CHAPTER 5 - POLARIZABILITIES AND
HYPERPOLARIZABILITIES OF THE BROMOMETHANES

5.1 INTRODUCTION

The electric properties of tie halogenomethanes have attracted considerable
interest. Buckingham and Orr! 1neasured the Kerr effects of methane and its four
fluorinated derivatives as vapours it a wavelength of 632.8 nm. Their analysis of the
results, which involved effectively the samre bond additivity approximation to estimate
yK for fluoromethane, difluoromethane and trifluoromethane as was used in Chapter 3
for methylamine and dimethylamire, yielded the polarizabilities and the Kerr first and
second hyperpolarizabilities of the fluoromethanes. An analogous investigation by
Bogaard et al.?2 yielded the polarizabilities and the Kerr first and second
hyperpolarizabilities of the chlororiethanes. A similar study of the bromomethanes is
obviously desirable.

Several studies of the Kerr ef ‘ects of the brominated derivatives of methane have
been reported. Burnham et al.3 mezsured the Kerr constant and Rayleigh depdlarization
ratio of bromomethane as a vapour at a wavelength of 488 nm. Although the lack of a
temperature-dependence study precladed the extraction of 8 K and yK, these quantities
were reported to make only a sma | contribution to the Kerr constant. Le Fevre and
Ritchie4 measured the molar Kerr constant of tribromomethane as a solute in benzene
solution, at 298 K and a wavelength of 589 nm, but neglected the contribution of the
hyperpolarizabilities. Karna et al.> measured the first hyperpolarizability of
bromomethane using electric field-induced second harmonic generation, and also cited a
value for the second hyperpolarizability frora degenerate four-wave mixing experiments.
Izsdk and Le Févre® measured the Kerr constant of dibromomethane in the solution
phase, and their results were subszquently reanalyzed by Buckingham and Orr7 to

estimate the Kerr first hyperpolarizability of this species.

89



Chapter 5 Bromomethanes

Therefore, although the elecric properties of several of the bromomethanes have
been reported, there have been nc systematic investigations of the series. Analysis of
the Kerr effects of the four bromiaated derivatives of methane, similar to the analyses
performed for the fluorinated! and chlorinated? derivatives, would constitute a
comprehensive study of halogen st bstitution. The instability of the carbon - iodine bond
under the conditions of the Kerr-effect measurements prevents an analogous
investigation of the iodomethanes. Stankey8 found that iodoethane readily decomposed

in the original Kerr cell.

5.2 EXPERIMENTAL

A sample of bromometiane (Matheson, 99.5%) was found by gas
chromatography to have a purity cf 2 99.4% and was used without further purification.
A sample of dibromomethane (Aldrich, 99%) was purified by shaking successively with
concentrated sulfuric acid, distille 1 water. a 0.1M sodium hydroxide solution and then
once more with distilled water. ""he sample was then dried over anhydrous calcium
chloride for 12 hr and distilled over phosphorous pentoxide. The purified
dibromomethane was stored in a brown bottle, over Linde Type 4A molecular sieves,
away from bright light. Decomposition of the dibromomethane in the gas-
chromatography column prevented its purity being measured.

A sample of tribromometl.ane (Aldrich, 2 99%) was used without further
purification. Attempts to remove the ethanol stabiliser by distillation resulted in the
immediate decomposition of the sample. even in the dark. The contribution of the
ethanol to the observed Kerr effect of tribromomethane was assumed to be negligible, as
the original sample contained les: than 1% of the more volatile ethanol and the Kerr
constants of ethanol in benzene an i carbon tetrachloride solutions®:19 have been shown

to be smaller than that of tribror omethane at the same temperature, reported in this

work.
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Chapter 5 Bromomethanes

The sample of tetrabromome:thane (BDH, > 98%) was sublimed twice at 415 K
before use. Tetrabromomethane is a solid at room temperature and pressure
(mp 363 K), while dibromomethaie and tribromomethane are liquids (bp 370 K and
423 K, respectively) and bromome thane is a gas (bp 277 K). This chapter presents the
first reported investigation of the sapour-phase Kerr effects of a series of compounds
with these three physical states und :r normal conditions.

Density second virial coe ficients are available for bromomethane for the
temperature range 287.8 - 321.1 K I At Figher temperatures, the necessary values were
calculated using the Stockmayer potential.!2 No virial coefficients were available for
dibromomethane. As the critical temperature, pressure and volume and the Antoine
coefficients are also unknown for this species, the coefficients calculated for
dichloromethane,!3 using the mcthod or Pitzer,!4 were used. Any error due to this
assumption is minimised by the low gas densities used for dibromomethane. Similarly,
the virial coefficients of tribromorr ethane and tetrabromomethane appear to be unknown
and, in light of the low gas densitics used, these were assumed to be zero. Furthermore,
the low volatilities of these two compounds prevented investigation of the density
dependences of their Kerr effects. Therefore, the values of Ag reported for
tribromomethane and tetrabromomethane were taken to be equal to the weighted averages
of the measured Kerr constants at that temperature, and no values of By are reported.
This approximation is reasonable. as the statistical uncertainties of the measured Kerr
constants of these two compounds were significantly larger than the effects of any
realistic density dependence. Due to the instability of tetrabrornomethane, few
measurements were possible on th s compound before obvious decomposition occurred.
The Kerr virial coefficients measured for bromomethane, dibromomethane,
tribromomethane and tetrabromome:thane in the vapour phase are listed in Tables 5.1, 5.2,

5.3 and 5.4, respectively.
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Cha»rter 5 Bromomethanes

Table 5.3 Kerr etfect of tribromomethane at 632.8 nm

T dressure 1027 A
/K / kPa / C? m5 J-2 mol-!
354.6 9.5 -15.8 £ 0.8
367.4 15.2 —-1491 £ 0.16
374.2 17.3 —13.63 £+ 0.06
382.1 18.7 —12.69 + 0.08
387.8 14.9 —-11.99 + 0.13
393.1 19.2 -11.70 £ 0.07
405.5 14.1 -9.96 £ 0.20
413.8 22.3 -9.30 £ 0.04
433 .8 20.4 -8.05+0.21
Table 5.4 Kerr effect of terabromomethane at 632.8 nm
T Pressure 1027 Ak
/K / kPa / C2m5 J-2 mol-1
384.6 3.65 22+1.0
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5.3 DISCUSSION

The temperature dependence; of the Kerr effects of the bromomethanes are shown
in Figure 5.1. There is an obviou: contrast between the positive sign and curvature of
the results for bromomethane, shc wn in the top graph, and those of dibromomethane
and tribromomethane, in the lowver graph. The results for dibromomethane are
represented by the circles and unbroken curve and those of tribromomethane by the
triangles and dashed curve. Fcr bromomethane at 298 K and a wavelength of
488.0 nm, Burnham et al.3 measured ,K=(91.6+2.8)% 107272 md 572 mol ™,
which is in good agreement wit1 the value of Ax =88.3x 10727 €2 m3 12 mol™!
extrapolated from this work at the same temperature and 632.8 nm. The precision of
this result is much higher than that of the earlier value, as shown by the small statistical
uncertainties of the values of Ax ir Table 5.1. Dispersion is likely to account for some
of the discrepancy between these tv/0 values.

Le Fevre and Ritchie* reported an infinite-dilution molar Kerr constant for
tribromomethane of w(mel) =-376x10727C?m> I 2 mol~! at 298 K and 589 nm,
in benzene. Extrapolation of the r:sults presented here gives the admittedly uncertain,
yet undoubtedly smaller, value of Ag =27 X 10727 C?m’ I mol™! at 632.8 nm for
tribromomethane as a free molecule. The large discrepancy between these two values is
presumably due to the strong dipo e-quadrupole, and other solute-solvent, interactions
between the tribromomethane and benzene molecules in the solution-phase
measurements. For similar reasons, there are also differences between the reported Kerr
constants of dibromomethane. Izedk and Le Fevre® found, from solution-phase Kerr-
effect measurements on dibromomethane at 298 K and 589 nm, that in carbon
tetrachloride m(sz) =-19.6::107C?m> )2 mol™, and in benzene
(mKy)=-263x1077C?m " mol”t A value of Ak =-232x1077

C?m’ I 2 mol™! at 632.8 nm and the samz temperature is obtained by extrapolation of

the results in this work.
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Figure 5.1 ""he Kerr effects of the bromomethanes.
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Chapter 5 Bromomethanes

The temperature dependences of the Kerr effects of the bromomethanes were
analyzed in a similar manner to tiat discussed in previous chapters. Depolarization
ratios obtained from Rayleigh ligh:-scattering experiments by Keir!? at 632.8 nm were
combined with mean polarizabil ties, derived from refractive indices at the same
wavelength, to determine the polarizabilities of both bromomethane and
tribromomethane. Carocci et al.17 have measured the dipole moments of both CH379Br
and CH381Br, using Stark spectroscopy. The dipole moment of CH3Br was taken as
the average over the isotopic distri>utions”? (CH379Br : CH33!Br = 50.54% : 49.46%).
As no microwave spectroscopy ex erimerts have been performed on dibromomethane
or tribromomethane, the dipole n oments of both molecules were obtained from the
vapour-state dielectric polarizaticn measurements by Buckingham and Le Fevre.10
Mean static polarizabilities for brc momethane, dibromomethane and tribromomethane
were also obtained from this reference. The Kerr first and second hyperpolarizabilities

of bromomethane and tribromomethane were then determined from the equation

{AK —(NA/27050 k2>‘u2(a;: - a)Y‘z} = (Na/81g) 75 + y

(N\/Slgoft){(Z/B)uﬁK+(9/5)aaOKK‘O}T"1 -0
as depicted in Figures 5.2 and 5 3. For bromomethane, the quantity being plotted
against 771 is only a small percentage of Ak, as shown by a comparison of these
values with those in Table 5.1. This makes the scatter of the data points from the line of
best fit more pronounced. Desyite this, the gradient of the line in Figure 5.2 is
reasonably well defined.

The results for dibromometh: ne were analyzed in an analogous manner to those of
methylamine and dimethylamiae in Chapter 3. That is, the Kerr second
hyperpolarizability of dibromomcthane was interpolated from a weighted fit of the
corresponding values for methane,! bromomethane, tribromomethane and
tetrabromomethane. The Kerr first hyperpolarizability and the quantity «.. — a were

then determined from the equation
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[ ~ (Vo /8160)78|T = (Na /814-:0k){[(‘2/3)uﬁK +(9/5)ae’x?

(5.2)

+ (3106)* (0, — )T}

as depicted in Figure 5.4. The Keir second hyperpolarizability of tetrabromomethane is

related to Ag by equation 1.14. Tables 5.5, 5.6 and 5.7 list the derived electric
properties of bromomethane, dibromometkane and tribromomethane, respectively.

The Kerr second hyperpolirizability of tetrabromomethane at 632.8 nm was
measured to be y* = (2.61+1.2) <107°°Cc*m* 7. No other value for the second
hyperpolarizability of tetrabromomethane has been reported. Figure 5.5 shows that,
within the experimental errors, the Kerr second hyperpolarizabilities of methane,!
bromomethane, tribromomethane and tetrabromomethane are additive and increase
regularly with bromine substituticn, despite the experimental difficulries encountered
during these measurements. Therefore, the interpolated value of }/K for
dibromomethane should be reason ibly accurate. A comparison with the measured Kerr
second hyperpolarizabilities of tetrafluoromethane! and tetrachloromethane? indicates
that }/K also increases as the size cf the ha ogen atom increases.

Similarly distinct trends are not observed for the Kerr first hyperpolarizabilities of
the bromomethanes, possibly for tlie reason that the experimental observable transforms
as a vector. This absence of additivity with substitution was also found for the
fluoromethanes! and chlorometharies,? as shown in Table 5.8. As with the Kerr second
hyperpolarizabilities, a compariscn of the ﬁK values for the three halogenomethane
series indicates that, in general, the magnitude of ‘BK increases with fluorine to chlorine
to bromine substitution. How:ver, the Kerr first hyperpolarizabilities of the
bromomethanes are all of the sanie sign, unlike those of the fluoromethanes and the
chloromethanes. The reasons for. and significance of, this are not clear, although the
uncertainties associated with the Ferr firs: hyperpolarizabilities of the chloromethanes
suggest that their signs are ambiguus.

The present study yields the irst reliable value of the Kerr first hyperpolarizability

of dibromomethane, ¥ = (0.42:0.2) x 1079 ¢® m? 772, Buckingham and Orr”
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Figure 5.4 Anlysis of the Kerr effect of dibromomethane.
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Table 5.5 Analysis of the Kerr effect of bromomethane at 632.8 nm

Property Value

1024 slope / C2 m5 J=2 K=1 mol-! ) 1.79+0.34
1027 intercept / C2 md J=2 K=2 mol~1 @) 0.8 +£0.9
1040 ¢ /CZm2J-1 D 6.22 £ 0.06
1040 o0 /C2m2 J-1 9 6.43 + 0.18
102 k2 & 1.416 £ 0.005

1030 gt /Cm ©

1040 ¢, / C2m2 J-!
100 g / C2m2 J-1
1040 ¢, / C2 m?2 J-!
1050 g%/ C3 m3 J-2

1060 K /4 m4J-3

6.0768 £ 0.0012

5.48 £ 0.06

5.48 £ 0.06

7.70 £ 0.07

0.5%0.1

1.0+ 1.1

a) From equation 5.1. b) Reference 15. c) Reference 16. d) Reference 19.

e) Reference 17.
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Table 5.6 Analysis of the Kerr effect of dibromomethane at 632.8 nm

Property Value

1021 slope / C?2 m3 J=2 K2 mol~1 2 -3.43 +0.15
1024 intercept / C2 m> J-2 K mol=1 ) 3.49 +0.38
1040 ¢ /C2m2J-1 b 9.61 +0.10
1040 ¢ 72 m2 371 10.10 + 0.35

102 k2 9

1030 1 /Cm ©

1060 ¥X /4 m# J-3

109 (ot — ) /1 C2m* I~
1040 o / C2m2J-1
1040 ¢z / C2m2 !

1040 ¢, / C2 m? J-1

1050 g%/ C3 m3 32

2.539 + 0.029

474 £ 0.07

1.6

-1.16 £ 0.05

12.64 + 0.14

7.73 £ 0.18

8.45 £ 0.11

0.4+0.2

a) From equation 5.2. b) Reference 18. ¢) Reference 16. d) Reference 19.
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Table 5.7 Analysis of the Kerr effect of tribromomethane at 632.8 nm

Property Value

1024 slope / C2 m3 J-2 K~ mol~1 2 6.4+ 04
1027 intercept / C2 m3 J=2 K% mol~! a) 23+ 1.1
1040 ¢ /C2m2J-1 b 13.02 + 0.26
1040 % /Cc2m2 -1 ) 13.1 409
102 k2 9 1.54 +0.04
1030 1 /Cm © 3.30 + 0.07
1040 ¢, / C2 m2 J-! 14.64 £ 0.26
1040 ¢, / C2m2 J-! 14.64 +0.26
1040 ¢, / C2 m?2 J-1 9.79 £ 0.29
1050 gX /3 m3 52 2.7+ 0.4
1060 X /4 m4 J-3 2.8+ 1.3

a) From equation 5.1. b) @eference 21. ¢) Reference 16. d) Reference 19.



Chapter 5 Bromomethanes

O 2] T y
] ]

N
o~ /

5: 3 O/i
= O

o 1 ©
\CDD —/ X=Cl
0 T 1 Xop A
I I ] T | |
CH CH,X  CHX, CHX, CX,

4

Figure 5.5 Kerr second hyperpolerizabilities of the halogenomethanes from

measurements ‘n the vepour phase.

Table 5.8 Measured Kerr tirst hyperpolarizabilities of the halogenomethanes

in the vapour phase

CH X CH»X» CHX3
X=F b -0.19 4 0.15 -0.03 £ 0.05 0.3+0.2
X=Cl © ~0.1+).4 0.4+ 0.5 -05+ 0.4
X = Br 0.5+0.1 0.4+0.2 27+04

a) Expressed in units of 107°C*m*J™. b) References 1 and 21.

¢) Reference 2.
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estimated values of ﬁK which are an order of magnitude larger than this, from a
reanalysis of the solution-phase m easurernents by Izsik and Le Fevre.6 However, the
authors noted that their values were uncertain and may be unreliable by up to an order of
magnitude. No other values of the first and second hyperpolarizabilities of
dibromomethane have been reported for any nonlinear optical process. In the analysis of
their single-temperature Kerr corstant for bromomethane, Burnham et al.3 cited an
electric field-induced second harmc nic generation measurement for bromomethane, at an
unknown wavelength. These values of f(—2w;w,®) =0.17x107°Cc3*m? 172 and
¥Y(—2@;0,0,m) =0.42 X 1070 C*m*J73 are smaller than, but of the same order of
magnitude as, the Kerr hyperpolaiizabilities measured in this work. There have also
been only two previously rerorted values for the hyperpolarizabilities of
tribromomethane, both beiny cited by Karna et al.5 The value of
Y(~0;,0,0,-0)=3.0X 1070 Cc*10* 173, obtained from degenerate four-wave mixing
measurements at 602 nm in tetrihydrofuran solutions, is similar to the value of
YK =(2.8+1.3)x 10790 Cc* m* 7~ measured in this work. A large disparity is also
noted between the Kerr first hyperpolarizability at 632.8 nm,
,BK = (2.7i‘ 0.4) x10729¢3 m3 J“I"', and a liquid-phase measurement of
B(2w;,w,0)=0.45x 10°9C3 m J—Q, at 1064 nm.522 This discrepancy does not
appear unreasonable when the diffcrences in the physical states of the samples and the
dispersion and vibrational contribt tions tc the hyperpolarizabilities of each nonlinear
optical process are considered.

The orientations of the molec 1lar axes of the bromomethanes are shown in Figure
5.6, with the y - axis for each molecule being perpendicular to the page. This study has
yielded the first experimentally detzrminec. set of polarizabilities for dibromomethane,
presented in Table 5.6. The me:n polarizability of this species at 632.8 nm was
interpolated from liquid-phase refra:tive index measurements.!® The magnitudes of the
polarizabilities for dibromometiane follow the same trend as observed for
difluoromethane! and dichloromett ane,?2 in the order Oyy > Oy >ty This was also

predicted for dibromomethane by Applequist et al., 23 who used an atom - dipole
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CH3BI‘

_, >

Figure 5.6 Molecular axes of the bromomethanes.

interaction model to estima:e o, =147, «a,, =658 and o, =829
x107*9C? m? 37! at 589 nm. As the authors noted, their model generally exaggerated
the polarizability anisotropy, with :he differences between calculated and experimental
polarizability components often being (0%. Keir!® has also recently calculated
Gy =12.86, @, =769 and a . =8.5.% 107 €2 m? 37! for dibromomethane at
632.8 nm, at the MP2 level using the HUZI-SV (+sd+sp) basis set.24 These ab initio
values are obviously in good agree nent wi:h this work.

Figure 5.7 shows the polariz ability components, normalized with respect to the
mean polarizability, as a function of halogen substitution for the fluoro-, chloro- and
bromo-methanes. The molecular axes for all three series are the same as shown in
Figure 5.6. Although «., makes the largest contribution to the mean polarizability for
all three monosubstituted halogeno nethanes, this is most pronounced for chloromethane
and bromomethane. This contras's with the trihalogenomethanes, in which the ¢.-
component is coincident with the C-H bend and makes a smaller contribution to the
mean polarizability than ¢, and «,,. This is again most obvious with the larger
chloro- and bromo-methanes. It is evident that, for molecules of formula CH2X5, as the
halogen atoms increase in size from fluorine to chlorine to bromine, ¢, makes a larger

contribution to the mean polarizability and ¢, and o, become less significant by

107



Chaoter 5 Bromomethanes

KEY %« %y Uzz
—— o-- --0--

1 X

Cl

1.2 o,
CHE
SR
| e
ogd T o T
s ’ ° X = Br

ll/
—
1 |
d
’
rd
’
’
O
I
v,

Figure 5.7 Normalized ccmponents of the mean polarizabilities of

the halogenon ethanes.

108



Chapter 5 Bromomethanes

approximately the same proportion.

It is of interest to note th¢ very similar relative contributions to the mean
polarizability of the polarizability components of the chloro- and bromo- analogues.
Although there is a slightly g-eater anisotropy in the polarizabilities of the
bromomethanes than the chlorom:thanes, the differences are minor. This similarity
raises the question of the relative contributions for the iodomethanes. From Rayleigh
light-scattering measurements on iodomethane vapour at a wavelength of 488.0 nm,
Burnham et al.3 found that ¢, =10.64 and a,, = Ay, =7.63 X 10792 m? 51,
Therefore, for iodomethane, «,./o=a,,/0c=0.884 and o /o0 =1.232; results
which are almost identical to the values obtained for chloromethane and bromomethane.
The free-molecule polarizabilities >f dilodomethane and triitodomethane have not been
measured, although Le Fevre and Ritctiet have measured the polarizabilities of
triiodomethane in the solution plase at 589 nm. However, these latter results are
complicated by local-field effects ard cannot be compared with this work.

An approximately linear decrzase in the ¢,. /& term is observed with increasing
halogen substitution in all three hilogenomethanes series. Through the series CH3X,
CH>X7, CHX3 the «,. componen' is, in turn, oriented along a C-X bond, the bisector
of the X-C-X angle and then alorg a C-H bond. Therefore, in this progression the
polarizability of each C-X bond n.akes a smaller contribution to ¢., while the less
polarizable C-H bonds make a larger contribution.

The contributions to the obse ved Ke T effects of the bromomethanes at 400 K are
listed in Table 5.9. This temperati re was chosen to provide a point of comparison, as
the Kerr first virial coefficients o " three of the four bromomethanes were measured
spanning this temperature, while ¢ g for tstrabromomethane is, or is expected to be,
independent of temperature. For br ymomethane, dibromomethane and tribromomethane
the dominant contribution arises from the ,lz(azz — ) term, as is generally found for
dipolar molecules. Upon successive bromine substitution from bromomethane to
tribromomethane, this contribution ncreases relative to the Kerr first virial coefficient by

=~ 90%, to a maximum of 270%, of Ag. This bears an inverse correlation with the
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Table 5.9 Contributions of individual termrs to Ak for the bromomethanes at 400 K %)

Term CH3Br CH3Br» CHBr3 CBry

(Na/81gg)y™ 0.8 1.4 2.3 2.2
(1.6%) (-11%) (-21%) (100%)

(2N, /24380kT)u X 3.2 2.0 8.9 -
(6.2%) (-16%) (-83%)

(9N 5 40560k T )orer¥ i 1.6 6.7 7.2 -
(3.1%) (-57%) (=67%)

(Na/270e0k?T? uP (0 —cr) - 45.2 —21.4 ~29.1 -
(89.4%)  (181%) (270%)

Ag 50.5 ~11.8 ~10.7 2.2

a) Expressed in units of 10727 C> m3 J=2 mol~\.

decreasing contribution of the . tzrm to tie mean polarizability. As «,. /o decreases,
[uz(aZZ - a) becomes more negative and makes a larger contribution to the negative
Kerr constants of dibromomethane ind tribromomethane.

The contributions of the pﬁK and ac’k? terms to the Kerr first virial
coefficients of bromomethane, dib-omomethane and tribromomethane also increase in
magnitude, although in a nonlinea: manner. Furthermore, these terms make small and

positive contributions to Ax for bromomethane, but large and negative contributions for

dibromomethane and tribromomethane. The cancellation of the large and oppositely
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signed contributions of the hyperp slarizability terms results in small Kerr constants for
dibromomethane and tribromomethane, as shown in Tables 5.2 and 5.3 and Figure 5.1.

It has already been noted in t1is chapter that the Kerr second hyperpolarizability is
approximately additive with bromine substitution. The ¥X term is almost negligible for
bromomethane but, as the Kerr first virial coefficients of dibromomethane and
tribromomethane are relatively small, the contribution of the }/K term becomes
significant with increasing bromine substitution.

Burnham et al.3 estimated the contributions to the Kerr constant of bromomethane
that they measured at 298 K and 488 nm. Their derived contributions are in generally
good agreement with the corresponding quantities determined in this work, with the

2 .
O%? term being small. However, the

,uz(a-,, — o) term being dominan: and the oo
esimated contributions yielded a Kerr constant of ;K =86.5 X 10727 ¢?m357? mol ™!,
which was smaller than thei- measured value of [, K=(91.6+2.8)x 10727
C?m> I 2 mol~!. As the tempera ure dependence of the Kerr effect of bromomethane
was not investigated by Burnham :t al., they could not extract values for the Kerr first
and second hyperpolarizabilities. In their analysis, Burnham et al.3 used first and
second hyperpolarizabilities obtair ed from. second harmonic generation measurements.
These values of f(-2w;w,®) ani y(-2w;0,w,®) have already been shown to be
smaller than the corresponding values of ,BK and }/K. The differences between the
hyperpolarizabilities measured b/ means of the Kerr effect and second harmonic
generation account for the major part of the difference between the experimental and
estimated Kerr constants reported by Burnkam et al.

Few conclusions can be drawn about the Kerr second virial coefficients of the
bromomethanes from these measu.ements. There appears to be a contrast between the
negative Bg values for bromometh ne and the positive values for dibromomethane. The
imprecision of these results and the inability to apply the collision-induced polarizability
model?> for these molecules, due t the force constants being unknown, prevent a more

detailed analysis of the influence of brominz substitution on Bg.
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5.4 CONCLUSIONS

Despite the reactivity and low volatility of the bromomethanes, the Kerr effects of
all four members of this series were measured as vapours in order to examine the effect
of bromine substitution on the elec tric properties. The Kerr second hyperpolarizability
was shown to be approximate.y additive with bromine substitution, and the
polarizabilities of dibromomethane were obtained for the first time. A comparison of the
electric properties of the bromcmethares with those of the fluoromethanes and
chloromethanes illustrated the effec ts of halogen substitution on the polarizability tensor,
the Kerr first and second hyperpolarizabilities and the various contributions to the
observed Kerr constants. The results for bromomethane were shown to be in good

agreement with, and yet more reliasle than. those of an earlier study.
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CHAPTER 6 - ANISOTKOPIC POLARIZABILITIES OF THE
FLUOROBENZENES

6.1 INTRODUCTION

There have been relatively few reported studies of the free-molecule electric
properties of aromatic compounds. Benzene and the fluorobenzenes are the notable
exception. Buckingham, Ritchie and coworkers have measured the polarizabilities and
hyperpolarizabilities,!2 magnetizz bilities®4-5 and quadrupole moments6.7 of benzene
and several members of the fluorobenzenes series. In particular, Gentle et al.l.2
reported the temperature depender.ces of the Kerr effects of benzene, fluorobenzene,
1,3,5-trifluorobenzene, pentafluorcbenzene and hexaffuorobenzene. The polarizability
anisotropies of these species were etermined to a high level of precision, and fluorine
substitution was found to have a small, yet consistent, effect on the polarizabilities of the
molecules, but a greater influence on the static and optical-frequency polarizability
anisotropies of the nondipolar fluorobenzenss. The relationship between these quantities
and the Kerr first virial coefficients Zor nondipolar species with (7, or higher symmetry
has been described in Chapter 1.

Aroney et al.8 have measured the Kerr constants of, and derived apparent principal
polarizabilities for, many of the flioroberzenes in the solution phase. However, the
free-molecule polarizabilities of several of these species are still unknown. The main
aim of this study was, therefore, to measure the polarizabilities of 1,2-difluorobenzene,
1,3-difluorobenzene and 1,2,3,5-teirafluorobenzene and to determine the relationship
between the static and optical frequency polarizability anisotropies for 1,4-
difluocrobenzene and 1,2,4,5-tetraflt orobenzene.

Gentle et al.}2 have shown that the Kerr second hyperpolarizabilities make only a
small contribution to the Kerr constants of the fluorobenzenes they investigated.
Therefore, it is also desirable to m::asure the hyperpolarizabilities of the di- and tetra-

fluorobenzenes and to compare ther1 with those of the other members of this series.
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6.2 EXPERIMENTAL

The sample of 1,2-difluo-obenzene (Aldrich, 98%), distilled twice over
phosphorus pentoxide using a fractionating column, was found, by gas
chromatography, to have a purity of 2 99.7%. Samples of 1,3-difluorobenzene
(Aldrich, 2 99%) and 1,4-difluorobenzere (Aldrich, 2 99%), similarly distilled over
phosphorus pentoxide before use, vere found to have purities of > 99.3%.

The sample of 1,2,3,5-tetrifluorobenzene (Aldrich, 95%) was refluxed over
sodium and phosphorus pentoxice for 5 hr, dried over sodium wire for 12 hr and
fractionally distilled twice over ¢odium and phosphorus pentoxide. The sample of
1,2,4,5-tetrafluorobenzene (Aldrich, = 99%) was dried over phosphorus pentoxide for
5 days, refluxed over phosphorus pentoxide for 1 hr and then fractionally distilled over
phosphorus pentoxide. Gas chromatography showed the purities of 1,2,3,5- and
1,2.4,5-tetrafluorobenzene to be = 98.2% and = 99.6%, respectively. Due to the small
sizes of the samples of the tetrafluorobenzenes, each had to be redistilled over
phosphorus pentoxide and reused twice to complete the Kerr-effect studies reported
here. In order to minimize contamination, the gas Kerr cell was cleaned each time before
the repurified tetrafluorobenzenes "vere used. The recycled materials were found by gas
chromatography to be less pure by less than 0.1%.

Gas densities for 1,2-diflucrobenzene were calculated using tabulated density
second virial coefficients? for tie temperature range 345.9 - 398.8 K. At higher
temperatures, virial coefficients w :re calculated using the Stockmayer potential.10 No
density virial coefficients have been reported for the other di- and tetra-fluorobenzenes.
Gentle!! used the arithmetic means of the coefficients for benzene and
hexafluorobenzene to estimate those for 1,3,5-trifluorobenzene. In a similar manner, the
coefficients for 1,3- and 1,4-diflucrobenzene were taken to be the averages of those for
fluorobenzene and 1,3,5-trifluorosenzene; and the virial coefticients for 1,2,3,5- and
1,2,4,5-tetrafluorobenzene were estimated as being the averages of those of 1.3-

difluorobenzene and hexafluorotenzene. Due to the low pressures used in these
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measurements, the maximum devi: tion from the ideal gas law was less than 1% and any
errors in the estimated density virial coefficients will have a negligible effect upon the
Kerr virial coefficients.

The mean optical-frequency polarizabilities of the difluorobenzenes were
determined from their refractive indices at 632.8 nm.12 The dispersions in the refractive
indices of the tetrafluorobenzenes are unknown, and the mean polarizabilities of these
species were determined from their refractive indices at 589 nm.12 No values of the
mean static polarizabilities of any f the d - or tetra-fluorobenzenes have been reported
and there is a similar lack of information about the infrared vibrational intensities of these
molecules. Gentle!! assumed that the mean static polarizability of pentafluorobenzene
scaled to the mean polarizability at 632.8 nm in the same way as for fluorobenzene. The
same procedure was used to estimate the mean static polarizabilities of the di- and tetra-
fluorobenzenes, with these values being assigned uncertainties of & 5%. As the mean
static polarizabilities were used on y to calculate the Kerr second virial coefficients and
Kerr second hyperpolarizabilities, vhich were already uncertain, this assumption is not
serious. Dipole moments for 1,2- and 1,3-difluorobenzene!? and 1,2,3,5-
tetrafluorobenzene !4 were available from microwave spectroscopic measirements.

Tables 6.1, 6.2, 6.3, 6.4 and 0.5 and Figure 6.1 summarize the Kerr-effect results
for 1,2-, 1,3- and 1.4-difluorober zene and 1,2,3,5- and 1,2,4,5-tetraflucrobenzene,
respectively. The results for 1,4-di Tuorobenzene include three data points measured by
Gentle, !9 using an earlier version ¢ f the apparatus described in Chapter 2; these earlier
values of Ay are in excellent agree ment with those determined in the present study. In
Figure 6.1, the results for 1,3-difluorobenzene are denoted by the squares and solid
curve andthose of 1,2,3,5-tetraflt orobenzene are shown by the crosses and dashed
curve.

The depolarization ratios of [,2- anc. 1,3-difluorobenzene were measured by the
author, and the results are listed in '[able 6.6. These measurements were made at 353 K
with vapour pressures of 3.7 - 25.«- kPa for 1,2-difluorobenzene, and 5.3 - 6.5 kPa for

1,3-difluorobenzene. A large nuriber of depolarization ratios were measured for 1,2-
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Figure 6 1 The Kerr effects of the fluorobenzenes.
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Table 6.6 Rayleigh light-scattering results for 1,2-difluorobenzene and 1,3-

difluorobenzene at 632.8 nm, with vibrational Raman lines included. @

1,2-di Tuorobenzene 1,3-difluorobenzene

100pg 2.12 £ 0.03 2.22 + 0.03

2.03 +0.02 2.24 +£0.03

2.04 £ 0.03 2.24 + 0.03

2.3+0.03

2.08 £ 0.03

2. 3+0.04

2. 0+0.03

2.09 + 0.01

2. 0+£0.02
average 100p 2.09 £ 0.04 2.23+£0.02
/1070 % m? 77! 11.66 + 050 11.79 £ 0.27

11.83 £ 030

1152+012 ® 11.37+£0.11 b

a) The vibrational Raman lines were no excluded as they are only significant for weakly anisotropic
molecules, where 100p, <1. b) From liquid-phase refractive indices, given in reference 12.

difluorobenzene, due to probleris caused by pressure fluctuations. The mean
polarizabilities of these two difluor >benzenes at 632.8 nm were also measured using the
light-scattering apparatus but, as will be explained in the discussion, these values were

not used in the analysis of the Kerr-effect results.

6.3 DISCUSSION

For nondipolar molecules wit1 Dy;, symmetry, the electric properties are related to

the Kerr first virial coefficient by



Chanter 6 Fluorobenzenes
K = (Na /8180){7/K +(3/ 0)(kT)"1(aaﬁa0aﬁ - 3050(0)}. (6.1)

The small temperature dependen:es of the Kerr effects of 1,4-difluorobenzene and
1,2,4,5-tetrafluorobenzene, lineir in T_l, contrast with the larger, quadratic
dependences of 1,2-difluoro-, 1,3-difluoro- and 1,2,3,5-tetrafluoro-benzene. It is also
evident that the temperature dependences of the Kerr effects of 1,3-difluorobenzene and
1,2.3,5-tetrafluorobenzene are almost identical. As even the curvatures shown in Figure
6.1 for these two species are very <imilar, this suggests that disubstitution of fluorine at
the 1,4- positions does not greatly : ffect thz electric properties. It is already known that
the mean polarizability and refractivity of the fluorine atom and carbon-fluorine bond are
very similar to those of the hydrogen atom and carbon-hydrogen bond, respectively. !0
These two molecules also have sim lar dipole moments.

The Kerr effects of these fluo ‘obenzenes have not previously been measured in the
vapour phase. Aroney et al.® have reported the infinite-dilution Kerr constants of 1.2-
difluoro-, 1,3-difluoro-, 1,4-diflucro- and 1,2,4,5-tetrafluoro-benzene, at 298 K and
589 nm in cyclohexane. As these values are significantly lower (by = 20 - 40%) than
the Kerr first virial coefficients fron this study, extrapolated to the same temperature, the
Kerr constants of these fluorobenze 1es appear to have a significant state dependence.

The results for the dipolar fluorobenzenes were analyzed in the same manner as tor
dibromomethane, described in Chi pter 5. That is, }/K values were interpolated from
previous studies on the nondipolar nembers of the fluorobenzenes series! and the Kerr-

effect data were fitted to the equation

[AK _(NA/Slgo)yK]T = (”A/Slgok){[(z/-%)#ﬁK +(9/5)aa’ x| .
(0.2)
+ (3/10k)u* (e — a)T—I}
to determine «. and ﬁK. Any errors attributable to these estimated values are likely to

be very small, since the bond-additivity approximation is known to be reasonable,!.17.18

and the effects of such errors are fu ther mitigated by the very small contributions of the
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yK terms to the measured Kerr constants of the fluorobenzenes.!2 Figures 6.2, 6.3
and 6.4 depict the analyses of the temperature dependences of the Kerr effects of 1,2-
difluoro-, 1,3-difluoro- and 1,2,3,5-tetrafluoro-benzene, respectively. Kerr-effect
measurements on 1,2,3,5-tetraflucrobenzene were possible at only seven temperatures,
because of the smallness of the sariple. However, the gradients of these graphs were all
well determined, with small uncertainties. The deviations from the lines of best fit of
several points in the graphs are gre iter thar. their statistical uncertainties, but the addition
of a systematic uncertainty to these values has little effect on the derived quantities.

Although the individual measurements of the depolarization ratio of 1,2-
difluorobenzene, shown in Table 0.6, were imprecise, the average p;; value should be
reliable. No difficulties were enccuntered in measuring the depolarization ratio of [,3-
difluorobenzene. The mean polari -abilities of 1,2- and 1,3-difluorobenzene determined
by the author using the light-scattring apparatus are in fair, but not good. agreement
with those determined from refrictive indices at 632.8 nm. Similar discrepancies
between mean polarizabilities obtiined from the two methods have been reported for
other compounds with low volatil ties.!9 The mean polarizabilities obtained from the
refractive-index measurements w:re considered more reliable and were used in the
analyses of the Kerr-effect results.

Tables 6.7, 6.8 and 6.9 list te electric properties of 1,2-difluoro-, 1,3-difluoro-
and 1,2,3,5-tetrafluoro-benzene, respectively. For each of these molecules, the z - axis
is coincident with the dipole momeat, the x - axis is also in the plane of the benzene ring
and the y - axis is orthogonal to the >lane of the benzene ring. Gentle et al.2 reported that
o, was slightly larger than ¢, 11fluorobenzene. A similar enhancement of the .-
component with respect to the a,,component in 1,2-difluorobenzene is therefore
expected, and is indeed observed. This is also in agreement with the solution-phase
work of Aroney etal.8 who ottained a=10.90, o, =12.34, «y, =761 and
o =12.76 x10740C?m? 17" Tle polarizabilities determined in the present work are
much more reliable, as the solution- phase values are influenced by local-field effects and

the hyperpolarizabilities were not ta<en into account in their evaluation.
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Figure 6.2 Analysis of the Kerr effect of 1,2-difluorobenzene.
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Table 6.7 Analysis of the Kerr effect of 1,2-difluorobenzene at 632.8 nm

Property Value

1021 slope / C2 m> J72 K- mol~! @) 245+ 0.7
1024 intercept / C2 m> -2 K=2 mol~! @ 09+ 1.7
1040 ¢ /C2m2J-1 b 11.52+0.12
1090 ¢ 7C2m2 -1 © 12.6 + 0.6
102 k2 3.58 +0.07
1030 4 /Cm 9 8.64 = 0.07
1060 yX 7 Ctm4 -3 9 0.5

104 (e, — o) / CZm- J-! 2.48 +0.07

1040 ¢/ C2 m?2 J-!
1090 g1y, / C2m? 5
1040 ¢, / C?2 m2 J-!

1050 X /C3 m3 J-2

14.00 £ 0.14

-1.4%£0.5

a) From equation 6.2. b) Refcrence 12. ¢) Estimated value (see text). d) Reference 13.
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Table 6.8 Analysis of the Kerr effect of 1,3-difluorobenzene at 632.8 nm

Property Value

102! slope / CZ2 md J=« K~ mol~! 2) 7.88 + 0.41
1024 intercept / C2 m3 J=2 K== mol~! ) 28+ 1.0
1040 ¢ /CZm2J-! b 11.37 £ 0.11
1040 % /C2m2 371 9 12.4 % 0.6
102 k2 3.83 +0.03
1030 y /Cm @ 5.04 £ 0.07
1060 yX /cam3-3 9 0.5

104 (o, —e) / C2m’ J-1 2.35+0.12
1040 ¢ / C2 m?2 J-1 13.47 £ 0.33
1040 ¢y / C2 m2 7! 6.2 % 0.07
1040 o, / C2 m?2 J-1 13.72 £ 0.18
1050 X /€3 m3 J-2 ~1.5+05

a) From equation 6.2. b) Ref:rence 12. ¢) Estimated value (sce text). d) Reference 13.
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Table 6.9 Analysis of the Korr effect of 1,2,3,5-tetrafluorobenzene at 632.8 nm

Property Value

1021 slope / C2 m3 J72 K~ mol~! @) 7.58 £ 0.43
1024 intercept / C2 m5 =2 K=2 mol-1 ) 40+ 1.1
1090 o / C2m2J-1 b 11.62 £0.12
100 g% /C2m2 31 O 12.7 + 0.6
102 k2 9 3.74 + 0.04
1030 11 /Cm © 4.87 +0.20
1060 ¥ /Ctm -3 O 0.5

1040 (o, —x) / C2 m= J-1 2.42£0.14
1040 o, / C2m2 J-! 13.69 + 0.40
1040 o, / C? m? J~! 7.13 £ 0.07
1040 . / C2m? J-! 14.04 +0.27
1050 K /€3 m3 J-2 ~1.0 £ 0.6

e) Reference 14.

a) From equation 6.2. b) Refe-ence 12. ¢) Estimated value (see text). d) Reference 19.
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The same argument can also be used to predict a,, < «, for I,3-
difluorobenzene. This is not observed, although the enhancement of ¢, in I,3-
difluorobenzene is less than that fcr 1,2-difluorobenzene and the statistical uncertainties
provide a large degree of overlap b:tween the numerical values of o, and «_.. These
are the first reported polarizasilities for 1,3-difluorobenzene. The in-plane
polarizabilities of 1,2,3,5-tetraflurrobenzene are also very similar. However, as the
results of Gentle et al.? for fluorob :nzene and pentafluorobenzene predict, .. is larger
than o, for 1,2,3,5-tetrafluorobe 1zene.

The Kerr first hyperpolariz.bilities of 1,2-difluoro-, 1,3-difluoro- and 1,2.3,5-
tetrafluoro-benzene are all of the same sign and are in good agreement with those of
fluorobenzene and pentafluoroberzene,2 8% = (<0.9£0.4) and (-0.8% 0.4)x1070
Cm’17, respectively. As Gent e noted,!! these values are larger than the Kerr first
hyperpolarizabilities typically found for aliphatic molecules. The large uncertainties
associated with the ,BK values are cue to the unavoidable imprecision of the intercepts in
Figures 6.2, 6.3 and 6.4 and the relatively small contributions that the yﬁK term makes
to the measured Kerr constants of tiese mclecules, as will be shown later.

Gentle et al.? have previous!/ discussed the regular variation of the polarizability
components with progressive flucrine substitution in the fluorobenzenes series. The
free-molecule polarizabilities that Fave been measured for the fluorobenzenes (benzene,!
fluoro-,2 1,2-difluoro-, [,3-difluoro-, 1,3,5-trifluoro-,! 1,2,3,5-tetrafluoro-,
pentafluoro- 2 and hexafluoro-benzene!) are shown in Figure 6.5. The values of the
.. component are represented by he circles and unbroken line and those of . by the
triangles and the dashed line. It is obvious that the polarizabilities reported in this work
are in excellent agreement with these of the other fluorobenzenes, and several trends are
apparent. Progressive introductio: of fluorine atoms into the benzene ring has only a
small effect on the mean polarizabi ity, and results in a small enhancement of the two in-
plane components. Progressive fluorine stbstitution appears to give a slight increase in
the o, component with respect to the ¢ .. component, and to decrease the out-of-plane

«,, component, presumably due tc conjugative and inductive interactions.?.
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For nondipolar molecules w th D), symmetry, the Kerr first virial coefficient is
related to the electric properties by equation 6.1. However, the static polarizability
components of 1,4-difluorobenzene and 1,2,4,5-tetrafluorobenzene are unknown, and
the assumption that o ap = Ocoaﬁ 1esults in unrealistic optical-frequency polarizabilities
for these molecules. This suggest; that dispersion and vibrational contributions have a
greater effect on the polarizability components of the fluorobenzenes than fluorine
substitution. In view of the simularities of the in-plane polarizabilities of the other
fluorobenzene molecules, it was assumed that o, = «,, for these two species. The
temperature dependences of the Kerr effects of 1,4-difluorobenzene and 1,2,4,5-

tetrafluorobenzene are, therefore, related to the product of the static and optical-

frequency polarizability anisotropics by
Ag = (N /4058, ){SyK +(,:T)“(AaAa0)}. (6.3)

These terms were separated using tie Rayleigh light-scattering measurements of Keir.19

The ratios, AaO/Aa, of ‘he static to the optical-frequency polarizability
anisotrbpies for these molecules are listed in Tables 6.10 and 6.11. Gentle et al.! found
that the ratios for benzene and 1,3.5-trifluorobenzene are 0.88£0.05 and 1.16 £ 0.05,
respectively. The ratio for 1,4-difl 1orobenzene is half-way between these two values, at
0.99+0.05. Good agreement s observed between the ratio of 1.22+0.03 for
1,2,4,5-tetrafluorobenzene and those o’ 1,3,5-trifluorobenzene, 1.163:0.05, and
hexafluorobenzene, 1.18+0.06. Gentle! analyzed the electronic and vibrational
contributions to Aa” for benzene and hexafluorobenzene. A similar analysis for the
fluorobenzenes measured in this work was not attempted, due to an absence of data on
the electronic and infrared transitio 1s of these species.

Despite the long extrapolition involved in the analysis, the Kerr second
hyperpolarizability of 1,4-diflusrobenzene, (0.61+0.7)x107°Cc*m*=3, is in
excellent agreement with those of benzene, (0.410.4); 1,3,5-trifluorobenzene,

(0.5£0.2); and hexafluorobenzere, (0.7:£0.7) %1079 C*m* 1731 The Kerr second
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Table 6.10 Analysis of the Kerr erfect of 1,4-difluorobenzene at 632.8 nm

Property Value

1024 slope / C2 m3 J-2 K~ mel-1 @) 5.14+0.24
1027 intercept / C2 m3 . =2 mol~1 @) 0.51 +0.59
1040 ¢ / C2m2 J-1 B) 11.34 £ 0.12
102 k2 © 3.64 = 0.03
1060 4K /4 md -3 0.6+ 0.7
1080 AgAe® / C4m4 12 @ 43.8 +2.0
1040 A / C2m2J-1 ) ~6.52 + 0.10
1090 A¢® 7 C2 m2 371 ~6.48 + 0.31
Ac®/Aa 0.99 + 0.05

a) From equation 6.3. b) Feference 12. ¢) Reference 20.
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Table 6.11 Analysis of the Kerr effect of 1,2,4,5-tetrafluorobenzene at 632.8 nm

Property Value

1024 slope / CZ2 m5 J=2 K~ mol~! @) 6.84 +0.15
1027 intercept / C2 md =2 mol~1 @ -0.18 + 0.34
10490 ¢ / CZ2m2 )1 B 11.44 £0.23
102 k% © 3.72 + 0.08
1060 X /4 md J-3 ~0.2+ 04
1080 AcAe® /CHm*. -2 a) 56.2 + 1.2
1040 A /C2m2 371 ) ~6.788 * 0.023
1040 Ae® /C2 m2 J-1 ~8.28 £ 0.18
A’ /A 1.22 +0.03

a) From equation 6.3. b) Reference 12. c¢) Reference 19.
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hyperpolarizability of 1,2,4,5-tetiafluorobenzene, (—0.2£0.4) x1070¢c*m* 173, is
also in good agreement, when the uncertainties are taken into account. It has already
been established !0 that the polarizasility of the fluorine atom is very similar to that of the
hydrogen atom, and these results dzmonstrate that the Kerr second hyperpolarizabilities
of the fluorobenzenes show a very small variation with the number of fluorine atoms.
As noted in Chapter 5, Buckingham and Orrl!7 have also found the Kerr second
hyperpolarizabilities of methane an tetrafluoromethane to be very similar.

The }/K term makes a very sinall cortribution to the Kerr first virial coefficients of
the fluorobenzenes at 300 K, as s1own in Table 6.12. This was also found to be the
case for the fluorobenzenes investigated by Gentle et al.,1»2 which are also presented in

this table. For the dipolar fluorobe 1zenes, the ;1,BK term is an order of magnitude larger
0

than the }/K term, yet it is still sraaller than the o« x? and dominant /zz(a: - )
terms. Table 6.12 also shows that the various contributions to the Kerr first virial
coefficients of 1,3-difluorobenzene and 1,2,3,5-tetrafluorobenzene are very similar.
This results in the temperature dependences of the Kerr effects of these two species
being almost identical, as shown in Figure 6.1. These results confirm that disubstitution
of fluorine atoms into the 1,4-posit.ons of benzene has only a very small effect on these
contributions. For the nondipolar fluorobenzenes with D5;, symmetry. 1. 4-difluoro-
and 1,2,4,5-tetrafluoro-benzene, the dominant contribution to Ag is from the
(QNA/4O5E‘O/{T)CZOCOK'2 term. ~his is equivalent to the (NA/405€0/<T)AO(AO(O
contribution for nondipolar specie: with (3, or higher symmetry, which was used in
the analysis of the Kerr effects of 1,4-difluoro- and 1,2,4,5-tetrafluoro-benzene.

Due to the limited density dzpendences that were possible in these studies, the
Kerr second virial coefficients o! the fluorobenzenes investigated in this work are
uncertain and unreliable. Gentle!! was also unable to obtain accurate By values for the
other fluorobenzenes. Little can te concladed from these Bg values, other than that
they tend to be large and negaive for 1,2-difluoro-, 1,4-difluoro- and 1,2,3,5-
tetrafluoro-benzene and unreliable: for 1,3-difluoro- and 1,2,4,5-tetrafluoro-benzene.

The results for 1,2- and 1,4-difluorobenzzne, in particular, suggest that By for these
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molecules may become more positive as the temperature increases, although more

accurate and more extensive density dependences are required to confirm this trend.

6.4 CONCLUSIONS

This work, an extension of earlier studies,!-2 has resulted in the most
comprehensive experimental investigation yet reported of the influence of functional-
group substitution on the anisotrop c electr:c polarizabilities and the hyperpolarizabilities
of free molecules. The free-molec ile polarizabilities of 1,2-difluoro-, 1,3-difluoro- and
1,2,3,5-tetrafluoro-benzene were measurad for the first time. Comparison of these
results with those of other molecules in the series shows that fluorine substitution has
only a very small effect on each of the components of the polarizability. Fluorine
substitution appears to have a greater inflaence on the static polarizability anisotropy,
however. Despite the small contributions of the }/K and ulBK terms to the Kerr first
virial coefficients of these molecules, the hyperpolarizabilities were also found to be in
good agreement with those of the ¢ ther fluorobenzenes. As the earlier study indicated,?
the Kerr first hyperpolarizabilitie; of these aromatic molecules are larger than those

typically found for aliphatic molect les.
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CHAPTER 7 - POLARIZABILITY AND
HYPERPOLARIZABILITY OF PYRIDINE

7.1 INTRODUCTION

The electric and magnetic properties of the cyclic azines are of great interest.1-7
The polarizabilities of pyridine, in particular, have attracted considerable attention and
discussion. In 1933, Stuart and Vclkmann® reported a set of polarizability components
from a vapour-phase Kerr-effect 11easurement at a single temperature. Le Fevre and
Le Fevre? subsequently determined values that were in surprisingly good agréement
with these, from the Kerr constant of pyridine at infinite dilution in carbon tetrachloride.
Battaglia and Ritchie!0 similarly n easurec the solution-phase Kerr and Cotton-Mouton
constants of pyridine in carbon tet achloride, cyclohexane and dioxane. The results of
Stuart and Volkmann were also reanalyzed by Burnham and Gierke,!! to obtain yet a
different set of polarizabilities. More recently, there have been several ab initio
calculations of the static and optic.l-frequency polarizabilities of pyridine.*5:12 In the
latest experimental study, Coonar 13 has combined measurements of the temperature
dependence of the Cotton-Mouton effect of pyridine with the molecular
magnetizabilities, previously de-ived from a microwave Zeeman-effect study.!4
However, the various limitations n the methods of analysis used in several of these
earlier studies have yielded inconcl 1sive results. Therefore, it is of interest to investigate
the temperature dependence of tie vapour-phase Kerr effect of pyridine in order
accurately to derive the free-molectle polarv.zabi.lities of this species.

Little is known about the Ke 1 hyperpolarizabilities of pyridine from these earlier
studies. A theoretical value for the Kerr second hyperpolarizability has only recently
been reported,7 and electric field-inducec. second harmonic generation has also been
used to measure the hyperpolarizasilities of pyridine.15 It was, therefore, a secondary
aim of this study to measure the Kerr first hyperpolarizability of pyridine. As explained

later, }/K for this species is expected to be negligibly small.
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Chapter 7 Pyridine

7.2 EXPERIMENTAL

The sample of pyridine wa; dried over solid potassium hydroxide for 8 days,
refluxed over solid potassium hydroxide for 1 hr and then distilled twice over solid
potassium hydroxide and Linde T'ype 4A molecular sieves. The sample was stored
under high-purity nitrogen in the dark, and passed through a sintered-glass filter before
use. Gas chromatography showed the purity to be > 99.95%.

Density second virial coefficients for pyridine are available for the temperature
range 349.1 - 437.8 K.16 At higher temperatures, the Stockmayer potential!7 was used
to calculate the virial coefficients. As the maximum vapour pressure used was only
36 kPa, any errors in these estimatc-d values would have a negligible effect upon the gas
densities. The results are listed in Table 7.1, and the temperature dependence of the
Kerr effect of pyridine is shown in Figure 7.1.

The mean polarizability of pyridine «t 632.8 nm was interpolated from refractivity
data,!8 and the dipole moment wis obtained from measurements of the vapour-phase
dielectric polarization.!9 In additin, the authors of the latter paper reported a value of
the mean static polarizability of py 1idine, and this was assigned an uncertainty of & 5%.

The Kerr second virial coeff cients of pyridine are poorly defined and unreliable,
due to the small ranges of pressur: used. No obvious trend is evident in these values
and the sign of By for pyridine :annot de conclusively determined, at least for the
temperature range that was inves:igated. This imprecision in the values of By for
pyridine reduces the reliability of tFose of Ak , although the effects of this on the derived

quantities are small, again due to thz limited pressure ranges used.

7.3 DISCUSSION

Stuart and Volkmann3 reporied the Kerr constant of pyridine as

K =710x1077C? m> I mol !, using white light, at 419 K. This is in good
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Figure 7.1 Temy erature dependence of the Kerr effect of pyridine.
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agreement with the value of A =72.1X% 10727 ¢?m> 172 mol™!, at 632.8 nm and the
same temperature, interpolated fror1 this work.

The Kerr effect of pyridinz was analyzed in the same manner as those of
dibromomethane and the dipolar fluorobenzenes, described in Chapters 5 and 6,
respectively. As discussed in these earlier chapters, this requires a value for the Kerr
second hyperpolarizability. The bond additivity approximation has been shown in this
thesis to provide reliable estimates of Kerr second hyperpolarizabilities. Gentle et al.20
measured 7K = 0 for benzene, ani Halliburton?! measured yK = 0 for s-triazine, at
632.8 nm from vapour-phase Kerr-:ffect measurements. Therefore, the assumption that
}/K = 0 for pyridine at the same v-avelength should be reasonable. The effect of any
error in this value is mitigated by the very small contribution that the yK term typically
makes to the Kerr constants of aro natic m.olecules, as shown in Chapter 6. Keshari et
al.” have calculated }/K =0.14x .07%0Cc*m*173 for pyridine at a wavelength of
602 nm, which makes only a 9.2% contribution to Ag over the investigated
temperature range. This theoretical value was not used, however. as it was derived
using a basis set that has beer shown to be unreliable for estimating second
hyperpolarizabilities for similar mo ecules.”

The Kerr first virial coefficier ts of pyridine were then analyzed using the equation

AT = (NA/8lgOk){[(2/3)‘lﬁK +(9/5)aa01c2]

(7.1)
+ (3/10k)u* (0. — a)T_]}

and the data are graphed in Figure " .2. Decpite the scatter of the data points being larger
than the statistical uncertainties, tte line of best fit is reasonably well defined, with an
uncertainty of £ 8% in the gradient Substitution of the yK value calculated by Keshari
et al. into equation 6.2 decreases he gracient by only 0.2% and the value of «.. by
0.03%.

Table 7.2 lists the electric properties of pyridine. The molecular axes are defined

such that the z - axis is coincident with the C, axis and the dipole moment, the x - axis is
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Table 7.2 Analysis of the Kerr ef’ect of pyridine at 632.8 nm

Property

Value

1021 slope / C2 m5 J-2 <~ mol~! @)

1024 intercept / C2 m3 12 K2 mol~! 2)

1040 ¢ /C2m2J-1 b)

1040 o9 /2 m2 -1 ©

1030 g /Cm ©

1060 yX 7 C4 m J-3

1090 (a.. —a) / C2m?2 J-!
1040 o /C2 m2 J-!

1040 ¢ty / C2 m2 3~

1040 .. / C2 m2J-!

1050 X /3 m3 J-2

120+ 1.0

19+ 2.1

10.55 £ 0.11

12.04 £ 0.60

3.478 £ 0.034

7.44 £ 0.07

1.64 + 0.13

12.83 £ 0.29

6.63 = 0.09

12.19 £ 0.17

-1.0£ 0.7

a) From equation 7.1. b) Reference 18. ¢) Reference 19. d) Reference 22.



Chapter 7 Pyridine

in the plane of the heterocyclic ring and the y - axis is orthogonal to the ring. A summary
of the polarizabilities obtained fro n this and previous studies is given in Table 7.3. It
has been generally recognized that ., > 0., > &y, for pyridine, and the same order is
observed from this work. Althoigh uncertainties were not quoted in many of the
previous investigations, the limitations of tae earlier studies and the assumptions used in
their data analyses mean that the r polar:zabilities are considerably less precise and
reliable than those determined in th s work.

Despite the similarity in the measured Kerr constants, Stuart and Volkmann$
deduced a somewhat greater aniso ropy in the polarizability of the heterocyclic ring of
pyridine than was found in this study. Le Fevre and Le Fevre? also obtained a larger in-
plane polarizability anisotropy, btt the ccntributions of the Kerr hyperpolarizabilities
were unknown at the time of these 2arlier studies. Although this work also assumes yK
to be negligible, Table 7.4 show; that the ,u,BK term is significant. Battaglia and
Ritchie!0 were not able to separatz the two in-plane polarizabilities and assumed that
Oy = (.. and pX =0. The polarizabilities from the latter two studies were also
determined from solution-phase 11easurements, and so are influenced by local-field
effects.

Burnham and Gierkel!l comnbined the Kerr constant measured by Stuart and
Volkmann with white light, the Rayleigh depolarization ratio and mean polarizability at
488.0 nm and B(-2w;w,w), obtaiied from second harmonic generation measurements
on pyridine solutions at 1060 nm.15 to obtain polarizabilities that were in reasonable
agreement with those from earlier studies. However, as will be discussed later in the
chapter, this first hyperpolarizability is too small and the combination of polarizability
data obtained at different waveleng hs results in values that are unreliable.

Coonan!3 has determined a set of polarizabilities with large uncertainties from
measurements of the temperature dzpender.ce of the Cotton-Mouton effect of pyridine at
632.8 nm. This imprecision was d 1e to a combination of the practical limitations of the
Cotton-Mouton effect, the unavoicably small temperature range used in Coonan's study

and the relatively low precision cfthe magnetizabilities. The high inductance of the
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Chapter 7 Pyridine

iron-core magnet of the Cotton-Mcuton effect apparatus used in Coonan's investigation
makes modulation of the magnetic rield very difficult, whereas modulation of the electric
field is easily accomplished witt the Kerr-effect apparatus. This leads to greater
precision for the Kerr-effect meas irements. Although the values reported by Coonan
are as accurate as could be expecte 1 from the Cotton-Mouton effect study, they seem to
be in less than satisfactory agreement with ‘hose obtained from this work.

There have also been several theoretical investigations of the polarizabilities of
pyridine. Due to the size of this molecule, the highest levels of theory were precluded
from use in these investigations. Fowever, the results of Archibong and Thakkar* and
Spackman!? are in good agreement with those measured in this study.

Due to the large uncertainty of tie intercept in Figure 7.2, the Kerr first
hyperpolarizability is not well defiied. However, these results do indicate that ﬁK for
pyridine is negative in sign and of a similar magnitude to the ﬁK values of the dipolar
fluorobenzenes in Chapter 6, the 01ly other aromatic molecules for which this quantity
has been measured. Although this s the first reported value of ﬁK for pyridine, Levine
and Bethea!5 measured f(—2w;w )= (-0.21£0.03)x 103 m3 7172 at 1060 nm
for liquid pyridine, using the same sign convention as this study. Despite the large
uncertainty in %, it appears for py ridine that B is more negative than B(2w:0,m).

The individual contribution.. to the Kerr first virial coefficients of pyridine at
400 K and 500 K are listed in Table 7.4. The relative contributions at both
temperatures display a remarkabl: similarity to those of the dipolar fluorobenzenes,
described in Chapter 6, with the uQ(O@~ - a) term being dominant and the oak?
term being larger than the ,u,BK t2rm, which makes a negative contribution to Ag.
Although the ,u,BK term is the ¢mallest of the measured contributions, it is still
significant and must be included i an accurate analysis of the Kerr effect of pyridine.
The value of 7K calculated by K:shari et al.7 makes only a very small contribution
(0.2%) to the measured Kerr first virial coefficient of pyridine over the investigated

temperature range. Therefore, the ¢ ssumpt:on that }/K = 0 has a negligible effect on the

determination of the polarizabilities and ﬁK of pyridine.
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Chapter 7 Pyridine

Table 7.4 Contributions of i1dividual terms to Ag for pyridine @

Term 400 K 500 K
(N /81e9)r™ =0 =0
(2N 4 2430k T)up™ ~7.3 ~5.9

(=9.2%) (~11.2%)
(9N /405£0kT ) oro " 2 12.1 9.7

(15.2%) (18.5%)
(Na/27080kT Ju?(ar.. — ) 74.9 47.9

(93.9%) (91.5%)
Ag 79.8 52.4

a) Expressed in units of 10727 C? m® J=2 mol-'.

7.4 CONCLUSIONS

This study has resolved tte uncertainty surrounding the polarizabilities of
pyridine. The relative magnitudes of the polarizability components determined in this
study are in agreement with earlier investigations. The accuracy of these Kerr-eftect
measurements, combined with the mean polarizability and depolarization ratio at the
same wavelength, however, have rzsulted in the most reliable set of polarizabilities yet
reported for this molecule. Although the Kerr first hyperpolarizability of pyridine was

not determined to the same level of precision, it is in good agreement with those of other

dipolar aromatic molecules.

153



7.5

10

11

12

13

14

15

16

17

18

19

20

Chapter 7 Pyridine

REFERENCES

Schindler, M., Magn. Res. Chem., 26, 394 (1988).

Heitz, S., Weidauer, D. and Hese, A.., J. Chem. Phys., 95, 7952 (1991).

Yang, W.-H. and Schatz, G.C., J. Chem. Phys., 97, 3831 (1992).

Archibong, E.F. and Thakkar, A.J., Mol. Phys., 81, 557 (1994).

Hinchliffe, A. and Soscin M, H.l., J. Mol. Struct. (Theochem), 304, 109
(1994).

Hinchliffe, A. and Sosctin M, H.J., J. Mol. Struct. (Theochem), 312, 57 (1994).
Keshari, V., Wijekoon, W.M.K.P., Prasad, P.N. and Karna, S.P., J. Phys.
Chem., 99, 9045 (1995).

Stuart, H.A. and Volkmann, H., Ann. Phys., 18, 21 (1933).

Le Fevre, C.G. and Le Fevre, RJ.W., J. Chem. Soc., 2750 (1955).

Battaglia, M.R. and Ritchie, G.L.D., J. Chem. Soc., Faraday Trans. 2, 209
(1977).

Burnham, A.K. and Gierke, I'.D., J. Chem. Phys., 73, 4822 (1980).
Spackman, M.A., unpublishe 1 results.

Coonan, M.H., Ph.D. Thesis (University of New England, 1995).

Flygare, W.H. and Benson, R.C., Mol. Phys., 20, 225 (1971).

Levine, B.F. and Bethea, C.G5., J. Ciien. Phys., 63, 2666 (1975).

Dymond, J.H. and Smith, }..B., The Virial Coefficients of Pure Gases and
Mixtures (Clarendon Press, Oxford, 1980).

Hirschfelder, J.O., Curtiss, C F. and Bird, R.B., Molecular Theory of Gases and
Liquids (Wiley, New York, 1964).

Timmermans, J., Physico-Ciemical Constants of Pure Organic Compounds
(Elsevier, New York, 1950).

Buckingham, A.D., Chau, J. (.H., Freeman, H.C., Le Fevre, R.J.W., Narayana
Rao, D.A.A.S. and Tardif, J. J. Chem. Soc., 1405 (1956).

Gentle, I.R. and Ritchie, G.L.D., J. Phys. Chem., 93, 7740 (1989).

154



21
22

Chapter 7 Pyridine

Halliburton, B.W., B.Sc. Honours Thesis (University of New England, 1988).
Keir, R.I., Ph.D. Thesis (Uriversity of New England, 1995).



CHAPTER 8 - KIZIRR EFFECT, ANISOTROPIC
POLARIZABILITY AND HYPERPOLARIZABILITIES
OF FLUOROETHANE

8.1 INTRODUCTION A

An extension of investigatio 1s of the halogenated methanes, discussed in Chapter
5, to the halogenated ethanes is an obvious next step in furthering understanding of the
polarizabilities and hyperpolarizat ilities of aliphatic molecules. Stuart and Volkmann!
and Le Fevre et al.2:3:4 have measured the Kerr effects of several of the halogenated
ethanes in the gas and solution paases, respectively. However, these earlier studies
were unable fully to analyze the pclarizabilities of these species, and did not investigate
the Kerr effect of fluoroethane.

For molecules with C, symn.etry in their minimum-energy conformations, such as
the halogenated ethanes, the direc:ion of one of the principal axes of the polarizability
does not coincide with the dipole rioment. As discussed in Chapter 3, a combination of
experiment and theory can be used to determine all four components of the polarizability
for these species. Stankey? derivec. the polarizabilities of chloroethane and bromoethane
from measurements of the temper:ture dependence of the vapour-phase Kerr effects of
these compounds and ab initio cal :ulations. A similar investigation of iodoethane was
not possible, due to decompositior of the sample in the Kerr cell. The aim of this study
was to measure the temperature dependence of the vapour-phase Kerr effect of
fluoroethane, and to combine the results with ab initio calculations to determine the
polarizabilities and hyperpolarizat ilities of this molecule. Comparison with the results
for chloroethane and bromoethanz would then provide further information about the

effects of halogen and methyl-grot p substitution on these properties.
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Chapter 8 Fluoroethane

8.2 EXPERIMENTAL

The sample of fluoroethane [Pfaltz and Bauer, > 99%) was used without further
purification. Although fluoroethane is a gas at normal temperatures and pressures, the
vapour pressures were kept low, cue to the limited availability of sample. In order to
compensate for this, and the small signals that were detected, Kerr effect measurements
at each temperature were recorded 1t a larger number of pressures than normal.

Density second virial coefficients for fluoroethane were available only for the
temperature range 290 - 310 K, ar d the Stockmayer potential” was used to estimate the
coefficients at higher temperatures. Keir8 recently measured the mean polarizability of
fluoroethane at 632.8 nm using the Rayleigh light-scattering apparatus, and an
uncertainty of £ 1% was assigned o this value in the analysis of the Kerr effect results.
The mean static polarizability was >btained from dielectric polarization measurements,?
with an uncertainty of & 5%, and the dipo e moment of fluoroethane was measured by
Hayashi et al.,!0 using Stark-effect spectroscopy. Table 8.1 lists the Kerr first and

second virial coefficients measured for fluoroethane.

8.3 DISCUSSION

As fluoroethane has C; symmetry in the minimum-energy staggered
conformation, 10 the Kerr-effect -esults were analyzed in the manner described for
methylamine and dimethylamine :n Chaprer 3. This required an estimate of the Kerr

second hyperpolarizability and the {fitting of the data to the equation
[k~ (Va /8160)75 |7 = (Va /8160|2738 + (9/5)ero?]
1

+ (3108 (o — )T}

Buckingham et al.!l have measured 7% =(0.24 + 0.05)x107% c*m* 3= for ethane

at 632.8 nm and Buckingham and Orr!2 have determined that fluorine substitution in
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Chapter 8 Fluoroethane

methane decreases yK by 0.022 < 1079 C* m* 173 at the same wavelength. As the
investigations detailed in the preceding chapters of this thesis have verified that the Kerr
second hyperpolarizability 1s appro :imately additive, }/K for fluoroethane was estimated
to be 0.22x107°0C*m*17> at 632.8 nm. Even though this value should be
reasonably accurate, it was assign:d an uncertainty of & 100% for the purposes of the
analysis of the Kerr-effect results.

The analysis is depicted in FFigure &.1. It is not known why the data point that
corresponds to the Kerr first virial coefficient measured at the lowest temperature
deviates so markedly from the liie of best fit. The gradient, consequently, has an
uncertainty of £ 18%, but this has very little influence on the precision of «.., however,
as the quantity «.. —« is very s nall. There was insufficient sample to repeat the
measurements at the lower temj eratures. Stankey? reported the gradients of the
corresponding plots for chloroetl.ane and bromoethane to be one to two orders of
magnitude larger than that found fcr fluorocthane in this work.

Ab initio calculations at the MP2 level were performed by Mr R.I. Keir!3 to
determine the polarizabilities of fluoroethare at 632.8 nm. These calculations were made
with the same 6-31G (+sd+sp) basis set and Hartree-Fock dispersion used by Spackman
for the calculations on methylaminc and dimethylamine reported in Chapter 3, and at the
experimental geometry reported b s Hayashi et al.10 The angle between the principal-
and natural-axis systems for the po arizability of fluoroethane was found to be 52.7°. A
variation of 2° in 8 was found to change «,, and &y, by approximately 1%, and a
variation of 10° changes these c>mponents by 3.1% and 3.7%, respectively. The
magnitudes of «,, and o, are relatively insensitive to €, because the polarizability of
fluoroethane is not very anisotropic.

Figure 8.2 shows the orien:ations of the polarizability axes of fluoroethane,
chloroethane and bromoethane. Tt e orientations of the natural axes, with respect to the
carbon - carbon and halogen - carb>n bonds, and the angle between the two sets of axes
are indicated for each molecule. The xz /x'z" plane is coincident with the mirror plane

of each molecule in its most stable conformation, and the y - axis is orthogonal to this
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Chapter 8 Fluoroethane

plane. Hayashi et al.10 found that the dipole moment of fluoroethane is oriented at an
angle of 7.0° to the fluorine - carbon bond and the x - axis is oriented at 26.5° to the
carbon - carbon bond.

As was discussed in Chapter 3, two sets of polarizabilities are obtained from the
analysis of the Kerr-effect results for molecules with C; symmetry in their minimum-
energy conformations. Table &.2 presents the two sets of polarizabilities for
fluoroethane in comparison with the ab initio values calculated by Keir.13 The
polarizabilities in Set I were select:d as being correct, due to their agreement with the
theoretical values. The polarizabilities in Set II were obviously incorrect, as they
predicted @y, > o,,. There is rea: onable agreement between the mean polarizability
measured using the Rayleigh light-scattering apparatus® and that predicted by additivity
models, az=4.84 14 and 4.91::107%°C?m?171.15 The electric properties of
fluoroethane are summarized in Table 8.3.

Buckingham et al.ll measured the Kerr effect of ethane at 632.8 nm and

determined that the polarizability component perpendicular to the carbon - carbon bond,

Table 8.2 Comparison of experimental and theoretical polarizabilities of fluoroethane

Set I Set IT Ab initio @)
10%¢/C?m? 17! 5.02£C.05 D 5024005 472
10¥a,, /C?m? 17! 5.30 + 0.05 4.79 * 0.15 4.90
109, /C*m* 17! .69 % (.15 5.21+0.05 4.44
10%0,, /C*m? 77! 5.06 £ 0.05 5.06 + 0.05 481
10, /C*m? 57! 0.44 + .12 ~049+0.12  0.16

a) Reference 13. b) Reference 8.
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Table 8.3 Analysis of the Ker effect of fluoroethane at 632.8 nm

Property Value

102! slope / C2 m3 J-2 K2 mol-1 ® 0.233 + 0.041
1024 intercept / C2 m5 J -2 K mol—! @ 0.96+ 0.11
1040 ¢ /C2 m2 J-1 b) 5.02 + 0.05
104 o0 /Cc2m2 -1 € 5.52+0.28
103 k2 b 3.7948 + 0.0033
1030 4 /Cm 9 6.461 + 0.023
1060 ¥X 7 4 m4 J-3 0.22

6 © 52.7°

1040 @, / C2 m2 J-! 5.30 % 0.05
1040 ¢, / C2 m2 J-1 4.69 +0.15
1040 ¢, / C2 m2 J-! 5.06 + 0.05
1040 o, / C2 m?2 J-! 0.44 £ 0.12
1050 gX /€3 m3 J-2 0.34 + 0.04

a) From equation 8.1 b) Reierence 8. ¢) Reference 9. d) Reference 10.

e) Reference 13.
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ayy, was equal to 4.68 X 107*0c? m? 17!, This value is virtually identical to that of the

a,,, component for fluoroethane f>und from this study. As the y - axes of these two

molecules are both perpendiculir to the planes of symmetry, this verifies that

replacement of hydrogen by fluorire in an aliphatic molecule has a negligible effect on
the polarizability of the molecule p:rpendicular to the halogen - carbon bond. Stankey
found that replacement of hydrogen by chlorine and bromine has a greater effect, with
atyy=(6.00%0.45)x107*C*m* 7! for chloroethane and (7.27+0.39)x 1074
C? m? 17! for bromoethane.

It is not possible directly to co npare the ¢,, and &, components of fluoroethane
with those of ethane, as the natura. axes of these two compounds are not coincident.
Similarly, the natural axes of chlo ‘oethane and bromoethane are not coincident with
those of fluoroethane, or each other, and so their magnitudes also cannot be directly
compared. However, a qualitative comparison can still be made. Stankey> found that
o, > 0y, for chloroethane and biomoethane, whereas ., < oy, for fluoroethane.
Figure 8.2 shows that the z -axes o " chlorozthane and bromoethane are approximately
parallel to the chlorine - carbon anc bromine - carbon bonds, respectively. The dipole
moment of chloroethane makes an aigle of 5.2° with the chlorine - carbon bond, and the
dipole moment of bromoethane makes an angle of 5.4° with the bromine - carbon
bond.10 As these bonds are far more polarizable than the carbon - carbon and hydrogen
- carbon bonds,1* «, is expected 10 be significantly larger than «, for chloroethane
and bromoethane. The polarizabili ies of the carbon - carbon, hydrogen - carbon and
fluorine - carbon bonds are too similar to estimate the relative sizes of «,, and «,, for
fluoroethane. It is, therefore, not surpricing to find that they are similar for this
molecule. The off-diagonal coraponent of the polarizability of fluoroethane,
0y, =(0.44£0.12)x107*C?*m?)7", is small and similar to the off-diagonal
components for chloroethare and bromoethane, (0.27+0.11) and
(0.5240.15)x 1070 C? m? J7!, res pective y.

In the present work, Stankey": Kerr-effect measurements® were reanalyzed with

revised estimates of the Kerr second hyperpolarizabilities to obtain the Kerr first
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hyperpolarizabilities of chloroethaae and bromoethane. The values of }/K =0.50 and
0.76 x 107%% ¢* m* 1> for chlorothane and bromoethane, respectively, were obtained
in an identical manner to that cescribed for fluoroethane from the Kerr second
hyperpolarizabilities of ethane,!! ¢ 1loromethane!® and bromomethane. Although these
estimated yK values should be reliible and they make only a very small contribution to
the Kerr constants of these molecules, as will be shown later, they were assigned
uncertainties of + 100% for the purooses of the reanalysis of Stankey's Kerr-effect data.

Mean static polarizabilities fcr chloroethane and bromoethane were obtained from
dielectric polarization measureme 1ts,” and were assigned uncertainties of + 5%. The
Kerr first hyperpolarizabilities of chlorozthane and bromoethane were found to be
(0.48%0.15) and (0.8£0.3)x 10" Odp3g?, respectively. These are similar to the
value of (0.34 £0.04) x 107°C3 012 172 for fluoroethane. Table 8.4 lists the Kerr first
hyperpolarizabilities of the monohalogenated methanes and ethanes at 632.8 nm, with
the value for bromomethane being taken from Chapter 5. Although further research is
required conclusively to identify ¢ny trends, it appears that increasing the size of the
halogen atom increases ,BK for smell halogenoalkanes, and that extension of the carbon

chain also leads to ,BK becoming la-ger anc more positive.

Table 8.4 Kerr first hyperpolarizabilities of the halogenomethanes and halogenoethanes

at 632.8 nm @)

X=Fr X=Cl X =Br
CH3X -0.19+0.15 ® -0.1£04 © 0.5x0.1
CH3CH»X 0.34 £ 0.04 0.48+0.15 9 08+03 9

a) Expressed in units of 1070 C3 113 J-2. b} References 12 and 16. ¢) Reference 17.

d) Reference 5, reanalyzed results.
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The four contributions to the Kerr first virial coefficients of fluoro-, chloro- and
bromo-ethane are listed in Table § 5. It is obvious that the relative contributions of the
four terms to Ak for chloroethane and bromoethane are almost identical. These
contributions are very similar to hose fcr bromomethane, given in Chapter 5. The

2 .
OK‘ term, which

12 (ct,, — o) term is dominant and the g™ term is larger than the aor
is, in turn, larger than the ¥X term For fluoroethane, however, the 12 (e, - @) term
makes a much smaller contributicn, as ¢, — o is very small, and the uﬁKterm is

largest. This large /,L,BK contribution in fluoroethane leads to a more accurate

determination of ,BK for this molec ile than for chloroethane or bromoethane.

Table 8.5 Contributions of individual terms to Ag of fluoroethane, chloroethane and

bromoethane at 300 K 2

Term CH3CH,F CH3CH,Cl  CH3CHaBr
(Na/81eg)y™ 0.18 0.4 0.6
(2.9%) (0.4%) (0.5%)
(2N A 24380k T)u ™ 2.98 4.5 7.1
(48.6%) (4.6%) (5.0%)
(9N 4 /4050kT)ora ¥ i 0.38 2.0 3.9
(6.2%) (2.1%) (2.7%)
(Na/27020k°T? u? (e, - @) 2.59 89.8 130.5
(42.3%) (92.8%) (91.9%)
Ag 6.13 96.7 142.0

a) Expressed in units of 10727 C2 m® J=2 mol~!.,

166



Chapter 8 Fluoroethane

Despite the small pressure ranges used for the Kerr effect measurements on
fluoroethane, the Kerr second viri: 1 coefficients were measured to a reasonable level of
precision. Table 8.1 shows that .3 for fluoroethane is positive at low temperatures,
becomes zero at approximately 3’5 K and is negative at higher temperatures. These
values are an order of magnitude la ger than those of ethane at the same temperatures and
are up to an order of magnituce smaller than those measured by Stankey? for
chloroethane and bromoethane. Only the By values for fluoroethane show an obvious

and systematic change in magnitud: and sign with temperature.

8.4 CONCLUSIONS

This study has yielded reliab e polarizabilities for fluoroethane, including the off-
diagonal component. Although the polarizabilities of fluoroethane in the mirror plane of
the molecule cannot be qualitatively compared with those of ethane, chloroethane or
bromoethane, bond polarizabilities and the orientations of the respective dipole moments
were used to explain their relative magnitudes. The Kerr first hyperpolarizability of
fluoroethane was found to be in good agreement with those of the other

halogenoethanes, and the effects o1 halogen and methyl-group substitution on BR were

explored.
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CHAPTER 9 - CONCLUSIONS

The preceding chapters of ttis thesis have detailed investigations into the Kerr
effects of seventeen compounds, with the results being combined with those from
Rayleigh light-scattering studies, ab initio calculations and other data in order to
determine molecular polarizabilitizs and Kerr first and second hyperpolarizabilities.
These systematic studies have allowed the electric properties of interest to be analyzed in

terms of the molecular structure. T 1e main conclusions drawn from these investigations

are summarized in this chapter.

9.1 ELECTRIC POLARIZABILITIES

For those molecules with :: permanent dipole moment and C,,. or higher
symmetry, the polarizabilities wer: obtaired from measurements of the density- and
temperature dependence of the Kerr effect, the Rayleigh depolarization ratio and the
mean polarizability. The Kerr effect has been further shown to be an excellent tool for
deriving the polarizabilities of sich species, due to the usual dominance of the
uz(a:: - O() contribution. Great care wes taken to use data obtained at the optical
frequency corresponding to a wavelength of 632.8 nm wherever possible, in order to
avoid any errors due to dispersion The quadratic nature of the analysis gave rise to
some possible ambiguity in the pol: rizabilities, but this was easily resolved in each case
by intuitive arguments or comparisn with theory. Several species with C; symmetry
were also investigated and the folarizabilities, including the small off-diagonal
component, of these molecules w:re accurately resolved through a combination of
experiment and theory. Although th: polarizabilities of methylamine, dimethylamine and
fluoroethane were reasonably insensitive in the angle, 6, between the principal

polarizability axis and the dipole noment, this procedure promises to assist the full
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description of the polarizability tensors of an even wider range of molecules, which had
previously been impossible.

The first experimental pclarizabilities for methylamine, dimethylamine,
dibromomethane, fluoroethane, 1,3-difluorobenzene and 1,2,3,5-tetrafluorobenzene
have been presented in this thesis. It is, therefore, not possible to compare these with
other experimental values. Howt ver, improvements in the apparatus and operating
procedures have resulted in higl levels of precision and reliability for all of the
polarizabilities of the species that v-ere investigated. Furthermore, the polarizabilities of
the first four of the above compoun1s are ir. good to excellent agreement with theoretical
values.

The first reported study of the temrperature dependence of the Kerr effect of
pyridine assisted the resolution of the long standing ambiguity of the magnitudes of the
polarizabilities of this species. Nit-ogen substitution into benzene was shown to reduce
the polarizability in the direction of the dipple moment, and it would be of interest to
further this study by investigating the polarizabilities of the diazines.

Measurements of the Kerr ¢ ffects cf the bromomethanes, in combination with
previous studies on the fluorometh.anes! and chloromethanes,? have resulted in the most
comprehensive experimental investigation of the effects of halogen substitution on the
polarizabilities yet reported. It is al eady well recognized that the mean polarizability and
the magnitudes of the components .ncrease as the size and number of the halogen atoms
increase. In Chapter 5, this was first verified for the bromomethanes, and then the
effects of halogen substitution on the relative contributions to the polarizability were
explored. Bromine and chlorine substitution were shown to increase the anisotropy,
relative to the mean polarizabilit, in a very similar manner. Fluorine substitution,
however, induces very little aniso ropy in the polarizability. This was rationalized in
terms of the similarities in the gecmetries of analogous bromo- and chloro-methanes,
and the fact that bromine - carbon and chlorine - carbon bonds are far more polarizable
than fluorine - carbon and hydrogen - carbon bonds. The study of the

halogenomethanes was extended to the halogenoethanes. Although the noncoincidence
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of the natural axes for the molecul:s in th:s series prevented a similar analysis of the
relative contributions to the polariz: bility, bromine and chlorine substitution were again
shown to have a similar influence on the polarizabilities, and much larger than that of
fluorine.

For nondipolar molecules with C,, or higher symmetry, the Kerr effect provides
information on the static polarizatility anisotropy and its relationship to the optical-
frequency polarizability anisotropy. Th2 substitution of two methyl groups into
acetylene was found to increase the ratio Aozo/Aa. This term was still less than unity
for dimethylacetylene, and the imprecision of the value for acetylene? prevented a
definitive comparison. It may be lesirable to repeat the measurements on acetylene
using the more accurate apparatus described in Chapter 2. Comparison of the static
polarizability anisotropy for dimethylacetylene with the electronic contribution illustrated
the errors in estimates of Aac¥ thit may be introduced by neglecting the vibrational
contribution.

Fluorine substitution into benzene was found to increase the ratio Aao/Aa, but to
have only a small effect on the pr ncipal polarizabilities themselves, which was also
observed in earlier work.45 A d:tailed inalysis of the effects of functional-group
substitution on the vibrational comp jnent of the static polarizability lay outside the scope
of this research. However, the observation that fluorine substitution into aromatic
molecules appears to enhance the “ibrational contribution significantly more than the

electronic contribution to Aao rem: ins of interest.

9.2 KERR FIRST HYPLLRPOLARIZABILITIES

Accurate measurements of the temperature dependences of the Kerr effects allowed
the determination of the Kerr first liyperpolarizabilities of all of the dipolar molecules;
ammonia, methylamine, dime hylamine, trimethylamine, methylacetylene,

bromomethane, dibromomethan:, tribromomethane, 1,2-difluorobenzene, 1,3-
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difluorobenzene, 1,2,3,5-tetrafluorcbenzene, pyridine and fluoroethane. The generally
small contribution of the /l,BK term 0 Ak, and the large uncertainties in the mean static
polarizabilities, resulted in larger relative uncertainties for the Kerr first
hyperpolarizabilities than the polarizabilities. These values for ﬁK however, are still
more precise and reliable than those general y reported for other molecules.2-5-6

No systematic variation wi.s found to occur in ﬁK with functional-group
substitution. This was as expectec, because the experimental observable of the Kerr
first hyperpolarizability transforms as a vector. The results do indicate, however, that
/3K tends to be larger for aromatic molecules than for simple aliphatic molecules, and
tends to become larger and more positive in sign with progressive halogen substitution

and as the size of the halogen atoms increases.

9.3 KERR SECOND HYPERPOLARIZABILITIES

It is difficult to obtain precis: values of the Kerr second hyperpolarizabilities of
dipolar, and even many nondipolar, molecules, due to the small contribution of this term
to Ax. However, this work has shown that careful measurements of the temperature
dependence of the Kerr effect can r:sult in Kerr second hyperpolarizabilities accurate to
within £ 10%, even for polyatomic molecules. Kerr second hyperpolarizabilities were
measured for ammonia, trimetiylamine, methylacetylene, dimethylacetylene,
bromomethane, tribromomethan:, tetrabromomethane, 1,4-difluorobenzene and

1,2.,4,5-tetrafluorobenzene. The investigations of the methylacetylenes. bromomethanes

and fluorobenzenes supported the ¢ pplicability of the bond additivity approximation. !+
This allows reasonable values of ¥ ¢ to be estimated for many molecules where it cannot
be accurately measured. Care must be taken when comparing both first and second
hyperpolarizabilities relating to cifferent nonlinear optical processes and different

physical states. In the past, Kerr effect data have been interpreted using

hyperpolarizabilities obtained from other nonlinear optical effects.®-7:8 The results
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presented in this thesis clearly denionstratz the errors that may arise in this procedure,

particularly when the effects of dispersion are not taken into account.

9.4 KERR SECOND VIRIAL COEFFICIENTS

The measurement of Kerr se::ond virial coefficients was a secondary aim of this
project. It was possible to carry out cnly limited measurements of the density
dependence of the Kerr effects for the majority of species investigated in this work, due
to their low volatilities. As a re:ult, the values of Bk were less reliable than the
corresponding values of Ag in eacl. case. INo examination of the density dependence of
the Kerr effects of tribromomethane and tetrabromomethane was possible, due to the
low vapour pressures used. The values o By determined for the fluorobenzenes and
pyridine are also uncertain. However, the measurement of Kerr second virial
coefficients of polyatomic molecul:s is a very demanding task, and this work presents
the first reported values of [y for ammonia, methylamine. dimethylamine.
trimethylamine, methylacetylene, d methylacetylene, bromomethane, dibromomethane,
[,2-difluorobenzene, 1,3-diflniorobenzene, 1,4-difluorobenzene, 1,2,3,5-
tetrafluorobenzene, 1,2,4.5-tetraflt orobenzene, pyridine and fluoroethane. Accurate
and reliable values of By were obtained for several of these compounds, and those of
ammonia were shown to be in excel ent agreement with values predicted by the collision-
induced polarizability model,? at least at Figh temperatures. The divergence between
theory and experiment at lower temj-eratures requires further investigation.

This work has confirmed tha: the temperature dependence of the Kerr effect of
gases and vapours is a very important, and widely applicable, technique for the
determination of electric properties of free molecules. It is clear that systematic studies
of the effects of functional-group substitution on the polarizabilities and
hyperpolarizabilities, of the type described in this thesis, provide considerable insight

into the natures of these important p ‘operties.
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