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In this paper we apply the theoretical results presented in the preceding paper to the case of in-
frared spectroscopy. A theoretical evaluation of the correlation functions connected with spinning
and tumbling molecular fluctuations and comparison with the experimental correlation functions ob-
tained from band-shape analysis of infrared dichroic spectra in ordered nematic phases allows us to
evaluate the effect of molecular biaxiality (i.e., deviations from cylindrical symmetry) on polarized ir
absorption spectra. From the fitting of our data we are able to recover the "true" behavior of the
spinning diffusion coefficients (the tumbling coefficients are not affected by molecular biaxiality as
predicted by the theory) and obtain a semiquantitative estimate of the strength of the biaxial term in
the nematic potential.

I. INTRODUCTION

In paper I' the effect of a non-negligible biaxial term
in the nematic potential on the spinning (rotations about
the main molecular axis) and tumbling (rotations of the
main molecular axis) reorientational correlation func-
tions was calculated, in the framework of the small-step
rotational diffusion model and in the short-time limit.
In particular, the tumbling correlations were shown to
be unaffected by molecular biaxiality, whereas for the
spinning motion additional correlation functions were
seen to have a substantial role in determining the total
correlation functions, especially at high values of the or-
der parameter (P2 ).

Recently we have shown that Fourier band-shape
analysis could be used to determine the decay of the
orientational correlation functions in the picosecond
time scale both for infrared and Raman spectra. The
results of paper I indicate that, for tumbling motion in a
strongly anisotropic system such as a nematic liquid
crystal (where Dl »Di), cross correlations due to the
biaxial term in the nematic potential have a negligible
effect on the global correlation function. Thus the in-
frared and Raman band shapes associated with tumbling
reorientations, i.e., those due to vibrations whose in-
duced dipole moment is essentially parallel to the molec-
ular axis (ir) or whose induced polarizability tensor is
strongly uniaxial (Raman), should yield to a good ap-
proximation the true self-correlation function even in the
presence of a non-negligible biaxial term in the nematic
potential U ( 0 ). For vibrations which probe the spin-
ning motion the situation may be quite different. Let us
consider for simplicity the ir case: A vibrational ba'nd
shape will be sensitive to the molecular spinning if the
corresponding induced dipole moment makes a reason-
ably large angle with the main molecular axis. The max-
imum effect on the band shape will be obtained when the
induced dipole points at the "magic angle" (8=54'),
which corresponds to the first zero of the second-order

Legendre polynomial P2(cos8). As 8 increases, the
effect should decrease, although for reasons which are
quite different from those which make the 0=0 case in-
sensitive to spinning. In fact, for 0=90', both the paral-
lel [a, (t)] and perpendicular [a, (t)] normalized Fourier
transforms of the corresponding ir absorption bands
A, (co) and A„(co) will be strongly affected by the rota-
tional motion; however, for a cylindrically symmetric
nematic distribution function f (Q)=f (P), the depen-
dence of a, (t) and a, (t) on the spinning difFusion
coefficient D~~ is the same, and thus cancels out (see Sec.
II for details). This very fact should make a "large an-
gle" vibration particularly sensitive to the deviations of
f (0) from cylindrical symmetry.

Therefore the theory of paper I and, more generally,
the effects of molecular biaxiality on polarized ir and
Raman band shapes may be studied by performing
Fourier or—where possible —bandwidth analysis of ir
or Raman bands connected with vibrations which are
sensitive, to a greater or lesser degree, to spinning
motion.

In this paper we present such a study, limited to the ir
case, both because it is simpler to interpret and because
the calculations presented in paper I were limited to
l =1 correlation functions (theoretical and experimental
work on the Raman case is in progress and will be re-
ported elsewhere). In Sec. II we brietly summarize the
relevant theory; then we present ir data taken using vi-
brations characterized by differing values for 0, and fit
our results using the correlation functions calculated in
paper I. From such fits we obtain the value of A, which
parametrizes the intensity of the biaxial contribution to
the nematic potential [Eq. (5), paper I], and the tempera-
ture behavior of the biaxial order parameter (Doz ).

II. EFFECT OF U(Q) BIAXIALITY
ON ir BAND SHAPES

As mentioned in a recent paper, we have developed an
approach which enables us to obtain information about
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the decay of the orientational correlation functions in the
picosecond time scale from ir band-shape analysis. This
approach is based on the elimination of the large vibra-
tional contribution to the band shape comparing the ir
spectra taken in two different polarizations. In Ref. 3 we
assume cylindrically symmetric distribution function

f (0 ) =f (P) and we have

a, ( t ) goo( t )cos 8+$0 & ( t )sin 8

d«, (t ) goo(0)cos 8+$0&(0)sin 8

P &o(0 )cos 8+$,",(0 )sin 8
X

P', 0(t)cos 8+/,",(t)sin 8

0 is the angle between the long molecular axis and the di-
pole moment of the transition and a; (t) is the Fourier
transform of the normalized ir absorbance, where i =z,x
and z is chosen parallel to the nematic axis. Because of
the cylindrical macroscopic symmetry of the phase, we
have a„=a~ =a&&a

~~

——a, . The correlation functions
P( t) are defined in paper I.

In the framework of the small-step rotational diffusion
model, we expand the correlation functions in a Taylor
series which is then truncated at the terms proportional
to t (a good approximation in the picosecond time
domain). From Eqs. (26) and (27) of paper I we obtain

a, (t)
dt a, (t)

9D&Pz(cos8) (Pz & + (D
ii

Dj )[ 1——Pz(cos8) ][1 +2Pz(cos8))

[1—(Pz &Pz(cos8)][ 1+2(Pz &Pz(cos8)]

If 8=0', Eq. (2) becomes

a, (t) 9(Pz &

dt a (t) (1—(Pz & )( I +2&Pz & )
(3)

and this enables us to calculate D~ ( (Pz & can be obtained from the dichroism of the integral intensity of the band). As
mentioned, in this case the spinning diffusion coefFicient D

~~

does not appear in the equation because the spinning motion
of the molecule does not change the dipole moment coordinates in the laboratory frame. If 0= 54',

d a, (t) = (Pz & (Dii Di)—
dt a„ t

and D
~~

can be calculated. If 0=90, we have

a, (t) 9(Pz &

dt a (t) ( 1 —(Pz & )(2+ (Pz & )

(4)

The physical reason for the disappearance of D~~ in Eq. (5) is quite different from that in the case 8=0'. For 8=-90' b«h
a, (t) and a (t) depend strongly on the spinning motion, but if the distribution function f(0) is cylindrically symmetric
as we have assumed in Ref. 3 the dependence of D~~ is the s™~or ~, (t) and a (t) and it disappears in Eq. (5). As we
shall see later, if f (II ) is biaxial the c™pensation of the D~~ dependence in Eq. (5) is not exact and Eq. (5) changes dras-
tically.

For this reason the band with 8 =90' are very sensitive to the cross-correlation functions P~ ~ ~ ~(t) and they are a
good tool for the investigation of the reorientations of the biaxial nematic molecules. Let us consider the case of biax-
ial ordering potential given by Eq. (5) of paper I. In this case Eq. (1) becomes

d a, (t)
dt a„(t)

p~(t)cosz8+$0&(t)sin 8—$0,'0, (t)sin 8 cos(2y) p&0(0)cos 8+/»(0)sin 8—p&&', , (0)sin 8 cos(2@)
6

p~(0)cosz8+$0", (t)sin 8—$0,'0 &(0)sin 8 cos(2y) p,'0(t)cos 8+/&&(t)sin 8 —p&&'& ~(t)sin 8 cos p

(7)

where 0 and p are the polar angles of the transition dipole moment in the molecular frame. Expanding the correla-
tion functions in Taylor series and using Eqs. (26) and (27) of paper I we obtain

9D~ [ (Pz &Pz(cos8) +y]+ (D
~~

D~ ) [ ( Pz & [ 1 —P—z(cos8)] [ 1 +2Pz(cos8)]+y [5—2Pz(cos8) ]]

[ 1 —( Pz &Pz(cos8) —y][ 1 +2 (Pz & Pz(cos8) +2y]

where y = (3/2) '~ (Doz & sin 8 cos(2y). For 8=0 Eq. (3)
remains the same, as it is expected. For 0=54'

a, (t)
dt a„(t)

1 8D~x + (D~~ Dj )( ( Pz & + 10x)—
( 1 —2x)( 1 +4x)

where x = (D oz & cos(2@)&6. Considering that
(Doz & (( (Doo &, the corrections are small. For 8-90'

I

there is a drastic qualitative correction

a, (t) 9D~( (Pz &
—6x) + 36(D~~ —D~)x-

dt a„(t) ( 1 —(Pz & +6x)(2+ (Pz &
—6x)

(9)

since the new term depending on D
~~

—Dz can be rather
large because D

~ ~

&&Dz . We note in particu lar that in
some cases the right-hand side of Eq. (9) might change
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FIG. 1. Normal coordinates of the PMT 1175, 1047, and

833 cm ' bands.

sign, leading to a correlation function which would appear
to increase with time or, in the frequency domain, to a
parallel absorption band which is broader than the per-
pendicular one. Such anomalous behavior thus would in-
dicate strong molecular biaxiality.
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III. EXPERIMENTAL RESULTS

In order to verify our theoretical model we have inves-
tigated the ir spectrum of 4,n-pentyl 4'-methoxytolane
(PMT), with the nematic phase in the temperature inter-
val 44 —56C, and X-(4-pentyloxybenzylidene) 4'-toluidine
(PBT) which is nematic between 54 and 67.3 C.

In the case of PMT, we selected the following bands:
1175, 1047, and 833 cm ' (Fig. 1). The transition dipole
moment of the mode at 1175 cm ' (benzene ring in-
plane deformation) is essentially parallel to the long
molecular axis (the dichroic ratio is R =6). The band at
1047 cm ' is assigned to oxygen-alkyl tail stretching; it
is weakly polarized (R =1.8). The 833 cm ' band is
due to the out-of-plane deformation of the hydrogen
atoms on the benzene ring which involve also some
ring-bending coordinates. It is strongly transversally po-
larized (R =0.35). Following paper I we choose the
molecular frame to coincide with the principal axis sys-
tem of the ordering matrix, and we assume that the ro-
tational diffusion tensor is diagonal in this frame (a
reasonable approximation given the high anisotropy of
nematic molecules). For tolane derivatives the planes of
both the benzene rings are almost parallel to each other;
thus in paper I we chose the molecular axis to lie ap-
proximately in these planes. Due to the anisotropy of
the benzene ring polarizability, the molecules can be ex-

FIG. 2. Rotational contribution to the total FWHM of the
833 cm ' mode as a function of orientational order parameter
(Pz); o: experimental data; ~: calculated, with A, =O (uniaxial
model); A: calculated, with A,.=0.4 (biaxial model).

pected to prefer an orientation such that their nematic
director lies in the plane of the ring: This corresponds
to (D o2 ) )0. The alkoxy group will then lie in the
same plane and for the band 1047 cm ' we expect
y=0'. The origin of the 833 cm ' band implies that for
this mode y=90 .

Since all three bands are good Lorentzians, we do not
need to Fourier transform the total band shape and we
can directly work with the full width at half maximum
(FWHM), as it is shown in Ref. 3,

a, (t)
&C (5(1/2)x 5(1/2)z )

dt a, t
(10)

where 6&&2 is the FWHM of the band measured in cm
In Table I we present the experimental values of (P2),
(Do2 ), Dg Dl (Ref. 7) and the rotational FWHM's for
the three bands. The reader is referred to Ref. 3 for de-
tails about the experimental set up and data analysis. In
Fig. 2 we present the experimental data relative to
5(~&2)„—6(&&2~, for the 833 cm ' band and the corre-
sponding theoretical values calculated using Eqs. (3)—(5)
[assuming cylindrical symmetry of f (0)] and Eqs. (3),

TABLE I. Orientational order parameter, rotational contribution to the total band shape, (DO2),
and rotational diffusion coefficients for PMT as a function of temperature.

(C)
~(1/2)x ~(1/2)z (Cm

—1

1175 cm ' 1047 cm ' 833 cm ' (Do2 )
Dg

(10' s
—')

D t'

II

(10 s ') (10 s ')
A, =O k&0

41'
43
46
51
54
55.8

0.72
0.71
0.67
0.61
0.43
0.32

0.20
0.25
0.25
0.30
0.50
0.55

2.0
1.9
1.5
1.0
0.5
0.4

—3.6
—3.4
—2.8
—1.8
—1.2
—0.9

0.045
0.046
0.052
0.054
0.066
0.049

2.1

2.7
3.2
4.8

13.5
23.4

270
260
220
160
100
90

230
220
180
130
70
66

'Supercooled.
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TABLE II. Analyzed ir bands of X-(4-pentyloxybenzylidene) 4-toluidine, dichroic ratios, and their
possible assignments.

Band
(cm

—')

1175
935
888
830
815
723
612
540

5.3
1.5
2.2
0.31
0.52
0.45
4
0.37

Possible assignment

benzene ring in-plane deformation
benzene ring + CH aromatic out-of-plane deformation
benzene ring-nitrogen in-plane deformation
benzene ring + CH aromatic out-of-plane deformation
benzene ring+ CH aromatic out-of-plane deformation
alkyl chain in-plane deformation (CH2 rocking)
benzene ring out-of-plane deformation
benzene ring + pentyloxy group out-of-plane
deformation

(crn')
1

1173

-1—
q. 540,

830,

-05

Pt (cos 8)

I

0.5

FIG. 5. Rotational contribution to the total halfwidth for in-
plane and out-of-plane vibrations as a function of P2(cos8), cal-
culated by uniaxial (A, =O) and biaxial (A, =0.4) models: one-
uniaxial model; two-biaxial model in-plane deformations; three-
biaxial model out-of-plane deformations; circles: experimental
data.

mental one. Taking into account the fact that Eq. (5) of
paper I represents only approximately the potential
U(Q) together with the large uncertainties of the values
of (P2), 8, &p, and the complicated origin of the ir
bands, the coincidence should be considered reasonable.
An alternative way to present our results is to eliminate

D~~ and D j using Eqs. (3) and (g) and then calculate
(Do@) from Eq. (9). In Fig. 3 we compare the experi-
mental dependence of (D02) as a function of (P2) ob-
tained in this way with the theoretical behavior calcu-
lated for several values of A, . From the fit we obtain
A. =0.4 for PMT. From an experimental point of view,
this value compares well with the result A, =0.2 for 4,4'-
dimethoxyazoxybenzene (PAA) (Ref. 6) and A, =0.5 for
4,n-octyl-d-oxybenzoic acid and 4,n-heptyl-d-oxybenzoic
acid (this value has been obtained by us comparing the
experimental data given in Ref. 9 with the theoretical re-
sults from Ref. 8). The measured temperature depen-
dence of ( D 02 ) has the same features (the presence of a
maximum close to the clearing temperature as that ob-

served by other investigators ). A more detailed
comparison of the temperature dependence of (Dog)
with mean-field theories is under study, together with
the theoretical implications of the high observed value
for A, .

As regards PBT, we have selected it in order to study
the effects of molecular biaxiality on the rotational con-
tribution to the total ir band shape as a function of the
direction of the vibrational transition dipole moment.
Its ir spectra are presented in Fig. 4. Table II summa-
rizes the possible assignment of the selected modes and
the dichroic ratio R =I,(co)/I„(co). Figure 5 gives the
theoretically calculated rotational contribution to the
in-plane and out-of-plane deformations for A. =0.4 (biaxi-
al model) and A, =O (uniaxial model), as a function of
P2(cos8) [P2(cos8)=(R —I)/(P2)(R +2)], i.e., the
direction of the vibrational transition dipole moment.
For strongly polarized modes (8=0') the efFect of biaxi-
ality is negligible, and the results obtained for PMT are
a confirmation of this. For perpendicularly polarized
modes, on the contrary, the biaxial contribution in-
creases with increasing 0 being more pronounced for
out-of-plane vibrations. The coincidence between experi-
mental and theoretical results is only semiquantitative:
Two main sources of error can justify this discrepancy.
The first one comes from the FWHM measurements.
Only three bands are good Lorentzians —the 888, 612,
540 cm ' ones. The others are characterized by com-
plex contours, for which analytical curve-resolving
methods are employed. The second and more important
error arises from the nature of the vibrations of the
mesomorphic molecules. Since PBT has 126 normal
modes (all ir active) many of them —especially the
lowest-frequency ones —are strongly coupled in the
potential-energy distribution and usually big molecular
fragments take part in the vibrational motion. For mol-
ecules as complex as PBT, the group frequency approach
used by us for the assignment is too simple; a more
correct attribution needs a normal coordinate analysis
which is exceedingly dificult in this case. The results
shown in Fig. 5 are important also from a spectroscopic
point of view, since they allow for the first time to con-
nect, and even to predict, the rotational contribution to
the total band shape of different vibrations.
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