant involved common

stretch-bend

b C-CH, CC,CCH c-C 0.360

b= Fur C-CHp-C CC.CCH c-C 0.500

PR T C-CH; C CcC.cCcH C 0.079

P~ Fre c-C-C cC.ccce cC 0531

I c—C-Cl CCeee c-C 0075

fi. C-CHLCI-C CCLOCH C 0226

o CH,yCI CCLCICH Ol 0333

Foin C—CHC1C CCLCCC C -0220

Fooz C-CH, CclLeecl C-ClI 0.553

Rend-bend

L, C-CH, CCHCCH  C-C -0 011

} C-CH;; C CCH,CCH c-C -0 019

hoF C CH;2 C CCHCCH -1 -0 054

/s Gy ceceee c-C -0 041

' C-CCI-C CCCLCCCl ¢ 0 007

b ¢ CHCI ¢ cereien el 0053

© T CHip Clig Heeceen ¢ 0127

. [trans]

10 =Ml CHp-Clyy HOCCCH  C=C 0.047
[trans]

1D =1pe C-CHCHyy HCCRCCH C 0.070
[trans]

Do e CHy=C-C-C(C1); CCOCCH C=C -0 043
|gauche]

b ™ foog C-C CCC, cCceeee ¢ 0055
[trans]

Ju =154 C-C-C-CC, ccceec ¢-C 001
[gauche]

foz C-C-C-Cl cCcececl €C 0.010
|trans]

/5= C-C-C-Cl ceeccect c-C -0 024
|gauche]

Torsion

1, c-C c-C - 0009

“Stretching constants.are in umits of mdyn A-J, stretch-bend constants are
mumts of mydn A rad 2,

3. Results and discussion

The conformation I of 1,6-dichlorohexane with C,, symmetry
has four symmetry species ag, by, a, and b, of vibrational
modes. The number of vibrational modes present in each
Symmetry species are calculated as 16, 11, 12 and 15
respectively with the help of the character table and the well
known magic formula. The modes belonging to symmetry
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species a, and b, are active in Raman only and those
belonging to a, and b, are active in infrared only. For the
conformation Il which has symmetry C, each of the vibrational
species ag and a, has 27 modes which are active in Raman
and infrared respectively. In the conformation 11 with point
group (3, all the vibrational modes are distributed over only
two species a and b. Their number is calculated to be 28 and
26 for species a and b respectively, are allowed in both the

§
ky

infrareqd and Raman. The fourth conformation has the
symmétry C) where all the vibrational modes belonging to
only oé\c symmetry species a are allowed in both the IR and
Ramay spectra. A complete assignment of observed bands
in the IR (in liquid and crystalline phases) and in Raman for
all the four conformations on the basis of the P.E. distributions
is presented in Table 2.

Table 2 clearly depicts that while most of the prominent
bands of the crystal phase infrared spectra of 1,6-
dichlorohexane (Figure 1) were found to correspond to the
calculated frequencies of the conformer with Cy;, symmetry,
yet some other relatively weakly observed bands at 1373,
1103, 874, 668, 651 cm™! cic. could be correlated to the
calculated frequencies for other conformations of the
molecule. This shows that the crystal film also contains a
small percentage of compound in the amorphous form. As
expected, these amorphous phase frequencies are also present
in the liquid phase infrared spectra of the compound. All the
observed bands of the molecule, whether in the liquid phase
infrared (Figure 1) and Raman spectra (Figure 2) or in the
crystal film infrared spectra (Figure 1) could be correlated
with the calculated frequencies for the above mentioned four
conformers belonging to Cy, C,, C; and €, symmetries. As
already mentioned, the most prominent crystal phase infrared
bands have been correlated exclusively with the calculated
frequencies of the conformer of symmetry Ca. In addition
to the above, two liquid phase infrared bands at 730 and 440
cm'! and two Raman bands at 731 and 498 cm ! also
correspond to this conformer only (Table 2). One liquid
phase infrared band at 1178 cm™!, besides the crystal phase
infrared weak bands at 1160 and 898 cm~! and two Raman
bands at 1027 and 755 cm! correspond to the calculated
frequencies of the conformer with C, symmetry only.
Similarly, three crystal phase infrared bands at 1103, 768 and
668 cm~! (which are weak), three liquid phase infrared
bands at 1083, 840 and 780 cm ! and five Raman bands at
2906, 1130, 908, 812 and 775 cm ! are correlated only to
the C> symmetry conformer. Further, crystal phase infrared
weak bands at 1373, 1123, 874, 802 and 682 cm™', liquid
phase infrared bands a1 1462, 1374, 1346, 1238, 932, 855,
503 and 455 cm~! and Raman bands at 1305, 1240, 930, 745,
724, 445 and 334 cm! belong to C; symmetry conformer
only (Table 2).
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Table 2. Assignment of observed bands of [.6-dichlorohcexane.

Raman IR
Obscrved (cm™!) Calculated PED (%)
Liguid Solid (cm ')

1,6-Dichlorohexane (Cay)

ag
2937 p - - 2937 CH,Clss (99)
2865 p - 2863 CHyss (65)
2865 P - - 2870 Clizss (65)
- - - 1468 CH:Clm (58)
1442 D ) - 1442 CHasd (55), CHzsd (21)
1390 P - - 1395 CHysd (42), CH,Clsd (17), CHasd (11)
1345 P - - 1354 CHClsd (48), red. (18), CHzsd (12)
1318 P - - 1313 CHzo (71), CHae (19), CCs (16)
- ~ - 1204 CHyo (62), CHyo (17)
1081 P - = 1096 CCss (37). CCsd (19). CIClo (18), CCCsd (12)
1063 P - - 1041 CCss (53). CHao (11)
- - 958 CCss (62), CCss (22), CHaom (14)
715 P - - 715 CClss (89), CHClo (16)
498 P - - 493 CCCsbd (48), CCClss (25)
235p . 233 CCCs8 (63), C*Clss (14)
- - - 160 CCClss (61), CCCa (13), CCCa (11), CCss (1)
by
2995 D ~ - 2992 CHClas (51)
2955 P - 2943 CHaas (76), CHaas (23)
2937p - - 2936 CHsas (77), CHaas (23)
1305 D - - 1291 CHClt (54), CHat (27)
- E 1195 CHat (36), CHLCIt (23)
- - - 1141 CHzt (94)
- - - 1006 CHar (38). CHar (35). CHLClIr (19)
860 P - - 851 CH,Clr (48). CH,r (44)
3p - - 729 CHar (55), CHCir (25), CHar (14)
- -- 48 CC1 (64), CHLClt (12)
- - - 37 CCr (34). CH,Clt (29)
ay
- 2990 - 2992 CH;Clas (48)
- - 2946 CHyas (67), CHaas (32)
- - - 2939 CHaas (67), CHzas (32)
- - 1290 1291 CH,Clt (56), CHat (25)
- - 1185 1189 CHat (39), CHt (18)
- - 1152 1148 CHat (84)
- 950 960 946 CH;ClIr (40), CHar (38)
- - 777 777 CH,ClIr (44), CHyr (26), CHar (24)
- - 700 693 CHyr (61), CHyr (28)
- - . 102 CH;Clx (46)
- - - 27 CCz (69), CHClt (13)

- - - 12 CCr (47), CCt (26), CH;Clt (18)
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Kamuan IR
Observed (cm™)
Liquid Solid
by
2865
2865
1468
- 1441
- 1420
- 1357
- - 1255
1204
- 1049
- 1002
730 730
440 -

vwichlorohexane ()
dy

2095 D -
2055 P - -
2037 p - -
2017 p - -
2¥hS P - ~
I8hS P — -
2D -

132D - _
1345 p - -
1318 P - -

11579 - -
LORY P - -
1027 p - -

860 P - - =
755 p - -
651 P - -
a20p - -
404 P - -

Calculated
{cm 1)

2937
2867
2860
1469
1442
1420
1366
1269
1197
1057
993
L T2Y
434
299

73

2992
2046
2940
2934
2870
2862
1447
1436
1401
1354
1319
1266
1210
1191
1141
1092
1037
990
973
850
762
661
418
398
201
41
31

PE.D. (%)

CH,Clss (99)

(CHass (78), CHyss (21)
ICH,ss (79), CHyss (21)
WCH;Clo (60)

I8 (66). red (16)
‘CHab (76), red (19)
CH,Clad (64), red (24)

CHao (45), CHyClo (21), CH;Clo (20)

CHyo (76), Cl o (32)

CCas (47), CCas (41)

CCas (57), CCas (33), CCCS (12)
CClas (83), CH,Clw (14), CCas (14)

CCCas (38), CCCad (26), CCas (19), CClas (17)

CCClad (67), CCCad (15)
CCCad (53), CCCad (31), CCClab (18)

CH;Clas (54)
CHaas (62), CH,as (35)

CH;Clas (54), CHaas (36)

CH,Clss (88). CH,as (10)

CH,ss (68), CHgss (31)

CHss (69), CHyss (31)

CH;s5 (55), CH,s (13)

CHClo (58), CH,Cls8 (12)

CHysd (54), Clizo (14)

CH,Clsd (58), red (22)

CHyw (60), Clyw (24), CCss (18)
CH,Clt (39), CHyo (22)

CHo (50), CH,t (15), CHao (10)
CHat (61)

CHat (91)

CCss (27), CCCsd (20), CCCsd (14)
CCss (58)

CHgr (36), CHar (29)

CCss (57), CHar (12)

CH,Clr (59), CHar (19)

CHyr (49), CHyr (26), CH,Clr (13)
CClss (96), CHyClw (13)

CCClsb (40), CCCsd (26)

CCClsd (56), CCCsb (16), CCss (13)
CCCsd (26), CCss (16)

CCr (49), CHClt (19)

CCr (47), CHLClt (24)
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Table 2. (Cont'd )

Raman IR
Obscrved (cm ') Calculated PL.D. (%)
Liquid Solid (cmY)
a,
- 2990 - 2992 CH,Clas (59)
- - - 2944 CHaas (76). CH;as (19)
- - - 2936 CH;as (63), CH,Clss (23)
- - - 2934 CH,Clss (72)
- 2865 - 2866 CHass (75), Clizss (25)
- 2865 - 2860 CHyss (75), CHjss (25)
- 1445 - 1446 CHizad (68), red (18)
- 1432 - 1437 CH;Clo (63)
- - 1420 1421 CH;ad (76). red (18)
- 1354 1357 1363 CH,Clad (50), red. (17)
- 1309 1320 1314 CH,m (36). CHaw (19), CHyClasd (12)
- - 1255 1254 CHao (30), CH,Clt (16)
- - 1185 1193 CHat (52), CHye (28), CHaom (15)
- 1178 - 1182 CHio (39), CH,t (27), CHaw (13)
- 1158 1160 1151 CHat (26)
- 1059 - 1065 CCas (47), CCas (44)
- 985 - 981 CH,Clr (26), CCas (26), CCCad (11)
- 904 898 896 CHi,r (46), CCas (16), CHar (14)
- 815 - 821 CHxClr (50), CHar (17). CCas (13). CHzClr (12)
- - 700 706 CHar (72). CHt (16), CClas (13)
- 651 651 659 CClas (88), CH,Clw (12)
- 540 - 541 CCCad (41), CCClad (15), CCas (12)
- - - 260 CCClad (67). CCas (16)
- - - 153 CCCab (61). CCCasd (22)
- - 81 CH,Clt (34)
- ~ - 17 CCr (49), CH2Cl11 (24), CCr (12)
- - - 11 CCx (89)
1,6-Dichlorohexane (C)
a
2995 D 2990 - 2992 CH;Clas (55)
2955 p - - 2944 CHaas (75), CHaas (19)
2937 P - - 2936 CHaas (67), CH, Clas (23)
2937 P - - 2934 CH;Clss (72), CHaas (15). CHaas (13)
2865 P 2865 ) - 2870 CHgss (68), CHaas (31)
2865 P 2865 - 2862 CHaas (69), CHsas (31)
- - 1452 1447 CHysd (55), CH,sd (14)
1432 D 1432 - 1436 CHxClow (58), CH,Clsé (12)
- - 1393 1401 CH;s8 (54). CHa0 (14)
- 1354 - 1354 CH,;Cls8 (58). red. (22)
1318 P - - 1319 CHyo (24), CCss (19)
- 1278 - 1265 CH,CIt (56)
- - 1204 1209 CHa,w (53), CHat (10)

- - 1185 1187 CHat (72), CH,Clt (13)
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gaman IR
Observed (cm™!) Calculated P.ED (%)
Liquid Solid (cm ')
T usTD 1158 - 1151 GHat (87)
- 1083 1103 1092 CCss (27), CCCsd (21), CCCsd (14)
- 1038 - 1037 CCss (59)
985 - 977 CCss (72)
908 P 904 - 913 Har (47). CH,Clir (24)
g12p 815 - 814 g;liz(‘lr(i?). CHyr (22). CHar (11)
7ISP - - 705 Q‘ler (71), CClss (14), CHar (13)
651 P . - 651 659 CClss (88), CHyClo (12)
420 P 420 = 418 é’(‘(‘ls& (40), CCCsé (26)
404 P - - 398 CCCsd (56), CCCsd (16), CCss (12)
- - - 201 CCClsd (37), CCCsé (26), CHClr (11)
- - -~ 80 CHyClt (35)
- - - 18 CCr (50), CH,Clt (31)
- - 10 CCt (95)
h
2995 D 2990 - 2992 CH,Clas (55)
- 2960 - 2946 CHsas (62), CH,as (35)
2937 P - - 2940 CHaas (54), CHaas (36)
2906 P - - 2934 CH,Clss (88)
2865 P 2865 - 2866 CH,ss (75), CHzss (24)
2865 P 2865 - 2860 CHass (75), CHass (25)
~ 1445 - 1446 CH;ad (68), red (18)
- 1432 - 1437 CHClo (63)
- - 1420 1421 Clhab (76), red (18)
- - 1357 1363 CH,Clad (50), red (19), CHRClt (19)
- 1309 - 1314 Cll o (35), CHzo (18), CHClsd (11)
- - 1255 1255 CH,Clt (48), Cllyo (30)
- - - 1197 CHt (61), CHyo (14), CHao (11)
- - 1185 1183 CHam (49), CHRCIt (24), CHat(11)
t3op -~ 1133 1141 CHjt (92)
1063 P 1059 - 1066 CCas (47), CCas (43)
- - 1002 1002 CHar (25), CH,Clr (20), CCas (13)
- 950 960 955 CH;r (26), CCas (25). CCas (24), CHr (12)
- 840 - 845 CH,Clr (51), CCas (20), CCas (13)
775 P 780 768 768 CH,r (48), CHyr (29)
- - 668 662 CClas (97), CH,Clad (13)
- . 540 - 541 CCCab (41), CCClad (15), "'CCad (14), CCas (12)
235 p - - 260 CCClad (67), CCas (16)
- - - 153 CCCab (62), CCCad (22)
- - - 40 CC1 (60), CH,Clt (14)
- - - 34 CC1(37). CH:Clt (26)
:6-Dichlorohexane (Cy)
a
2995 D - - 2992 CH,Clas (99)

- 2990 - 2992 CH,Clas (99)
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Table 2. (Conr'd)

Raman IR
Observed (cm™!) Calculated P ED. (%)
Liquid Solid (cm-)
2937 P - - ) 2946 CHaClas (34), Clas (31), CHjas (20). CHaas (14)
2937 P - - 2943 CHaas (38), CH,as (37). CHaas (15)
2937 P - - 2940 CHaas (34), CH.as (25), CHzas (22), CHaas (12)
2937 p - 2937 CHClss (99)
2937p - - 2936 CH,as (40), CHsas (31), CHaas (13)
2937 p - - 2934 CH;Clss (78), CHlas (13)
2865 P 2865 - 2870 CHss (34), Cllass (32). CHass (19). ClHass (18)
2865 P 2865 2866 CHass (40). CHass (36). CHyss (15)
2865 1 2865 - 2862 Clzss (36), Chlpss (31). CHyss (20), CHass (12)
2865 P 2865 - 2800 CHjss (40), CHagss (37). CHass (14)
- 1462 1468 1469 CHClw (16), red (16), CHym (15)
- 1445 - 1446 CH,d (60)
1442 D - 1441 1442 CHd (59)
1432 D ' 1432 - 1436 CHyClo (18), red (16)
N - 1420 1421 CHb (44), CILss (32)
1390 P - « 1393 1398 ClLa (28), CH8 (20)
- 1374 1373 1365 CHC18 (43), CHACIS (14)
- 1346 1354 CHCI8 (43), CHLCLS (15). CHaom (12)
1318 P - - 1318 CHam (17), CHCIt (15), red (27)
1305 D - - 1294 CHt (27), CHCly (11), red (20)
1305 D - - 1291 CHar (36), CH,t (19)
1240 D 1238 - 1256 CHLCIt (16), CHar (14). red (13)
- - 1204 1207 CHao (14), red (17)
- 1185 1196 CHyt (39). CHt (19), CHLCIt (16). CHow (12)
- - 1185 1189 CHat (25), CHyo (14). CHRCIr (17)
- - 1185 1186 CHRClr (30), CHt (16), CH,Clo (12)
- 1158 1152 1150 CHat (20), CHt (15), CHr (13), Cllar (10)
- - 1133 1141 CHar (28), CHar (19), CHar (13), CHat (11)
- . 1123 1094 CCs (29), CCs (19), CCs (13)
1063 P 1059 - 1062 CCs(28), CCs (27). CCs (19). CCs (16)
- 1038 - 1039 CCs (40), CCs (17), CCs (17)
1002 1004 CH,Clt (16), CH,r (13), CH,t (12)
- 985 - 986 CCs (31), CCs (18)
- - 960 963 CCs (44), CCs (21)
930 P 932 - 92§ CHat (18), CH,Clt (17), CHat (11)
- 855 874 852 CHar (22), CHClt (14)
- - 802 801 CH,Clr (22), CH,t (13)
745 P - - 738 CHar (27), CHat (12)
724 P - - 721 CCis (84), CH,Clo (15)
- 682 696 CHar (30), CHyr (20), CHar (14)
651 P 651 651 661 CCls (93)
- 503 - 508 CCC3 (30), CCCI3 (14)
45 P 455 - 455 CCC? (32), CCCa (15)

334P - - 329 CCCI8 (31), CCC8 (27)
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faman IR
Obscrved (cm?') Calculated PED (%)
Liquid Solid (cm™)
T 93 p - - 235 CCCIB (42), CCCH (22). ('ccsuz)%”“
- - 213 CCCIS (27), CCCa (1), CCT(12), CCCd (1)
- - - 13 " CC1(29), CCCA (24), CCCLS (14), CCs (13)
- - - 73 © CHyClr (d1), CCCa (13)
- . 45 T CHRCIT(33). CCT(33), CC (12), CCLB (13)
- - - 37 ) CCt (31), CHACl (25). CCr (24)
- - 20 § CCLd9). CHLC(19), CCT (13)
- - 14 e (38). CCT 21). CCT(19)

¢ ontributions less than 10% are omitted

Mbreviations used  as = asymmetric stretch, ss = symmetric stretch, 8 = bend, ad = asymmetric bend, s8 - symmetric bend. o - wag. t - twist, 1 = roch.,

M4 sedundant; T = torsion. P = polarized. D = depolanzed

There is another feature obscrved in the infrared spectra
of the crystal film of the compound that none of its
prominent bands has appeared in the liquid phase Raman
spectta of the compound. Such observation was expected
whether the crystal film belonged to Cyp, or C, symmetry. But
¢« wmmetry for the crystal film is ruled out since none of
ihe above mentioned prominent bands has been calculated
for the «,, species of ¢, symmetry of the molecule. Thus. 1t
+ woncluded that the symmetry ia the crystal phase of the
vompound 18 Cy;, and not €. This result is also in accordance
with the work carried by Sakakibara et al [7], where they
have confirmed (5, conformer to be present in the crystalline
phase of 1,6-dichlorohexane.

A brief discussion of the vibrational frequencies
~urresponding to various modes appearing in different regions
has been given below :

1 CH-stretch vibrations -

The C--H stretch vibrations whether coming from CH,Cl or
CH> groups for all the four conformers have been calculated
in the frequency range 2992-2860 cm-!, mostly as pure
modes (Table 2). Among these the asymmetric vibrations
appear with relatively higher values in the order CH,Cl >
CH, followed by symmetric C-H vibrations occupying
lower positions <in the spectra in the same order. These
observations are as expected. However, all these calculated
frequencies could not find a correlation with the observed
bands as the infrared crystal film spectra were recorded in
the frequency range 1500-600 cm~' only and the liquid
phase infrared spectra show many a broad features of bands.
Raman spectra, though show more defined bands in the
C-H stretch vibration range, can give only a, and bg modes
in Cy and a, mode in C, symmetry.

(1) CH>-group bend frequencies .

The bending vibrational frequencies for the CH,Cl group
present at both the ¢nds of the carbon chain have been
calculated in the region 14681140 ¢cm ! for CH,Cl-group
symmetric bend, asymmetric bend. wag, twist; Clia-group
bend (symmetric and asymmetric), wag and twist modes.
These have appeared mostly as mixed modes in all the four
conformations and have buen assigned to various observed
bands as shown in Table 2

Two CH,CI rock and four CH, rock modes show
intermixing with each other. Only three of these belonging
to a, species in (', point group are infrared active. Intense
crystalline infrared bands at 960, 777 and 700 cm!
corresponding to the calculated bands at 946, 777 and 693
cm ! respectively are assigned in conformation I. These
modes have been found to be only slightly sensitive to the
conformational changes and have values almost the same as
those reported by Sakakibara [6,7] for this molecule.

(iit) CCl-group frequencies :
The two C CI stretch vibrations, one symmetric and the
other asymmetric, for the conformation I (P;) with Cy
symmetry have been calculated at 715 and 729 cm !,
respectively. Strongly observed Raman band at 715 cm ! and
an intense crystalline phasc infrared band at 730 cm-! are
related to these modes belonging to species a, and b,
respectively. These values are in the same range as determined
for primary halogenated alkanes, namely 710-730 cm .
This confirms that the molecules with chlorine atoms at both
the ends of the carbon chain behave in a way similar to the
primary chloro-alkanes [11].

For the conformation Il with C, symmetry, C-Cl
symmetric and asymmetric stretch modes have been calculated
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within close proximity at 661 and 659 cm ! respectively. A
very strongly obscerved band at 651 cm™! in the liquid phase
infrared and Raman spectra both and a weaker band in
crystalline phase infrared spcctra at 651 cm ! have been
correlated to these modes The same values are calculated
for the conformation with (', symmetry whereas for the
conformation with 'y symmetry the two C-Cl stretch modes
have been calculated at 721 and 661 cm !. An intense band
observed in Raman spectra at 724 cm ! has been correlated
to the caiculated frequency at 721 cm !, These calculations
are in full agreement with their values for similar molecules
reported in the literature [6,11]. This justifies the assumed
force-field and structure of the molecule.

CCCl symmetric and asymmetric bend modes have been
calculated at 160 and 299 cm ! respectively for conformation
I and are within the same range as calculated for |-
chlorohexane [9]. It is evident from the Table 2 that the
values for these modes have been calculated at 398 and 260
em! for conformation II, at 418 and 260 cm-' for
conformation 1 and at 235 and 213 cm™! for conformation
IV as mixed modes. Only a few observed bands in this region
could be assigned to these modes.

(1v) CCC-bending frequencies

For all the four conformations, the CCC bend modes have
been caleulated within a wide range 541-75 ¢m ! as mixed
modes. This region also gives some conformational sensitive
bands as mentioned carlier in this section where the bands
assigned uniquely to various conformations have been
mentioned.

(v) CC-streteh frequencies .

Five CC stretch modes for conformation 1 have been
calculated at 1096, 1057, 1041, 993 and 958 cm ! as
moderately pure modes and the assignment of these bands
is shown in Table 2. For the other conformations, these
modes are calculated at nearly the same frequencies.

(wi) Torsiondl frequencies .

The lowest region of the calculated frequencies consist of
torsional modes which are pure modes having no interaction
with other modes. Since no bands could be observed in the
infrared or Raman spectra in this region, the refinement of
the torsional force constant could not be made and it was
transferred as such from the studies of 2-chloro-4-
methylpentane made by Crowder and Jaiswal [12].

4. Conclusions

In the present study of the vibrational spectra of 1,6-
dichlorohexane, it could be ascertained that the lowest
energy molecular conformation has (2, symmetry as reported
earlier [8]. However, the presence of other three conformations
of this compound in the liquid phase was predicted earlier

Neena Jaggi and R M P Jaiswal

only tentatively. The present study has confirmed thig
prediction as some specific bands have been assigneq
uniquely to each of these conformations on the basis of
normal coordinate calculations. Further, the assignment of
a number of bands suggested in the previous study of this
molecule has been modified. In the modified assignmenis
include also some of the prominent observed bands namels,
liquid pHase IR bands at 1346, 1238, 1178, 932, 855, 503
and 455 cm'! and Raman bands at 1240, 1081, 731, 715 ang
,334 cm ! which have been assigned to different vibrational
modes in different conformations. Also a few weak crystalline
‘phasc IR bands have been assigned to different modecs of
vibrations for different conformations in the present study
which remained unassigned earlier.

The force-field obtained for this molecule as given in
Table 1 is quitc reliable as the refinement of the force
constants have been achieved to fit the calculated frequencies
of the molecule with the observed ones within average error
of +5.4 cm ! only.
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