Mean square torques from far infrared spectra
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The moment analysis of far infrared spectra is used to estimate mean square torques for some dipolar solutes
in decalin solution. These are compared with some model dependent values of Reid and Evans.

INTRODUCTION

In this paper we discuss the role of spectral moments
in estimating mean square torques from far infrared
and dielectric spectroscopy. The method developed here
effectively extends the Gordon sum rule first used by
Davies ef al.! with the far infrared second moment. The
method is model independent, and allows us an indepen-
dent check on the mean square torques first developed
by Reid and Evans?® in their volume of rotation analysis
reported previously.

From this analysis the molecular mean square torque
(T,) was extended on the basis of a model of the molecu-
lar liquid motion known as the itinerant oscillator® and
for about 20 solutes in decalin solution was found to be
proportional to the square of a model independent mean
square volume of rotation V. The model was fitted to
far infrared and microwave bandshapes using parameters
K Ky, and y. The resulting plot of T, vs V? revealed
some interesting new features of molecular motion.

A further analysis by Reid, ? pased on microwave
Debye relaxation times in a decalin solution, revealed
that they were also proportional to V2 to a good approxi-~
mation. Such an analysis confirms the expectation that
the Debye relaxation time is related to the low-frequency
part of a spectrum whose second moment is the far in-
frared cross section. This second moment is the sub-
ject of a sumn rule developed firstly by Gordon.* In
absolute terms this sum rule does not produce quantita-
tive agreement with the far infrared cross section. This
was first reported by Pardoe ¢t al.! and confirmed re-
cently by Reid et al.? in a dilute decalin solution. The
sum rule produces a value which is too low in compari-
son with experimental data. In some cases the discre-
pancy is very large. In a 10% tetrahydrofuran/decalin
solution, for example, the theoretical Gordon value is
only 31% of that observed, in furan/decalin 45%, in
fluorobenzene/decalin 47%; while in more polar solutes
such as methylene chloride the Gordon sum rule pro-
duces as much as 88% of the measured cross section.

This type of information is useful as regards the na-
ture of molecular interactions in a common environment

{(decalin solvent) and many aspects remain to be clarified.

In this paper we extend the analysis to the fourth spectral
moment, i.e., [3v?a(¥)dv, where v is the wave number
and a(7V) the optical power absorption coefficient.

THEORY

Following, for example, Bbttcher and Bordewijk, °
the relevant sum rules can be built up by expanding the
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orientational a.c.f.
to t=0:

Cy() = (u(#) - u(0))
:Z [dt,,(u(o) u(t))] = (1)

in a Taylor expansion with respect

e
Classically, C;(¢) is an even function of time, so that all
odd derivatives should be zero. Therefore we have

2n

Cx(l)=§=:o:(- 1)"(2tn)l_ (u(n) . u(n)> i (2)

The sum rules of far infrared/microwave spectroscopy
are now derived from the kinematic relation:

r;=wxXr, . 3)

Here w is the angular velocity such that for any point in
the molecule with distance r; to the center of gravity the
above relation holds.

For the derivatives u'"’ this yields
U=wXu=w,Xu,
izwxu+wxu,

and so on.

If we define the moment of inertial ag a symmetric
tensor given by

I:Zm,(‘rfl—ri r,), (5)

the eigenvalues I;, I, and Iy of the moment of inertia
are called the principal moments of inertia and the cor-
responding axes the axes of inertia.

The kinetic energy of the rotating body can be written
as

1 .
Wk!n:E;mirf:%w.l'w

= —thu)( ’

i-l

(6)

where w, gives the component of the angular velocity
along the axis of inertia with index . Using Boltzmann
statistics,

(wim = L (2n)! (21 ) ’ ™

n!
which provides the well-known result
51 {(0Y =3kT . 8

This equation makes it possible to calculate Cy(2) up to
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terms in ##. The principal axes of inertia of the mole-
cule are the axes of the molecular coordinate gystem so
that

@+ )= {wxu)* (wxu)

= (@] + 1) +(whlud +ud) + Whuf +1) |, (9)
—kT(uzl +1d N uf +u N uj +u§) (10)
- Iy I, 5

which is effectively the Gordon sum rule.? Note that
there are no terms arising from molecular interaction.

Further terms in C,(f) can only be calculated with an
expression for the time derivative of w. Again, follow-
ing Bordewijk and Bottcher, we define the angular mo-
mentum of the molecule by

J::U" . (11)

From this definition it follows that the angular mo-
mentum is related to the torque T, on the molecule by

F=D.mE xF=T,. (12)
i

In the molecule frame {moment of inertia coordinates),
we have

w l=T,~-wx(w-1I) (13)
so that
il =Wy + wywy=To/L + wywy(Uy +15 - 1)/1}
iy =~ Wy twwy == T/l + wyws(ly 1 +13)/1] (14)

s 2 2
u3=—w1—w2 .

These equations give
@+ &) =(T3)/1; + T3/

| () [13[8 I 0, 13U, + 1)) )] (15)

LI, +{ -0 1+

which is a sum rule for the fourth spectral moment
/3 v'a(@)dv. Ignoring, for the sake of simplicity, in-
ternal field corrections we have

TABLE I. Measured a, factors for solutes in decalin at 293 K.

10 1078 1077

a;/8?  ay/st ag/s™

Solute € np +10%) (*25%) (£50%)
CH,Cl, 2.59 1,405 9.28 3392  2.5x1¢¢
Fluorobenzene 2.47 1.468 3.70 494 1.4x10%
Nitrobenzene 4.18 1.556 1.83 265 8.0x 10*
Chlorobenzene 2,46 1.524 5,23 590  1.5x10°
Bromobenzene 2.50 1.560 7.34 747 1.9x10°
Pentafluorobenzene 2.40 1.2 0.94 131 4.3x104
1l-chloronaphthalene 2.43 1,63 1.64 239 9.2x 104
t-butyl chloride 2.62 1,39 2,52 238 5.8x10%
Pyridine 2.92 1,51 6.61 1442 8.6x10°
Chloroform 2.36  1.45 3.50 660 3.9%10°
(20%) Toluene 2.2 1.496 B8.58 1740 6.4%10°
(20%) Oxylene 2.27 1,51 .-

(5%) Benzonitrile 3.00 1.56 7.51 1235  4.1x10°

Ty 8 1d/13 )/t
>(1O'[’B
20—
1 7
—
/*,’/
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FIG. 1. A plot of 10~ ((T3)/13+(T$)/1) s~ ve T,/1% for 10%
solution in decalin: (1) chloroform; (2) pyridine; (3) fluoro-
benzene; (4) pentafluorobenzene; (5) bromobenzene; (6) chioro-
benzene; (7) toluene (20%); (8) nitrobenzene; (9) benzonitrile
(5%); (10) 1-chloronaphthalene; (11) f-butyl chloride. For
methylene chloride the ordinate value {s 2,5 and the abscissa
11,7,

a,= (“(n) . “(n)>

2 oz 2n-1

= m-fo e (Ww™ldw . (16)

This equation holds when the dipole correlation func-
tion is equal to the step-response function of the orienta-
tional polarization (in the linear response region). The
integral in this equation extends over the frequency
range where the dielectric loss is due to the orienta-
tional polarization. With the further general relations

a{w)=we'{w)/nlw)e, w=21wc, amn
it is possible to obtain information about the torque term
(T)/1 -+ (T8

from the integral [§ v?a(?)d?, which is experimentally
accessible using ultra-high-acecuracy far infrared spec-
troscopy.

Similarly, sum rules can be developed for the orien-
tational autocorrelation functions relevant to light scat-
tering from molecules in solution and spin-spin NMR
spectroscopy. This is,

Cy{t) = 53 u(?) - u(0))? - 1) (18)

in the simplest case (i.e., neglecting cross-correlation
and internal field corrections). This provides us with
another expression involving (T%) and (7% so that a pair
of simultaneous equations is available, in principle, for
(T?) and (T%) separately. This spectroscopic method of
obtaining (7?) and (T2) could be checked using the results
of molecular dynamics simulation, a theoretical method
based on taking quite complicated expressions for the
intermolecular potential energy. The analysis has been
extended to the far infrared sixth moment by Evans.®
This author has also suggested’ that moment analysis of
Rayleigh using spectra will provide us with model-
independent information. Lastly we note that the above
analysis is generally applicable to any asymmetric top,
by definition dipolar. In the symmetric top, (T%) van-
ishes if we write T, for the scalar value of the compo-
nent of the resultant torque vector T, perpendicular to u.
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TABLE II. Comparison of torque factors from moment and model analysis.

1074
(%ﬂ +%7;l)/3-4 10°% 7, T /1t 10% 5, /g em?  10%°7/gem? 10 1/g cm? Solute
2500 674 11701 26 256 277 CH,Cl,
600 990 624 252 252 500 CHCL;
1396 1858 2016 140 145 285 Pyridine
484 2923 737 147 324 471 Fluorobenzene
100 3960 205 629 832 146 Pentafluorobenzene
745 2551 (3784) 130 (193) 147 820 967 Bromobenzene
586 3433 (4427) 389 (502) 147 530 677 Chlorobenzene
1730 6912 (8173) 1875 (2217) 152 325 477 Toluene
9717 (11406) 1837 ( ) 256 367 619 Oxylene
263 5932 (7878) 390 (518) 208 690 898 Nitrobenzene
1231 6781 (8173) 720 (867) 147 550 697 Benzonitrile
238 9786 (10647) 499 (543) 550 850 1400 1-chloronaphthalene
218 823 (1028) 402 (503) 191 286 286 £-butyl chloride
RESULTS that the Gordon sum rule on g, (see, for example, Reid

The decalin solutions chosen for reanalysis were those
measured in the complete microwave/far infrared range
by Reid and Evang.? In Table I we list some results for
a, of Eq. (16) for n=1,2,3. Except where stated the
results refer to 10% v/v concentrations of each solute
in decalin solvents at 293 K.

In Table I we list the a, factors from Eq. (16), and in
Table II we compare the torque factors derived from
Eq. (15) with the model-dependent T, factor of Reid and
Evans. For direct comparison this has been divided by
the square of I,, the reduced moment of inertia defined
by Reid et al.?

In Fig. 1 we plot the torque factor (T%)/I} +(T3)/I%
against T,/I% for direct comparison. This is discussed
below.

DISCUSSION

The abscissa and ordinate in Fig. 1 both represent
estimates of torques derived from the same basic set
of experimental data. The data should therefore fall
into a straight line provided that the following assump-
tions are justifiable.

(i) Applicability of the sum rules, Eqs. (10) and (15),
and neglect of internal field corrections.

(ii) The model assumptions’ used in deriving T,.

(iii) Averaging over I; and I, to produce I,, the re-
duced moment of inertia.

The values of T, bracketed in Table II and arrowed in
Fig. 1 are derived using the “torque~determined axes”
method developed by Reid.? These provide 2 signifi-
cantly better straight line in Fig. 1. About eight solutes
torque values fall in a reasonably well defined line in
Fig. 1, but there are some anomalies. Bromobenzene
is above the line and methylene chloride below. There
are several possible explanations for this, one being

and Evans’) works much better for CH,Cl,/decalin than
bromobenzene/decalin, possibly because the latter solute
molecule is more weakly dipolar and more polarizable,
so that a greater proportion of the experimental 2, may
be collision induced. The sum rule for a, refers only

to the motion of the permanent dipole so that any colli-
sion induced part will result in an over-estimation of the
ordinates in Fig. 1. In CH,Cl,/decalin 88% of the ob-
served a; is accounted for by Gordon sum rule. The
equivalent proportion in bromobenzene is only 57%, and
in benzonitrile (point 9 in Fig. 1) 66%. The mean for
the other solutes in Fig. 1, excluding chloroform, is
about 60%. The origin of the experimental excess over
the sum rule values have been discussed by Reid and
Evans.?

The third source of discrepancy in Fig. 1 arises from
the necessity of using I, to build up 7,//2. The ordinate
is of course made up of two terms, (T3)/I? and (T3)/L,
which cannot be considered separately without more in-
formation (from, for example, light scattering” or Ra-
man spectroscopy). The derivations and meaning of I,
is discussed by Reid et al.?
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