Chapter Six

Ethane, fluoroethane and hexafluoroethane

Introduction

The study of the electric and magnetic properties of ethane has a long history and
continual refinement of the nume “ical values has occurred, especially during the last
fifteen years. In this chapter, the cepolarization ratio and mean polarizability of ethane
are reported, in an attempt to remove any remaining doubt about these values.
Depolarization ratios and mean polarizabilities are also reported for fluoroethane and
hexafluoroethane, to study the effect of fluorine substitution into ethane. The results for
fluoroethane complement a study o~ the other haloethanes by Ritchie ef al. [1]. Ab initio

calculations of the polarizabilities are included for hexafluoroethane.

Experimental details

Ethane (> 99.0%) and hexailuoroethane (> 99.6%) were obtained from Matheson
Gas Products; fluoroethane (> 99%) was obtained from Pfaltz and Bauer, Inc. All three
gases were used without further purification. The ratios were recorded with Version 2 of
the apparatus at 25 °C and = 100 iPa, with inclusion and exclusion of the vibrational
Raman lines. For ethane, fluorocthane and hexafluoroethane, typical polarized and
depolarized count rates were 57 0(0 and 120 cps, 48 590 and 133 cps, and 71 900 and
37 cps, with background counts of 20 and 6 cps, 18 and 4 cps, and 24 and 6 cps,
respectively. Integration times of 100 s for the polarized component and 200 s for the

depolarized component were used for fluoroethane. Integration times were lengthened by
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a factor of five for ethane and hexafluoroethane to reduce the uncertainties. The
depolarization ratios are given in T.ble 6.1.

Values of the mean polirizability were determined for both ethane and
hexafluoroethane with exclusion >f the vibrational Raman lines. Three values were
determined for fluoroethane, two ot which excluded the vibrational Raman lines. Density
second virial coefficients used in tt e calculations were obtained from the literature [2,3].
A summary of the depolarizaticn ratios, mean polarizabilities and polarizability

anisotropies is given in Table 6.2.

Table 6.1 Depolarization ratios fo - ethane, fluoroethane and hexafluoroethane.

100 p,
ethane fluorcethane hexafluoroethane
0.199 £+ 0.003 0.272 £0.003 0.043 = 0.003
0.199 + 0.003 0.274 + 0.003 0.042 £+ 0.002
0.198 + 0.003 0.273 £ 0.002 0.044 + 0.002
0.200 = 0.003 0.265 £ 0.002 0.043 + 0.002
0.198 + 0.003 0.266 + 0.002 0.030 £ 0.003¢

0.159 £ 0.003¢
0.160 £ 0.003¢
0.157 = 0.003¢4
0.158 + 0.0034

0.227 £ 0.003¢
0.228 :£ 0.003¢
0.225 :+ 0.003¢
0.229 :+ 0.0034
0.227 :£ 0.003¢

0.029 = 0.0034
0.026 £ 0.003¢
0.029 = 0.0034

a Vibrational Raman lines excluded.

80



Chapter Six: Eth e, fluoroethane and hexafluoroethane.

Table 6.2 Depolarization ratios, niean polarizabilities and polarizability anisotropies of

ethane, fluoroethane and hexafluoroethane.

Molecule A(nm) 100p, o Aa Reference
CoHg 632.8 0.199 £+ 0.001 Present work
632.8 0.159 £0.0014  5.00+0.05¢4 0.77 £0.01  Present work
632.8 4.97 [4]
632.8 5.01 [5]
632.8 4.97 [6]
632.8 5.00 [7]
632.8 4.958 [8]
632.8 4.966 (9]
CoHsF  632.8 0.270 £ 0.005 5.07 £ 0.02 Present work
632.8 0.227 £0.0(2¢4 502%+0.02¢ 0.93+0.01¢ Present work
632.8 5.03 £ 0.024 Present work
589 4.93 [10]
o 5.52 [11]
C,oFg 632.8 0.043 £ 0.0( 1 Present work
632.8 0.029 £0.02¢ 566+ 0.03% -0.35+0.01¢ Present work
632.8 537 £0.15° [12]
5145  0.008¢ 671 -0.234 [13]
oo 6.3¢ [11]

Vibrational Raman lines exclude 1.

An uncertainty of + 3% was assumed.
This value contains a correction jor the vibrational polarizability [14].
The sign of A has been assumcd on the basis of ab initio calculations.

For fluoroethane, Ac is given as [3ork].
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Discussion

From Table 6.2, the prese it mean polarizability for ethane of & = 5.00 is in
excellent agreement with the value of ¢ = 5.01 derived by Bogaard et al. [5] from gas-
phase refractive indices, and a valte of o = 5.00 from interferometric measurements of
refractive indices reported by Kerl and Haiissler [7]. Independent interferometric
measurements reported by Hohm [9] and Achtermann and Magnus [8] have refined this
value to approximately 4.97, and i: is supported by studies of dipole oscillator-strength
distributions reported by Meath anc co-workers [6]. A value of @ = 5.00 £ 0.05 is used
in the present analysis.

There are few literature values of the mean polarizability for fluoroethane and
hexafluoroethane. For fluoroethane, a static mean polarizability obtained from
measurements of the relative perm ittivity [11] which is uncorrected for the vibrational
polarizability, and a mean polarizat ility for 589 nm obtained from liquid-phase refractive
indices [10] are the only two literiture values available, and these do not agree. It is
surprising that, of the three mean polarizabilities determined in the present research, the
value which includes the vibrational Raman lines is higher than the values which exclude
the vibrational Raman lines. The niethod vsed here to determine the mean polarizability
involves measuring the polarized cunts as a function of number density, and taking the
ratio of the gradients for use in ejuation 1.25. Therefore, excluding the vibrational
Raman lines should reduce the counts but not alter the gradients. A mean polarizability of
o =5.02 £ 0.05 was used in the present analysis.

For hexafluoroethane, a stat ¢ mean polarizability obtained from measurements of
the relative permittivity [11] with a vibratioral polarizability correction of ¢, = 1.3 [14],
is too high compared to the present value. A mean polarizability of ¢ = 6.71 is quoted
by Haverkort et al. [13], but this is certainly an overestimate. Another value of o = 5.37
reported by Bulanin et al. [12] fiom gas-phase refractive indices is in much better
agreement, although lower than the present result by approximately 5%. The MP2
calculation of the mean polarizability given in the next section, with a 5% scaling factor

[15], tends to support the value reported by Bulanin et al., but this is a tenuous argument
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dependent on the accuracy of the calculations. The value reported by Bulanin et al. was
used in the derivation of the polarizability components for hexafluoroethane.

This is the first reported st 1dy of the depolarization ratio for fluoroethane. For
hexafluoroethane, a value of 100p, = 0.008 has been reported by Haverkort et al. [13]
which differs significantly (small:r by a factor of four) from the present ratio. The
depolarization ratios for ethane and nitrogen reported by Haverkort ef al. are in reasonable
agreement with the ratios obtained in the present work (the depolarization ratio for
nitrogen is given in Chapter 10). Cverall, the data reported by Haverkort et al. appear to
be very reliable, and the large diffe ence between the present depolarization ratio and the
value reported by Haverkort et al. cannot be explained. It is unlikely that dispersion in
the ratios is the cause of the discrepincy. Haverkort et al. do not report an uncertainty for
the depolarization ratio, but the instrumental depolarization was found to be 5 x 10-3,
which is of the same order of mag nitude as the depolarization ratio. An instrumental
depolarization could not be determined for the present apparatus (Chapter 10) and
therefore the ratios are not correctzd. The depolarization ratio of hexafluoroethane is
extremely small and may be appro:.ching the limit of detection of the present apparatus.
Combining the depolarization ritio reported by Haverkort er al. with the mean
polarizability reported by Bulanin e al. gives a polarizability anisotropy of Ao = —0.19,
which is in excellent agreement wih the calculations presented in the next section, and
lower than the present value of Aax = —0.35.

Since the mean polarizab lity is similar for all three molecules, the main
contribution to the variation in the depolarization ratios is the polarizability anisotropy.
Fluoroethane has the largest anisctropy as a result of the distortion of the electronic
charge distribution due to the preser ce of the single fluorine atom. Hexafluoroethane has
the smallest anisotropy, half that of ethane. due to the larger fluorine atoms with longer
C-F bond lengths producing a less ellipsoidal molecule. From the calculations in the
following section, the &, componeat is slightly larger than the ¢, component, giving a
negative A value, and suggesting that the long axis of the ellipsoid is perpendicular to

the C—C bond. The ¢, and ¢, components for hexafluoroethane were calculated
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assuming a negative polarizability ¢ nisotropy, giving ¢, =5.14 £0.05 and o, = 5.49 +
0.05. The polarizability componer ts for ethane were also determined, giving ¢, = 5.52
+0.02 and o, =4.74 £ 0.02.

Table 6.3 includes literaturz values for ethane and is similar to a table given by
Coonan [16], except that all the val 1es have been recalculated using a mean polarizability
of o =5.00£0.05. Some of these are direct measurements of p,, but failure to exclude
the vibrational Raman contribution from the depolarization ratio results in higher
polarizability anisotropies. Other values are from the R,, method [17], Cotton-Mouton
effect and microwave Zeeman effect studizs [18,19], and a recent result derived from a
combination of Cotton-Mouton effect and field-gradient birefringence experiments
[16,20]. These experiments determine the polarizability anisotropy, from which a
depolarization ratio can be derived using equations 1.7 and 1.10. The depolarization
ratios calculated using this method I ave the vibrational Raman lines excluded.

From the table, it is clear that there is considerable variation within the Ao and
p, values for ethane. When the vit rational Raman lines are included, the depolarization
ratio obtained in the present work s in excellent agreement with the ratios reported by
Bridge and Buckingham [4], and Ritchie and Stankey [21]. When the vibrational Raman
lines are excluded, the ratio reported by Ritchie and Stankey is in reasonable agreement
with the present ratio. Of concern is the recent determination of Aa by Coonan [16]
from a combination of Cotton-Mo 1ton effect and field-gradient birefringence studies.
Coonan predicted a depolarization ritio of 100p, = 0.129 £ 0.021, which is comparable
to the value for 489 nm determined by Monan et al. [17] using the R,, method.
Correcting the ratio reported by Mcnan et ¢l. for dispersion using the data of Bogaard et
al. [5] gives a depolarization ratio for 632.8 nm of approximately 100 p, = 0.09 £ 0.02
(the uncertainty has been doubled). A disgersion correction for the depolarization ratio
reported by Haverkort et al. give: 100p, = 0.11 £ 0.01 (the uncertainty has been
doubled). Therefore, once account is taken of dispersion, the agreement with the value
reported by Coonan is worse, but «till in rauch better agreement than with the present

depolarization ratio. The Cotton-M outon and microwave Zeeman effect study reported

34



Chapter Six: Eth e, fluoroethane and hexafluoroethane.

Table 6.3 A comparison of depolarization ratios and polarizability anisotropies for ethane.®

Year

Method A 100p, Ao Reference

1966  Rayleigh scattering, vib. Raman lines included 632.8  0.198 £ 0.001 0.862 + 0.009 [4] ‘
1977  Rayleigh scattering, vib. Raman lines included 488.0 0.20 £ 0.01 0.867 £ 0.023 [26]
1978  Rayleigh scattering, vib. Raman lines included. p, corrected 632.8  0.134 £ 0.003 0.709 £ 0.011 [5]

for 3% ethylene impurity
1979  Rayleigh scattering, vib. Raman lines included 632.8  0.149 + 0.006 0.748 £ 0.017 [27]
1982  Rayleigh scattering and R,, method, vib. Raman lines excluded 488.0  0.114 £0.010 0.654 + 0.029 [17]
1983  Rayleigh scattering, vib. Raman lines excluded 514.5  0.135 +£0.003 0.71 £ 0.01 [13]
1983/4 Cotton-Mouton effect and microwave Zeeman effect, vib. 632.8 0.176 £0.037 0.816 £ 0.086 [18,19]

Raman lines excluded
1991  Rayleigh scattering, vib. Raman lines included 632.8  0.191 £ 0.008 0.847 £ 0.020 [21]
1991  Rayleigh scattering, vib. Raman lines excluded 632.8 0.150 £0.014 0.751 £ 0.036 [21]
1995  Cotton-Mouton effect and field-gradient birefringence, vib. 632.8 0.129 £ 0.021 0.698 £ 0.056 [16]

Raman lines excluded
1995  Rayleigh scattering, vib. Raman lines included 632.8  0.199 +0.002 0.865 £ 0.010  Present study
1995  Rayleigh scattering, vib. Raman lines excluded 632.8  0.159 £ 0.002 0.773 £ 0.010  Present study

@ The values were recalculated using a mean polarizability of o = 5.00 £ 0.05.
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by Hiittner and co-workers gives a depolar:zation ratio of 100 p, = 0.176 + 0.037, which
is higher than the value reported by Coonan, and is comparable to the present light
scattering result.

Overall, there is poor agre ement amongst the values, but it is evident that the
depolarization ratio of ethane is wi hin the range 100p, = 0.13 to 0.16. Unfortunately,
the two most recent determinaticns are at opposite extremes of the range, and it is
debatable which value is correct. .\ direct measurement of the depolarization ratio, with
exclusion of the vibrational Raman lines, should be reasonably accurate if the
instrumental depolarization is either negligible (as assumed here) or taken into account.
In comparison, studies of the temperature dependence of the Cotton-Mouton effect are
required to separate the temperature dependent and independent contributions to that
effect. A plot of _C against 7' sives a slope proportional to AaAy (equation 1.35),
and weighted-fit least-squares an:lysis is used to determine the gradient, but a large
temperature range is necessary for precise results.

A study of the other haloethanes has been completed by Ritchie et al. [1], where
light scattering, Kerr effect and computational data were combined to obtain the
experimental polarizability components. Table 6.4 reports the depolarization ratios and
mean polarizabilities for the haloe hanes. The mean polarizabilities from Ritchie ez al.
were recalculated from the original data using density second virial coefficients from the
literature [2] and are comparable 0 values derived from refractive indices [22]. The
method of Pitzer [23] was used to estimate the density second virial coefficients for
jodoethane, giving B(340 K) = —749 x 107 m3 mol~!, B(360 K) = -684 x 10-% m3
mol~!. As expected the mean polarizability increases as a function of the size of the
halogen. Since the depolarization ratio also increases along the series, the anisotropy in

the electronic charge distributicn is increasing at a greater rate than the mean

polarizability.
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Table 6.4 Depolarization ratios and mean polarizabilities for the haloethanes.?

100p, o
fluoroethane 0.227 £ 0.002 5.00 £ 0.05
chloroethane 0.579 £ 0.002 7.14 £ 0.07
bromoethane 0.806 + 0.005 8.34 + 0.08
1odoethane 0.976 £ 0.004 10.7 + 0.1

@ The depolarization ratios have the vibrational Raman lines excluded. Except for

fluoroethane, the results are froni Ritchie et al. [1].

Theoretical calculations

Ab initio calculations we ‘e undertaken for hexafluoroethane to resolve the
discrepancy between the present mean polarizability and the value reported by Bulanin et
al. Furthermore, the calculations were expected to provide some insight into the
contribution from the polarizability components, as was shown in the discussion above.

The geometry for hexafluoroethane was optimized using the GAMESS program
with the 6-31G* basis set, giving C—C = 0.1530 (0.1545) nm, C-F = 0.1340 (0.1326)
nm and C-C-F = 109.7° (109.75"). The values in parentheses are from an electron
diffraction study [24]. The C-C bond length is shorter for the calculated geometry, but
the C—F bond length is longer. Th¢: bond angles are in good agreement and, overall, the
optimized geometry gives a slightl'/ larger molecule than the r, geometry, which is an
average over thermal vibrations.

The polarizabilities were calculated using the CHF method with the 6-
31G(+sd+sp) basis set, and MP2 corrections were calculated by the finite-field method.
Zero-frequency and optical-frequency polarizabilities are given in Table 6.5, and zero-
frequency polarizabilities for etiane calculated by Spackman [15] using the 6-
31G(+sd+sp) basis set are also included. A summary of frequency-dependent
polarizabilities at the SCF and MP2 levels of theory for selected laser frequencies is given

in Appendix L.
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For hexafluoroethane, th: «, component is slightly larger than the ¢,
component, whereas in ethane the ¥, component is much larger than the ¢, component.
This is a result of the longer C-F hond and smaller C—-C-F angle, which allows greater
polarization in the direction of the¢: &, component. The optical-frequency MP2 mean
polarizability is 11% lower than thz polarizability obtained in the present study, and 5%
lower than the value reported by Liulanin et al. From this result, it is probable that the
mean polarizability obtained in the present research is too large, which explains why the
mean polarizability reported by B 1lanin et al. was used in the derivation of Ax.. The
optical-frequency MP2 values of ¢ and o are smaller than the experimental values by 4

and 7%, respectively, and the Ao value is approximately half of the experimental value.

Table 6.5 Calculated polarizability components for ethane and hexafluoroethane using
the 6-31G(+sd+sp) basis set.

A(nm) o, o, o Ac
CoHg? SCF oo 4.258 4.810 4.442 0.551
MP2 oo 4.419 5.061 4.633 0.642
CoFe SCF oo 4.570 4.372 4.504 -0.198
632.8 4.604 4.405 4.538 -0.199
MP2 oo 5.115 4.928 5.053 -0.187
632.8 5.149 4.961 5.086 -0.188

a Reference [15].

The quadrupole moment jor hexafluoroethane was calculated as an energy
derivative at the MP2 level of theory giving @ = 1.47 x 1049 C m2. This is smaller and
opposite in sign to the quadrupole noment for ethane of ©® = (-2.25 £ 0.15) x 10-40
C m? reported by Watson [20] fron a study of the temperature dependence of the field-
gradient birefringence. The quadrujole moment for ethane of @ = —3.05 x 10-40 C m?
calculated by Spackman [15] at the MP2 level of theory using the 6-31G(+sd+sp) basis

set is larger than the experimental value. Therefore, it is expected that the quadrupole
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moment for hexafluoroethane not:d above is also too large. A change in sign for the
quadrupole moment for hexafluoroethane with respect to ethane is expected since the
electronegative fluorine atoms shift the electronic charge distribution away from the

carbon-carbon bond, and there is also a variation in the bond angles.

Conclusions

The depolarization ratio, r ean polarizability and polarizability anisotropy were
reported for ethane. Despite excellent agreement with other light scattering results, the
depolarization ratio and polarizabil ty anisctropy disagree with a recent value deduced by
Coonan [16] from a combination of Cotton-Mouton and field-gradient birefringence
experiments.

The depolarization ratio and polarizability anisotropy for fluoroethane were
determined for the first time. The results “or fluoroethane complete the light scattering
measurements on the haloethanes, and complement a study of the gas-phase Kerr effect
of this molecule by Blanch and Ritchie [25]. The depolarization ratio for
hexafluoroethane differs markedly Tom the value reported by Haverkort ez al. [13]. The
depolarization ratio for hexafluoroethane is extremely small, so it is possible that
instrumental depolarization may be contributing to the final result. Chapter 10 includes a
discussion of the evaluation of the 'nstrumental depolarization for the present apparatus.
The mean polarizability for hexajluoroethane disagrees with the values reported by
Bulanin et al. [12] and Haverkort ¢z al. [13]. More experimental research and higher-
level calculations are necessary to solve the discrepancies amongst the hexafluoroethane

values.
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Chapter Seven

Acetylene, methylacetylene, dimethylacetylene and hexafluoro-

2-butyne

Introduction

Acetylene is the simplest molecule containing a carbon-carbon triple bond, and the
study of the electric and magnetic properties of this molecule has a long history [1]. Kerr
effect [2], Cotton-Mouton effect [1,3], microwave Zeeman effect [4,5], and field-
gradient birefringence results [6] have been reported for acetylene. Studies of the
temperature dependence of the Keir and Cotton-Mouton effects of methylacetylene and
dimethylacetylene are as yet unreported [7,8]. Methylacetylene has been studied by the
microwave Zeeman effect [9,10], ind a single-temperature Kerr effect study has been
reported [11].

Depolarization ratios for acctylene, methylacetylene and dimethylacetylene have
been reported by several research g -oups [12-15]. The literature values for acetylene are
in satisfactory agreement and, altho igh difficult to handle, this compound was chosen, in
the present work, as a secondary s andard to check the linearity of the photomultiplier
tube and photon counting systera to ckanges in scattering intensities. There is
considerable disagreement amonzst the values reported for methylacetylene and
dimethylacetylene by Bogaard et al. [15] and Alms et al. [12]. A study of these
molecules was therefore initiated to resolve the discrepancy. The polarizability

anisotropies for acetylene, methylcetylere and dimethylacetylene determined in the
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present work are combined with results of studies of the Cotton-Mouton effect and field-
gradient birefringence effect to obtain the quadrupole moments, quadrupole
hyperpolarizabilities, magnetizab lity anisotropies, and magnetic hyperpolarizability
anisotropies of these molecules. A study of hexafluoro-2-butyne was included to
complement the investigation of fluorine substitution for ethane, fluoroethane and
hexafluoroethane presented in Ciapter 6. Computational interest in this series of
molecules has focused on acetylene. Due to its relatively small size, the use of large basis
sets and high levels of theory have ceen possible [16-21], and vibrational averages of the
electric properties have been reported [22,23]. Ab initio calculations for acetylene,

methylacetylene and dimethylacetylene have been included in the present work.

Experimental details

Acetylene (> 99.6%) and 1nethylacetylene were obtained from Matheson Gas
Products; dimethylacetylene (> 999%>) was obtained from the Aldrich Chemical Company;
and hexafluoro-2-butyne was obtair ed from. the Pierce Chemical Company. Acetone was
removed from acetylene by passing the gas through two vapour traps immersed in an ice-
salt bath. The purities of methylacetylene. dimethylacetylene and hexafluoro-2-butyne
were determined to be > 99.99%, > 99.6% and > 99.85%, respectively, from gas-
chromatographic analyses. All four gases were used without further purification.

A summary of the depolarization ratios obtained for acetylene, methylacetylene,
dimethylacetylene and hexafluoro-2-butyne, with inclusion and exclusion of the
vibrational Raman lines, 1s given in Tatle 7.1. The ratios were recorded at room
temperature with Version 2 of the apparatus. Integration times for acetylene and
hexafluoro-2-butyne were 100 s for the polarized component and 200 s for the
depolarized component. Integration times were doubled for dimethylacetylene, and
varying times of up to 500 s for the polarized component and 1 000 s for the depolarized
component were used for methylace :ylene.

For acetylene, methylacetyl :ne and dimethylacetylene, the ratios given in Table

7.1 are a combination of two sets of restlts with periods of three to twelve months
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between the recording of the dat:. For acetylene at = 100 kPa, typical polarized and
depolarized counts, with inclusion of the vibrational Raman lines, were 29 880 and 548
cps, with background counts of 17 and 3 cps respectively. Typical polarized and
depolarized counts for methylacetylene at = 100 kPa, with inclusion of the vibrational
Raman lines, were 94 130 and 2 060 cps, with background counts of 26 and 8 cps,
respectively. At room temperature the vapour pressure of dimethylacetylene was limited
to = 50 kPa. Typical polarized anc. depolarized counts, with inclusion of the vibrational
Raman lines, were 96 620 and 2 594 cps, with background counts of 24 and 3 cps,
respectively. For hexafluoro-2-butyne, typical polarized and depolarized counts at = 100
kPa, with inclusion of the vibratic nal Raman lines, were 148 300 and 2 400 cps, with
background counts of 22 and 4 cps respectively.

Density second virial coeff .cients for acetylene and methylacetylene were taken
from the literature [24]. The me hod of Pitzer [25] was used to calculate the virial
coefficients of dimethylacetylene, g iving B(290 K) = -838.5 x 10-®*m3mol~! and B(300

K) = -776.5 x 10°m3 mol~!. Virial coefficients were unavailable for hexafluoro-2-

butyne.

Discussion

The ratios presented in Tablz 7.1 are of high precision giving mean depolarization
ratios with small uncertainties. The depolarization ratios, mean polarizabilities and
polarizability anisotropies are giver. in Table 7.2, and literature values are included. The
vibrational Raman contributions tc the depolarization ratios were found to be = 4% for
acetylene, = 6% for methylacetylene and = 1.5% for dimethylacetylene. The vibrational
Raman contribution was found to b negligible for hexafluoro-2-butyne.

The depolarization ratio fo: acetylene, with inclusion of the vibrational Raman
lines, is in excellent agreement witl: the value for 647.1 nm reported by Alms ez al. [12],
and also with the value for 632.8 n n reported by Baas and van den Hout [13], although
the uncertainty in this value is large. The ratio differs from the value reported by Bridge

and Buckingham [14], which is surprising since only Bridge and Buckingham mentioned

94



Chapter Seven: Acetylene, meth ‘lacetylerie, dimethylacetylene and hexafluoro-2-butyne.

trapping of acetone from the acetylene gas sample. Without the trapping of acetone, the
depolarization ratio for acetylene. with ir.clusion of the vibrational Raman lines, gave
100 p, = 1.85 £ 0.02 (mean of sev:n values not reported here) compared to the value of
100p, = 1.81 £ 0.02 for the purifi:d gas.

Table 7.1 Depolarization ratios for acetylene, methylacetylene, dimethylacetylene and

hexafluoro-2-butyne.

100 p,

CoH» C3H; C4Hg C4F¢
1.812 £ 0.009 2.187 £ C.003 2.673 £ 0.004 1.589 + 0.003
1.801 £ 0.006 2.180 %+ €.003 2.661 % 0.005 1.589 + 0.003
1.795 + 0.007 2.254 £ 0.004 2.668 £ 0.004 1.615 £ 0.003
1.806 = 0.008 2.204 £ 0.004 2.667 = 0.004 1.611 £ 0.003
1.804 £ 0.009 2.223 £ 0.004 2.679 = 0.004 1.595 £ 0.003
1.796 = 0.009 2.228 £ 0.005 2.668 £ 0.004 1.607 £ 0.003
1.803 = 0.009 2.221 £ 0005 2.667 + 0.004 1.616 + 0.004¢
1.815 £ 0.009 2.236 = 0 005 2.667 + 0.004 1.625 + 0.004¢
1.833 £ 0.009 2.214 £ 0005 2.671 £ 0.005 1.574 + 0.004¢
1.824 £+ 0.009 2.116 £ 0.)05¢ 2.681 £ 0.005 1.613 + 0.004¢
1.737 £ 0.009¢ 2.099 + 0.)05¢ 2.619 + 0.005¢ 1.621 + 0.004¢

1.738 £ 0.009¢
1.745 £+ 0.008¢
1.731 £ 0.009¢

2.088 + 0.005¢
2.086 + 0.003¢
2.076 + 0.003¢

2.639 + 0.005¢
2.623 £ 0.005
2.633 + 0.005¢

1.619 £ 0.004¢

a Vibrational Raman lines excludel.

The depolarization ratio fo methylacetylene, with inclusion of the vibrational
Raman lines, agrees with the valu: for 632.8 nm reported by Bogaard et al. [15], but
does not agree with the ratio fcr 647.1 nm reported by Alms et al. [12]. The

depolarization ratio for dimethylacetylene, with inclusion of the vibrational Raman lines,
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is smaller than the value for 647.1 nm reported by Alms et al., and also smaller than the
value for 514 nm reported by Bogaard et al. The depolarization ratios reported by
Bogaard et al. were extrapolated to 632.8 nm giving 100p, = 2.70, which is in good
agreement with the present rat o, although the extrapolation introduces a large
uncertainty. For dimethylacetylen:, it is p-obable that the values reported by Bogaard et
al. are more reliable than those repc rted by Alms et al.

Except for hexafluoro-2-bu:yne, only one mean polarizability was determined for
each molecule with exclusion of the: vibrational Raman lines. In the case of acetylene, the
present mean polarizability is in poor agreement with the literature values, which are
expected to be very reliable. The nean polarizability of methylacetylene is higher than
values derived from refractive indices [15] and measurements of the relative permittivity
[26]. For dimethylacetylene, agree nent with literature values is again poor, although this
is aggravated by determinations at different wavelengths. Since it is suspected that the
mean polarizabilities measured in the present work are too large, the literature values of
o = 3.88 + 0.08 for acetylene, o = 6.35 £ 0.13 for methylacetylene and o = 8.19 +
0.16 for dimethylacetylene were used in the derivation of A, ¢y and o, where an
uncertainty of + 2% has been assumed for all three molecules. Finally, the differing
depolarization ratios and mean »oolarizabilities are reflected in the polarizability
anisotropies, where the agreement s poor. For methylacetylene and dimethylacetylene,
A« lies between the literature values of Bogaard et al. and Alms et al.

As with carbon dioxide and fluoroethane, the precision of the mean polarizability
was investigated for hexafluoro-2-butyne. In this case, two different laser line filters
were used, as well as no filter, ¢énd the results are given in Table 7.2. The mean
polarizabilities which excluded the vibrational Raman lines are 1.5% higher than the mean
polarizabilities which included the lines, but a greater number of data points would be
required to permit valid statistical anialysis. The difference between the two sets of results
which exclude the lines is negligibl 2, which rules out a defective filter. In the derivation
of A, ¢, and «, the average cf the five mean polarizabilities (¢ = 9.42 + 0.28)

which excluded the vibrational Ram an lines was used, where an uncertainty of * 3% was
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Table 7.2 Depolarization ratios, 11ean polarizabilities and polarizability anisotropies of

acetylene, methylacetylene, dimethylacetylene, and hexafluoro-2-butyne.

Molecule A(nm) 100p, o Ao Reference
HCCH 632.8 1.81+£0.02 Present study
632.8 1.737 £0.006% 3.98 +£0.04% 2.00 + 0.04° Present study
632.8 1.79+£0.0>5 [13]
647.1 1.81x£0.03 3.86 2.04 [12]
632.8 1.851 £ 0.004 [14]
632.8 3.88 2.072 [15]
632.8 3.88 [27]
oo 3.87°¢ [26]
CH3;CCH 632.8 2.22+0.03 Present study
632.8 2.09+0.0.° 6.41 £0.07¢ 3.61 +0.087 Present study
647.1 2.04+£0.02 6.35 3.56 [12]
632.8 2.25+0.02 6.35 3.75 [15]
o 6.29¢ [26]
CH3CCCH3 632.8 2.670 £ 0.006 Present study
632.8 2.63+0.01¢ 8.81 +0.09¢ 5.24 +0.10" Present study
647.1 2773 £0.05 7.69 5.01 [12]
5145 2.79%+0.0 8.19 5.47 [15]
589 8.224 [28]
CF3CCCF3 632.8 1.60%0.0.. 9.31 £0.04 Present study
632.8 1.61+0.006% 9.29 £0.05 4.66 + 0.14 Present study
632.8 9.40 + 0.04¢ Present study
632.8 9.37 = 0.06“ Present study
632.8 9.48 +0.05¢ Present study
632.8 9.44 £ 0.06° Present study
632.8 941 +0.06° Present study

@ Vibrational Raman lines exclude 1.
b Derived using the present depol: rization ratios, which excluded the vibrational Raman

lines, and mean polarizabilities obtained from the literature (see text).
¢ These values include a vibration:l polarizability correction [29].

d Liquid-phase refractive index va ue.

e Vibrational Raman lines exclude 1 but a different laser line filter used.
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assumed. This value was used with caution, because the mean polarizabilities obtained
for the other acetylenes in this worl: were too high. No explanation can be offered for the
observation of higher mean polariz: bilities when the vibrational Raman lines are excluded
except to mention that, to a good aj proximation, exclusion of the vibrational Raman lines
should not affect the determination >f the rean polarizability using the present method.
The polarizability components for the four species are summarized in Table 7.3.
Progressive insertion of methyl groups results in simple additivity for the polarizability
anisotropies of acetylene, methylacetylene and dimethylacetylene. Although the methyl
group contributes more to the ¢, cc mponent for dimethylacetylene than methylacetylene,
and the reverse applies for the @ component, these balance to give an increment of
~ 1.6 in the polarizability anisotrodies. Fluorine substitution into dimethylacetylene to
give hexafluoro-2-butyne gives results similar to those obtained for ethane and
hexafluoroethane. Due to the longer C-F bond, the ¢, component is larger than the ¢,
component for hexafluoro-2-buty 1e relative to dimethylacetylene. This results in a

smaller polarizability anisotropy and a smaller depolarization ratio.

Table 7.3 Polarizability componer ts for acetylene, methylacetylene, dimethylacetylene,

and hexafluoro-2-butyne.

Molecule o, o,
HCCH 5.22 £ 0.09 3.21 £0.08
CH3CCH 8.75 £ 0.15 5.15+£0.13
CH3CCCHj3 11.68 £ 0.20 6.44 £ 0.16
CF3CCCF3 12.5:£0.3 79+03

Studies of the temperature ¢ ependence of the Cotton-mouton effect of acetylene,
methylacetylene and dimethylacetylene have been reported [1,3,8]. From equation 1.35,
it is clear that a plot of _C aganst T~ will give the magnetic hyperpolarizability

anisotropy, An, from the intercept, and a gradient proportional to the product AcAy .
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Therefore, if the polarizability ani:otropy is known from Rayleigh light scattering, then
the magnetizability anisotropy can be derived.

If the moment of inertia and rotational g value are known then the quadrupole
moment for a rigid, linear molecule can be calculated by rearranging equation 1.36 to give

@zzfgﬁ—(i’&jm (7.1)

mp . e

The quadrupole moment for a rigid, axially symmetric molecule can be calculated using

mp

4
0 < (gulu—g,,ll)—( ':e)Ax (7.2)

where g, and g, are the rotational ¢ values and /; and I, are the principal moments of
inertia parallel and perpendicular to the axis of symmetry.

The results of the studies of the temperature dependence of the Cotton-Mouton
effects of acetylene, methylacetylzne and dimethylacetylene are given in Figure 7.1,
where the data for acetylene arc from Coonan and Ritchie [1] and the data for
methylacetylene and dimethylacetylene are from Lamb and Ritchie [8]. The experimental
procedures and design are as descrioed in the literature [30,31] and will not be discussed
here. The results of the measwements are summarized in Table 7.4, where the
uncertainties shown are based on th: standard deviations derived from weighted-fit least-
squares analyses.

For acetylene, the magneti:.ability anisotropy derived in the present analysis is
3.5% higher in absolute terms than the valve reported by Coonan and Ritchie, due to the
lower polarizability anisotropy obtained in the present work, but this is within the quoted
uncertainties. The magnetizability anisotrcpy was combined with the moment of inertia
and rotational g value to give a quadrupole moment of ® = (20.4 + 1.4) x 10-40 C m2,
which is 1.5% higher than the valiue reported by Coonan and Ritchie. This results in
slightly poorer agreement with the juadrupole moments of ® = (19.7 + 1.0) x 10-40

Cm2and O = (18.1 + 1.4) x 10—V C m? reported by Watson [6] from a study of the
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field-gradient birefringence effec and Dagg et al. [32] from studies of the collision-
induced infrared absorption. Other values derived from the magnetizability anisotropy
using the microwave Zeeman effec . [4,5] and the Cotton-Mouton effect [3] are too high.

Watson [6] derived the qu:drupole moment using a polarizability anisotropy of
Ao = 2.072 £ 0.062 from light scattering data reported by Bogaard et al. [15], but this
value of the polarizability anisotropy has been shown in the present work to be too high.
Recalculation of the quadrupole moment using the polarizability anisotropy given in Table
7.4 gives @ = (20.4 + 1.3) x 10-4) C m2, which is in excellent agreement with the value
derived from the Cotton-Mouton effect. The quadrupole moment can also be corrected
by using an estimate of the quadrug ole hyperpolarizability from calculations by Maroulis
and Thakkar [16]. They found that B contributed —7% to the value of _Q at 294 K.
Therefore, a corrected value of th¢ quadrupole momentis @ = (21.9 £ 1.3) x 10-40
C mZ2.

Russell and Spackman [22 report a similar calculation in a theoretical study of
acetylene. The theoretical calculations reported by Russell and Spackman are
vibrationally and thermally averaged, and used large, carefully selected basis sets and
high levels of theory. Certainly, the quadrupole moment of @ = 21.16 x 10-40 C m2
obtained is very precise and current experimental methods cannot reach this level of
accuracy. Other ab initio calculations using different levels of electron correlation and
vibrational averaging [17,23,33,34] lend support to the above value.

For methylacetylene, the magnetizability anisotropy was determined to be Ay =
(-13.52 £ 0.81) x 10-29 J T-2. Clombining Ay with the moments of inertia and the
rotational g values gives a quadrupole moment of © = (18.3 £ 1.9) x 1040 C m2. This
value is 13.6% higher than the qiadrupcle moment of ® = (16.1 + 0.8) x 10-40
C m? reported by Shoemaker and FFlygare [10] from a study of the microwave Zeeman
effect. The present value is in mu:h better agreement with the quadrupole moment of
Oy = (18.4 £ 0.9) x 1040 C n 2 reported by Watson. Unfortunately, for dipolar
molecules the values are not direc'ly comparable, since quadrupole moments obtained

from the Cotton-Mouton and micro'vave Zeeman effects through equation 7.2 are derived
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with respect to the centre of mass whereas the quadrupole moment obtained from the
field-gradient birefringence is der ved with respect to the effective quadrupole centre.
Nonetheless, it is evident that thz quadrupole moment reported by Shoemaker and

Flygare is too low.

Rotational g values for dimr ethylacetylene are unknown, therefore, a quadrupole
moment cannot be determined froni the Cotton-Mouton effect measurements. Since this
is the first reported study of the temperature dependence of the molar field-gradient
birefringence constant for dimethylacetylene, comparisons cannot be made with the

present value of the quadrupole mo nent.

0.0
acetylene
2.3 N
methylacetylene

i
So\i{N

-7.5 1

1027 _C/m> A2 mol™!

dimethylacetylene

-10.0 , ,

103 7-1/K-1

Figure 7.1 Temperature depencence of the Cotton-Mouton effects of acetylene,

methylacetylene and dimethylacetylc ne.

101



Chapter Seven: Acetylene, methy lacetylens, dimethylacetylene and hexafluoro-2-butyne.

Table 7.4 Analysis of the temperature dependence of the Cotton-Mouton effects of acetylene, methylacetylene and dimethylacetylene.

1040 I / kg m?

104 @ /C m?

2.379109

204+t 14

0.00350 # 0.00015 (g, )
0.5273288 (1)
9.819966 (1)

183+ 1.9

acetylene methylacetylene dimethylacetylene Reference
1000, 1.737 % 0.006 2.09 +0.02 2.63 + 0.01 Present work
a 3.88 £ 0.08 6.35 £ 0.13 8.19+0.16 [15]
A 2.00 + 0.04 3.61 £ 0.08 5.24 +0.10
1024 slope / m® A=2mol~! K -0.157 £ 0.010 -0.938 + 0.052 -2.646 + 0.286 [1,8]
10?7 intercept / m®> A~2 mol~! 0.011 £ 0.030 0.277 £ 0.146 0.814 + 0.815 [1,8]
100 An /Cm2v-1T1-2 3+8 70 + 37 204 * 205 [1,8]
102 Ay /T2 -4.08 + 0.27 ~-13.52 £ 0.81 -26.29 %29 [1,8]
B, / MHz 35273.8 159142.1 (B) 3363.16 (35,37,38]

8545.87712 (B,)

g 0.04903 + 0.00004 0.312 +0.002 (g,) [10,39]
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The magnetic hyperpolariz.ibility anisotropies determined in the present analysis
are poorly defined. The contributions to the Cotton-Mouton constants at 298 K from the
temperature independent terms are := —2% for acetylene and = —10% for methylacetylene
and dimethylacetylene, which indi :ates that a study of the temperature dependence was
justified. As mentioned by Coonin and Ritchie [31], it is possible that the magnetic
hyperpolarizability anisotropy may be prooortional to the mean polarizability, since the
magnetic hyperpolarizability tensor describes the quadratic response of the electric
polarizability tensor to an applied nagnetic induction. It is difficult to see any definite

trend, although the values do increase as the mean polarizability increases.

Theoretical calculations

Calculations of the polarizability components for acetylene, methylacetylene, and
dimethylacetylene were included to complement the experimental results. The geometries
of methylacetylene and dimethyla etylene were optimized at the MP2 level of theory
using the 6-31G** basis set, and ar: given in Table 7.5. The optimized methylacetylene
structure is in excellent agreement with a near-equilibrium geometry [35]. The
dimethylacetylene optimized struc ure has shorter methyl C-H and C-C bond lengths,
while the triple bond is slightly longer when compared to the r, structure (where the
internuclear distances are averaged over the thermal vibrations) [36]. The MP2/6-31G**
optimized geometry for acetylene was obtained from the literature [34].

Optical-frequency polarizatility components for acetylene, methylacetylene, and
dimethylacetylene at the SCF and MP2 levels of theory are given in Table 7.6. The
polarizabilities were calculated usiig the CHF method with the CADPAC program. A
summary of frequency dependent polarizabilities at common laser frequencies is given in
Appendix I for all three molecules.

For methylacetylene and d methylacetylene, problems were encountered with
convergence of the SCF energies. "“o obtain convergence, it was necessary to alter the d
exponent on the heavy atom from 0.175 to 0.25 giving the 6-31G(+sd+sp)e and 6-

31G(+pd+sp). basis sets. From Table 7.6, the effect of a less diffuse d function for
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methylacetylene is polarizability co nponents with greater similarity to the 6-31G(+sd+sp)
basis set calculations, and not those of the unaltered 6-31G(+pd+sp) basis set. In effect,
the tighter d function restricts the r:laxation of the valence electrons. For all three basis
sets, the MP2 corrected polarizability components for methylacetylene give larger o, and
smaller ¢ components than the SCF values. The mean polarizabilities do not differ
significantly, whereas the polarizability anisotropies are smaller at the MP2 level of

theory.

Table 7.5 Comparison of optimized and experimental geometries of methylacetylene

and dimethylacetylene.?

MP2/6-31G** Experiment?

H-C; 0.1061 0.1061

;GG 0.1218 0.1204
H_C’ECZ—Cio, Cy—Cs 0.1460 0.1458
Cy-H 0.1088 0.1088

Co—Cs-H 110.83° 110.83

H-C 0.1088 0.1116

A ;G 0.1461 0.1467
FTO=CTY, oG 0.1220 0.1213
Cr—C-H 111.01° 110.7

a4 Bond lengths are in nm.
b The r, structure for dimethylacetylene is from reference [36] and the near-equilibrium

structure for methylacetylene is f -om reference [35].

For acetylene, the effect o1 replacing the diffuse s function with a p function
having the same exponent, giving the 6-31G(+pd+sp) basis set, results in little change to
the o, component. The out-of-p ane component increases significantly due to the

presence of the p function, which :llows relaxation of the electrons above the carbon-
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Table 7.6 SCF and MP2 polarizability components for acetylene, methylacetylene and dimethylacetylene at 632.8 nm.@

SCF MP2
o, o, o A o, o, o A
acetylene
6-31G(+pd+sp) 3.037 5.451 3.842 2414 3.016 5.221 3.751 2.205
(3.21) (5.22) (3.88) (2.00)
methylacetylene
6-31G(+sd+sp) 4.490 8.412 5.797 3.922 4.546 8.288 5.793 3.743
6-31G(+pd+sp) 4.653 8.420 5.909 3.766 4.723 8.304 5.917 3.581
6-31G(+pd+sp)e 4.496 8.454 5.816 3.958 4.529 8.352 5.803 3.824
(5.15) (8.75) (6.35) (3.61)
dimethylacetylene
6-31G(+sd+sp)e 5.952 11.725 7.876 5.773 6.057 11.721 7.945 5.664
6-31G(+pd+sp)e 6.143 11.763 8.016 5.620 6.254 11.790 8.099 5.536
(6.44) (11.68) (8.19) (5.24)

@ Basis sets with subscript ‘e’ have the d exponent on the heavy atom changed from 0.175 to 0.25. Present experimental values are given in

parentheses for comparison.
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carbon triple bond. The effect of ‘he p function is also evident in the methylacetylene
calculations.

For dimethylacetylene, the presence of the less diffuse d function, in combination
with the p function, results in larger ¢, and «, components for the 6-31G(+pd+sp)e
basis set relative to the 6-31G(+sd-+sp)e basis set. Furthermore, the mean polarizability
increases slightly and the anisotrony decreases. The same behaviour is observable for
methylacetylene using the 6-31G(--sd+sp) and 6-31G(+pd+sp) basis sets. In this case,
the increase in the ¢, component is much smaller.

It is unfortunate that the ba: is sets required alteration for the energy to converge,
but the effect of this alteration h¢s been noted and it should not seriously affect the
comparison with experiment. Table 7.6 also includes the experimental polarizabilities
obtained during the present work From the table, it is evident that the MP2 mean
polarizability for acetylene is too s mall by = 3% and the polarizability anisotropy is too
large by = 9%. For methylacetylen::, the mean polarizability is smaller by 7-10% for the
basis sets used, but the polarizabil ty anisotropy is smaller or larger, depending on the
basis set chosen. For dimethylacetylene, the mean polarizability is smaller by 1-3%, and
the anisotropy is larger by 5-7%. Overall, the ¢, components are too small and the ¢,
components agree well with experir ient, except for methylacetylene where it is too small.

For multiply bonded linear molecules such as acetylene, the SCF calculations
(even near the Hartree-Fock limit) underestimate ¢, and ¢, and the inclusion of electron
correlation lowers the magnitude of the components [34]. The effect of electron
correlation on ¢, and ¢, for nethylacetylene and dimethylacetylene is not as
straightforward. For methylacetylene, o, is generally increased while ¢, is decreased.
For dimethylacetylene, the &, com>onent increases for both basis sets, but ¢, increases
or decreases, depending on the basis set used.

Overall, the calculations are not accarate enough to eliminate without doubt many
of the literature values for @ and A x, but it is probable that the values of & = 7.69 and

Ao = 5.01, both at 647.1 nm, given by Alms et al. [12] for dimethylacetylene are too
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low. Greater accuracy requires riuch larger basis sets than the moderately sized 6-

31G(+sd+sp) and 6-31G(+pd+sp) tiasis sets used in the present calculations.

Conclusions

The depolarization ratio for acetylene is in good agreement with the literature
values. The depolarization ratio:. of methylacetylene and dimethylacetylene are in
agreement with the values reported by Bogaard et al. [15], but not those of Alms et al.
[12]. The depolarization ratios for hexafluoro-2-butyne are the first reported values for
this molecule. The mean polarizabilities for acetylene, methylacetylene and
dimethylacetylene determined in the present research were high compared with the
literature values and were not used in the analysis. The precision of the mean
polarizability for hexafluoro-2-butyne was investigated with and without exclusion of the
vibrational Raman lines, and a smll variation was found between the values. Simple
additivity was found for the polari::ability anisotropies upon progressive substitution of
methyl groups into acetylene. The ab initio calculations indicated that the mean
polarizability and polarizability anisotropy given by Alms et al. for dimethylacetylene are
too low.

The polarizability anisotropies were combined with results from Cotton-Mouton
effect and field-gradient birefringece experiments to deduce some magnetic properties
and the quadrupole moments of :cetylere, methylacetylene and dimethylacetylene.
Where comparison was possible. the magnetizability anisotropies and quadrupole

moments are in excellent agreement with literature values.
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Chapter Eight

Pyridine, pyridazine, pyr midine, pyrazine and s-triazine

Introduction

The electric and magnetic properties of the nitrogen substituted analogues of
benzene have been of great interes: [1-4], but the free-molecule polarizabilities of these
species are poorly defined. It wes the aim of the present research to determine the
depolarization ratios and polarizebility anisotropies (or [3ak| values) of pyridine,
pyridazine, pyrimidine, pyrazine, :nd s-triazine. The computational aim was to report
systematic, electron correlated calculations of the polarizability components to gain an
understanding of the change in the polarizabilities as a function of nitrogen substitution
into the benzene ring. The influenc: of the position of two or more nitrogen atoms in the
ring was also of interest. Finally, the research was stimulated by the challenge of
obtaining depolarization ratios for nolecules with very low vapour pressures at normal
temperatures. The nitrogen analogt es of interest in this study are shown in Figure 8.1.

Experimental research on the electric and magnetic properties of the diazines has
been limited to solution-phase Ke t and Cotton-Mouton effect studies [4]. Kerr [5],
Cotton-Mouton [6,7] and first- anc. second-order Zeeman effect [8] studies have been
reported for pyridine. Pyridine and s-triazine have been studied with a previous version
of the present apparatus [9], and pyridine has also been studied by Panachev ez al. [10].
Solution-phase Kerr and Cotton-Mouton effect measurements have been reported for s-

triazine [11] . The vibrational spect -a have been recorded [12-14], and Palmer e? al. have



Chapter Eight: Pyridine, pyridazine, pyrimidine, pyrazine and s-triazine.

investigated the electronic structures of these species using computational and
experimental (particularly VUV ¢nd energy-loss spectroscopy) methods [15-17], but

oscillator-strengths were not calculated.

/N1\ N/S\\ I\'/Q\N N N/\N
y 6 2 2 4 | 3
L OOnoio o
5 3 1 75 6 4

4 6 5
pyridine pyridaz ne pyrimidine pyrazine s-triazine
b.p.(°C) 115 208 124 115 114
m.p. (°C) 42 -8 21 55 86

Figure 8.1 Nitrogen analogues of benzene, including axis orientaticns, and melting

and boiling points.

Experimental details

Pyrazine and pyrimidine > 98%) were obtained from the Fluka Chemical
Company. Pyrazine was purified >y means of three sublimations, and the final purity
was determined to be > 99% using high-pressure liquid-chromatography with acetonitrile
and water as solvents; pyrimidine ‘vas used without further purification. Pyridazine (>
99%), obtained from the Aldric1 Chemical Company, was used without further
purification. Pyridine was purified using a procedure outlined in the literature [18] and
the final purity was determined to bz > 99.99% using gas-chromatographic analysis. The
liquids were subjected to two freeze-pump-thaw cycles before use. The depolarization
ratios were recorded using Versior 2 of the apparatus with inclusion of the vibrational
Raman lines. Integration times werz 100 s for the polarized component and 200 s for the
depolarized component.

The measurement of the dej olarization ratios of the diazines was difficult. From
Figure 8.1, it can be seen that the melting and boiling points are high relative to the

operating temperature range of the apparatus (= 20-90 °C), which resulted in maximum
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vapour pressures of approximatel’ 10 kPa. In consequence, scattered light intensities
were low and the reproducibility cf the ratios was less than optimal. Typical polarized
and depolarized counts for pyridine at 88 “C and 9.7 kPa were 16 400 and 345 cps, with
background counts of 52 and 9 cp, respectively. Polarized and depolarized counts for
pyrimidine at 90 °C and 9.1 kPa wzre 10 060 and 198 cps, with background counts of 9
and 3 cps, respectively. The rel:tively high boiling point of 208 °C for pyridazine
required operating temperatures greater taan had previously been attempted with the
present equipment. At 120 °C and 0.9 kPa, typical polarized and depolarized counts were
1 060 and 25 cps, with backgrour d counts of 24 and 7 cps, respectively. The small
depolarized component resulted in ¢ large uncertainty in each ratio. The measurements on
pyrazine were made all the more difficult by problems with dust, which were avoided by
several careful sublimations, but the: vapour pressure was still extremely low for this low-
melting solid. Typical polarized and depolarized counts at 85 °C and 5.1 kPa were 7 600

and 173 cps, with background counts of 28 and 2 cps, respectively. The depolarization

ratios are given in Table 8.1

Discussion

A summary of the depolari.ation ratios, mean polarizabilities and polarizability
anisotropies is given in Table 8 2. The table also includes MP2/6-31G(+pd+sp)
polarizabilities for 632.8 nm, experimental results for benzene from the present work and
reference [19], and experimental re:ults for s-triazine reported by Hesling [9]. Details of
the calculated polarizabilities are gi sen in the following section. As discussed in Chapter
5, the depolarization ratio for ben:ene is believed to be very reliable. For pyridine, a
mean depolarization ratio of 100 p, = 2.03 & 0.02 was obtained. This result compares
well with a previous value of 100y, = 2.05 + 0.04 obtained by Hesling [9], but is in
poor agreement with a value for 4¢ 8.0 nm reported by Panachev et al. [10] of 100p, =
1.95 £ 0.02, although this is expectcd to be too small. If it is assumed that the dispersion
for pyridine is the same as that for benzene, then the depolarization ratio for 632.8 nm

reported by Panachev et al. would be 100p, = 1.86, which is too low. As is noted in
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Chapter 5, it is believed that the rat:os for the xylenes reported by Panachev et al. are also

too low.

Table 8.1 Depolarization ratios fo: pyridine, pyrazine, pyridazine and pyrimidine.

100 p,
pyridine pyrazine pyridazine pyrimidine
2.055 £ 0.013 2.259 £ 0036 1.866 + 0.188 1.943 £ 0.022
2.041 £0.014 2.284 £ 0031 1.689 + 0.116 2.012 £ 0.019
2.015 £ 0.014 2.238 + 0025 1.737 £ 0.118 1.975 + 0.021
2.017 £ 0.014 1.753 £ 0.115 2.069 + 0.030
2.034 £ 0.014 1.787 £ 0.114 1.992 + 0.025
2.031 £0.014 1.746 + 0.109 2.098 + 0.025

1.996 + 0.025
2.049 £ 0.025
2.044 £ 0.029
1.699 + 0.029
2.052 + 0.029

Unfortunately, the mean po arizabilities given in Table 8.2 are from a variety of
sources including Rayleigh light scattering for 632.8 nm, liquid-phase refractive indices
for 589 nm and gas-phase refractive indicess interpolated for 632.8 nm. Therefore, an
uncertainty of = 3% was assumed for each mean polarizability. Exceptions were made
for benzene, since the mean polari.-ability is believed to be reliable, and for s-triazine,
since an estimate of the uncertainty s given by Hesling.

Generally, pressures of aprroximarely 30 kPa were necessary to determine an
accurate mean polarizability with the light scattering equipment, and excellent pressure
stability was required over the course of data collection. Due to the low vapour pressures
available, mean polarizabilities for the diazines were not determined. A measurement of

the mean polarizability of pyridine was attempted with a maximum pressure of 16 kPa,
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Table 8.2 Gas-phase Rayleigh depolarization ratios, mean polarizabilities and polarizability anisotropies for benzene, pyridine, pyridazine,
pyrimidine, pyrazine, and s-triazine.4

benzene pyridine pyridazine pyrimidine pyrazine s-triazine
100 p, 1.89 + 0.01 2.03 +0.02 1.76 + 0.06 2.02 £ 0.05 2.26 % 0.03 1.91 + 0.05/
o 11.56 +0.11° 10.57 + 0.32°€ 9.78 + 0.29¢ 9.64 + 0.29¢ 9.99 + 0.30¢ 8.94 +0.18/
(12.02) (10.79) (9.91) (9.85) (10.07) (8.02)
Ao® ~6.23 + 0.06 591 +0.18 5.09 + 0.18 538 £0.18 591 +0.18 ~4.85+0.12
(-5.69) (5.85) (5.32) (5.35) (5.35) (-4.27)

@ Values in parentheses are MP2 calculations, using the 6-31G(+pd+sp) basis set, for 632.8 nm; see computational section. The literature values

for henzene were discnssed in Chanter S The literatre valnec for nyridine are diccncead in the tavt

b Derived from gas-phase refractive indices (an uncertainty of £ 1% was assumed) [19].

¢ Derived from liquid-phase refractive indices [38] (an uncertainty of + 3% was assumed).

d Derived from liquid-phase refractive indices [20] (an uncertainty of + 3% was assumed).

¢ Value obtained from the refractive index (n2’ = 1.4998 [41]), and density measurements performed during this work using an AP PAAR DMA
55 density meter giving p* = 1.0769 g cm™3 (an uncertainty of + 3% was assumed).

Rayleigh light scattering data [9].

8 For pyridine and the diazines Ac is given as [3ok].
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giving o = 10.46 £ 0.06, but this 1s = 1% lower than the value quoted by Mulder e? al.
[20] (derived from reference [5]). '[he present value is considered to be unreliable due to
the small pressure range.

From Table 8.2, substitutin 7 a CH zroup of the benzene ring by nitrogen to form
pyridine decreases the mean polari:.ability by = 9%. A second substitution decreases the
mean polarizability by = 14—16 % wvith respect to benzene, depending on the diazine. A
third substitution to form s-triazin: reduces the mean polarizability by 23% relative to
benzene. The Aa (or [3ack|) values also decrease as a function of nitrogen substitution,
although the values for pyridine a1d pyrazine are similar. The behaviour of the mean
polarizability and polarizability anisotropy as a function of the number of nitrogen atoms
in the ring is given in Figures 3.1 and 8.2. Prudence must be exercised in the
interpretation of the data since the uncertainties are large. Further discussion of nitrogen

substitution is given in the followin 3 section.

12.0

11.0 4

L \%\

o

=

O 1004 \

<o

b

S

S 9.0 L

na
8.0 : , ,
0 1 2 3 4

Number of nitrogen atoms

Figure 8.1 Dependence of a on the number of nitrogen atoms in the ring for
molecules in the sequence benzenc, pyridine, pyridazine, pyrimidine, pyrazine, and s-

triazine.
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Figure 8.2 Dependence of Ax on the number of nitrogen atoms in the ring for
molecules in the sequence benzen¢, pyridine, pyridazine, pyrimidine, pyrazine, and s-

triazine.

Theoretical calculations

Much computational work has been done on pyridine and the diazines with
varying methods and levels of thcory [2,20-30]. Ab initio calculations reported by
Hinchliffe and Soscin [1] on the pclarizabilities of pyridine, the diazines, s-triazine and
s-tetrazine are similar to the calct lations reported here, but do not include electron
correlation. Archibong and Thakkr [3] have calculated polarizabilities for a range of
nitrogen substituted benzenes at the electron correlated level using two basis sets, one of
which was the 6-31G(+sd+sp) besis set. Therefore, comparison with the present
calculations will concentrate on the 1esults of Archibong and Thakkar, and Hinchliffe and
Soscun .

The aim of the present reseaich was to calculate a set of theoretical polarizabilities
which would complement the experimental data. Because of the size of the molecules,

the choice of basis set was restric ed to the moderately sized 6-31G(+sd+sp) and 6-
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31G(+pd+sp) basis sets. The polarizabilities were calculated with the CADPAC
program, and the geometries were optimized with the 6-31G** basis set. An exception
was made for benzene, since an excellent neutron geometry is available [31].

Table 8.3 reports the MP2/0-31G** optimized geometries used in the calculation
of the polarizabilities, and includes literature values obtained from combinations of
electron-diffraction, microwave, liquid crystal NMR, infrared, and Raman methods [32-
35]. From the table, it can be secn that the optimized geometries of the diazines are
comparable with the experimental ;;eometries, the main difference being the longer C-N
(and for pyridazine, N-N) bond lcngths. Agreement is excellent for pyridine and s-
triazine, with only the C-H bonds being significantly shorter for the optimized
geometries. Overall, the geometries are in good agreement with the literature values.

Table 8.4 reports the optical-frequency polarizabilities calculated with the 6-
31G(+pd+sp) basis set. Table 8.5 -eports rhe zero-frequency polarizabilities calculated
with the 6-31G(+sd+sp) basis set and polarizabilities from recent calculations reported by
Archibong and Thakkar [3], and Hi ichliffe and Sosciin [1]. A summary of polarizability
components obtained at common l:ser frequencies by means of the 6-31G(+sd+sp) and
6-31G(+pd+sp) basis sets is given in Appendix 1.

From Table 8.4, it can be :een that the molecules behave as normal aromatic
species with the out-of-plane polari.:ability component, «_, being approximately half of
the in-plane components of the polarizability. Substitution of a CH group by a nitrogen
atom results in the less polarizable >yridine molecule, with both the mean polarizability
and polarizability anisotropy decr:asing. A second substitution results in a further
decrease in the mean polarizability ind polarizability anisotropy. The o, component is
relatively unchanged within the diazines when compared with the other two components.
This is easily explained since the cut-of-plane contributions of the nitrogen atoms are
basically independent of their pos tions in the ring. The mean polarizability is also
relatively insensitive to the positior. of the second nitrogen within the benzene ring. A
third nitrogen substitution to give s-triazine results in a further decrease in all the

polarizability components. Except for s-triazine, the MP2/6-31G(+pd+sp) calculations
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Table 8.3 Comparison of optimized and experimental geometries for pyridine, pyridazine, pyrimidine, pyrazine, and s-triazine.4

Molecule Present work Experiment? Molecule Present work Experiment?

pyridazine =~ N-N 0.1347 0.1337 pyridine Ni-Cy 0.1343 0.1344
N-Cs3 0.1342 0.1338 Co-C3 0.1394 0.1399
Cs-Hy 0.1082 0.1079 C3—C4 0.1393 0.1398
C3-Hy 0.1395 0.1400 Co-H7 0.1083 0.1098
Cs4—Cs 0.1384 0.1385 C3-Hg 0.1081 0.1098
C4-Hg 0.1081 0.1071 ZCNC 116.7 124.6
ZNNC 118.9 119.4 ZLCyC3Cy 118.7 117.8
£LCCC 116.9 116.9
«ZNCH 114.5 114.9 pyrazine N-C 0.1343 0.1337

C-C 0.1394 0.1397

pyrimidine  Cp-H7y 0.1082 0.1082 C-H 0.1082 0.1083
N-C, 0.1341 0.1328 ZCNC 115.3 115.6
N—Cy 0.1542 0.1350 £CCH 110.0 119.9
C4—Cs 0.1391 0.1393
Cs-Hy 0.1079 0.1087 s-triazine C-N 0.1338 0.1338
Cs4—Hg 0.1083 0.1079 C-H 0.1082 0.1106
£LCCC 116.9 117.8 ZNCN 126.0 126.1
£C5C4Hg 121.5 120.9
ZCCN 122.3 121.2

@ Bond lengths in nm. Atom labels correspond to the designations given in Figure 8.1.

b The geometries are from references [32-35].
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Table 8.4 Polarizabilities at 632.8 nm for benzene, pyridine, the diazines and s-triazine at the SCF and MP2 levels of theory using the 6-
31G(+pd+sp) basis set.4

SCF MP2
o, a, o, o Ao o, a,, o, o Ax
benzene” 13.56 13.56 7.48 11.53 -6.08 13.93 13.93 8.23 12.03 -5.70
pyridine 12.67 11.86 6.72 10.42 -5.59 13.10 12.37 6.92 10.80 -5.85
pyridazine 10.89 11.56 6.16 9.54 -5.10 11.40 11.96 6.38 9.91 -5.32
pyrimidine 10.82 11.20 6.03 9.35 -5.00 11.40 11.86 6.30 9.85 -5.35
pyrazine 12.31 10.43 6.08 9.61 -35.53 12.58 11.01 6.62 10.07 -5.35
o trinzine S.72 572 4.00 .42 -35.65 J.4 St 5.18 5.0z —4.27

@ The sign of Ao has been assumed for pyridine and the diazines. For benzene and s-triazine, there are two unique components of the
polarizability which permits the determination of the sign of Ac.

The accuracy of the calculated polarizabilities for benzene is not specifically addressed in this thesis. However, it may be noted that recent SCF
calculations by Hinchliffe and Sosciin [42], Augspurger and Dykstra [43] and Lazzeretti et al. [44,45] using moderate to large basis sets yielded

results comparable to the above SCF calculations. Furthermore, the mean polarizability is in good agreement with a value obtained from dipole
oscillator-strength distributions [46].
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Table 8.5 A comparison of zero-frequency polarizability calculations for pyridine, pyridazine, pyrimidine, pyrazine, and s-triazine.

SCF MP2
o, o, o, a o, a, o, o
pyridine
12.18 11.40 6.34 9.97 12.59 11.88 6.45 10.31
12.06 11.31 6.63 10.00
12.47 11.61 6.34 10.14 12.89 12.08 6.45 10.48
(12.63) (11.87) (6.40) (10.30)
pyridazine
10.45 11.16 5.81 9.14 10.93 11.55 5.97 9.48
10.33 11.00 6.04 9.12
10.42 ii.1d 3.7d 9.1 1V.91 11.56 593 9.4/
(10.78) (11.35) (5.89) (9.34)
pyrimidine
10.40 10.82 5.71 8.98 10.94 11.47 5.91 9.44
10.31 10.70 5.93 8.98
10.57 11.03 5.72 9.11 11.10 11.68 5.90 9.56
(10.92) (11.41) (5.86) (9.40)

Table 8.5 continued on the next page...
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o =

Table 8.5 continued...

pyrazine
a 11.77

b 11.69

c 11.87
s-triazine

a 8.43

b 9.26

c 9.54

10.04
9.99
10.04

8.43
9.26
9.54

5.77
5.98
5.74

4.60
5.25
5.15

9.16
9.22
9.22

7.15
7.92
8.07

12.04

12.15
(11.99)

9.12

10.29
(10.006)

10.59

10.58

(10.41)

9.12

10.29
(10.06)

5.88

5.85
(5.83)

4.88

5.44
(5.39)

9.50

9.53
(9.41)

7.71

8.67
(8.51)

a Present calculations using the 6-31G(+sd+sp) basis set (MP2/6-31G** optimized geometries).
b Hinchliffe and Soscin [1] using the 6-31+G(3d,3p) basis set (SCF/6-31G** optimized geometries).

¢ Archibong and Thakkar [3] using the 6-31G(+sd+sp) basis set (experimental geometries). Values in parentheses are SDQ-MP4 calculations.
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given in Table 8.2 follow the exper mentally determined trend for the mean polarizability,
but are larger by up to 5%. The pclarizability anisotropies are generally not as accurate
and, except for pyridazine, are smaller than the experimental values.

For the literature values given in Table 8.5, Hinchliffe and Soscin used the
6-31+G(3d,3p) basis set at the SCY' level with SCF/6-31G** optimized geometries, and
Archibong and Thakkar used the 6-31G(+sd+sp) basis set at the SCF and MP2 levels of
theory with experimental geometrizs. The present calculations and those of Archibong
and Thakkar should differ only because of the choice of geometries. The SCF
calculations of Hinchliffe and Sosciin have smaller «,, and «, components, and larger
o, components than the presert calculations, but the mean polarizabilities are
comparable. The SCF and MP2 calcularions of the components by Archibong and
Thakkar are either slightly larger or in agreement with the present polarizability
components, and this results in larger o values. The SDQ-MP4 calculations reported by
Archibong and Thakkar generally rcduce o and the polarizability components, although
the correction is only 1-2%. As noted by Archibong and Thakkar, the inclusion of
electron correlation increases the megnitude of the polarizability components.

Battaglia and Ritchie [4] h:.ve reported studies of the Kerr and Cotton-Mouton
effects of pyridine and the diazines dissolved in dioxane or cyclohexane. In their
analysis, it was assumed that the in->lane polarizabilities were equal (a,, = «, ). From
Table 8.4, this is a reasonable assumption for pyrazine and pyrimidine, but is
unsatisfactory for pyrazine. Battaglia and Ritchie determined that the polarizability
anisotropies increased in the orde - pyridazine < pyrazine < pyrimidine, whereas the
present experimental results give tt e order as pyridazine < pyrimidine < pyrazine. The
present MP2 calculations are not accurate enough to distinguish between the polarizability
anisotropies of pyrimidine and pyrazine, although the SCF values give the same order as
the experimental results. The solition-phase results are also smaller than the free-
molecule polarizability anisotropies, and this is a well-recognized phenomenon.

Coonan [7] has reported the principal polarizabilities for pyridine from a study of

the temperature dependence of the Cottor-Mouton effect at 632.8 nm, giving o,, =
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138 £ 1.2, «, = 109 £ 1.6 and a, = 7.0 £ 1.0. Since Coonan used the
depolarization ratio determined by desling [9], which is in excellent agreement with the
present result, a reanalysis of the data will not alter the polarizabilities. Blanch and
Ritchie [36] have reported the principal polarizabilities for pyridine from a study of the
temperature dependence of the Kern effect at 632.8 nm giving, o, = 12.83 + 0.29, a,,
=12.19£0.17 and o, = 6.63 £ ).09. The polarizabilities reported by Coonan are
imprecise when compared with tl e values reported by Blanch and Ritchie, and the
present MP2 calculations. The MP2 calculations using the 6-31G(+pd+sp) basis set are
larger than the polarizabilities reported by Blanch and Ritchie, and the SCF values are in
excellent agreement. This indicates that larger basis sets and higher levels of theory are
required for the accurate determination of polarizabilities for large aromatic species such
as pyridine.

Burnham and Gierke [37] have calculated the principal polarizabilities of pyridine
from a combination of white-light single-temperature Kerr effect measurements [5], the
mean polarizability [38] and the de yolarization ratio [10]. The values determined from
this analysis are not expected to be accurate due to the use of data obtained at various
wavelengths, and assumption; made about the contributions from the
hyperpolarizabilities. The princip:l polarizabilities have also been determined using

solution-phase Kerr effect measurements by Le Févre and Le Fevre [39,40] but, for the

reasons mentioned above, the report::d values are inaccurate.

Conclusions

The depolarization ratios fir benzene, pyridine, pyridazine, pyrimidine, and
pyrazine were measured. These arc the first reported ratios for pyridazine, pyrimidine
and pyrazine. Contributions from he vibrational Raman lines were ignored since the
ratios are large. The ratios for benz:ne and pyridine are in excellent agreement with the
known literature values. The effect of nitrogen substitution into the benzene ring, along
the series benzene, pyridine, pyridazine, pyrimidine, pyrazine, and s-triazine was

discussed and the experimental and theoretical trends were consistent. The calculations
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were in excellent agreement with 1ecent calculated values obtained from the literature.
The polarizability anisotropies deteimined in this research are dependent on the quality of
the mean polarizabilities which, for the diazines, are not known accurately or consistently
by any one method. Experimental determinations of the polarizability components of
pyridazine, pyrimidine and pyrazine await studies of the temperature dependence of the
Kerr effect. However, because the vapour pressures are low at normal temperatures for

these species, these measurements vill pose a considerable challenge.
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Chapter Nine

Bromomethanes

Introduction

Experimental studies of the hromomethanes have been few in nuraber because the
more substituted species are liquids with relatively low vapour pressures, and they have a
tendency to decompose when exposed to light. Furthermore, only a small number of
computational studies of the bromoinethanes have been reported, because the presence of
the bromine atom dramatically increases the time and storage space required for the
calculation of molecular properties. This chapter reports reliable values of the vapour-
phase depolarization ratios of broriomethane, dibromomethane and tribromomethane.
The polarizability anisotropies can be calculated by combining the depolarization ratios
obtained in the present work with tt e known mean polarizabilities. A comparison of the
electric properties of the halogen>methanes is given, and ab initio calculations are
included to complement the experim ental results.

Bromomethane has been ec<tensively studied as a part of the series of mono-
halogenated methanes. Rayleigh 1 ght scattering [1,2], Kerr effect [1,3-5] and Cotton-
Mouton effect [6] measurements hitve been reported for bromomethane. The magnetic
anisotropies have also been studied ising the microwave Zeeman effect [7] and the NMR
spectra of the deuterated species [8]. Gas-phase Kerr effect [5] measurements for
dibromomethane, and solution-phase [9] and gas-phase Kerr effect [5] measurements for
tribromomethane have been reported. Dipole moments for the bromomethanes have been

measured by a number of methods | 10-14].
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Experimental details

The bromomethanes were obtained from the Aldrich Chemical Company.
Bromomethane (> 99.5%) and tribromomethane (> 99%) were used without further
purification; dibromomethane (> 9¢ %) was purified by washing twice with concentrated
sulfuric acid, once with distilled water, twice with 5% sodium hydroxide solution, and
once with distilled water. The liqu d was then dried over calcium chloride and distilled
over phosphorus pentoxide. The turified liquid was stored in the dark over Type 4A
molecular sieves. Breakdown products in the column precluded a gas-chromatographic
analysis of this compound. The liquids underwent two freeze-pump-thaw cycles
immediately before use.

The depolarization ratios were recorded with Version 2 of the apparatus. Typical
depolarized and polarized counts for bromomethane at 25 °C and = 100 kPa, with
inclusion of the vibrational Ramar. lines, were 700 and 80 400 cps, with background
counts of 8 and 32 cps, respectively. For dibromomethane, typical depolarized and
polarized counts at 25 °C and = 30 kPa, with inclusion of the vibrational Raman lines,
were 608 and 39 100 cps, with background counts of 4 and 25 cps, respectively.
Typical depolarized and polarized >ounts for tribromomethane at 86 °C and = 3.3 kPa,
with inclusion of the vibrational Ri man lires, were 85 and 8 700 cps, with background
counts of 6 and 29 cps, respectively. Integration times of 200 s for the depolarized
component and 100 s for the polar zed component were used for dibromomethane and
tribromomethane, and the integration times were doubled for bromomethane. Density
second virial coefficients for bromc methans were obtained from the literature [15]. The
depolarization ratios for the bromor 1ethanes obtained in the present research are given in

Table 9.1.

Discussion

A summary of the depolari:ation ratios, mean polarizabilities and polarizability
anisotropies for the bromomethane:. is given in Table 9.2, and includes literature values.
The vibrational Raman lines contributed = 2.7% to the depolarization ratios for

bromomethane and dibromomethine, which suggests that the depolarization ratios
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previously reported for the fluororiethanes and chloromethanes [1,2] may also be too
high. Considering that several of t1e ratios are much lower for the fluoromethanes and
chloromethanes, it is likely that the vibratioral Raman contribution will be proportionately
higher. In fact, gas-phase Kerr effect and light scattering measurements on the
fluoromethanes [16-18] confirm th s prediction. The vibrational Raman contribution to
the depolarization ratio of tribromornethane was negligible. It is probable that, due to the
low pressures available for tribroniomethane, the intensities of the vibrational Raman

lines were too low to be discernible with the present apparatus.

Table 9.1 Depolarization ratios jor bromomethane, dibromomethane and tribromo-

0.843 £ 0.004¢
0.837 + 0.004¢

1.513 £ 0.007¢
1.491 £ 0.010¢

1.466 = 0.008“

1.486 = 0.007¢
1.489 = 0.007¢
1.511 = 0.007¢

methane.
100 p,
CH3Br CH»Br CHBr3
0.868 + 0.004 1.524 = 0.006 0.914 £ 0.015
0.861 = 0.004 1.545 == 0.006 0.931 £ 0.016
0.867 + 0.004 1.525 == 0.006 0.882 £ 0.016
0.856 + 0.004 1.527 = 0.006 0.928 £ 0.023
0.839 + 0.004¢ 1.521 = 0.006 0.851 £ 0.017
0.842 £ 0.004¢ 1.529 + 0.006 0.899 £ 0.016

0.921 + 0.022¢
0.943 £ 0.022¢
0.867 + 0.030°
0.912 + 0.024¢
0.910 £ 0.030¢
0.929 + 0.033¢

a Vibrational Raman lines exclude:d.
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Table 9.2 Depolarization ratios, m:an polarizabilities and polarizability anisotropies of

bromomethane, dibromomethane an 1 tribromomethane.

Molecule  A(nm) 100 p, x Ao Reference
CH3Br 632.8 0.863 £ 0.0)6 Present study
632.8  0.840 £ 0.003¢ 6.42+0.06%  2.22 +0.02 Present study
632.8 0.865+0.01 6.22+0.06 (2]
488.0 0.85 + 0.01 [1]
oo 6.63¢ [19]
CH,Br; 632.8 1.53 £ 0.01 Present study
632.8 1.49 + 0.02" 9.59 £ 0.10¢ 4.58 +0.06”  Present study
632.8 9.61 [20]
632.8 9.38 [21]
CHBr3 632.8 0.90 + 0.04 Present study
632.8 0.91 £0.03" -4.9 + 0.1 Present study
632.8 13.11 +0.13 [20]
632.8 13.02 [22]

a4 Vibrational Raman lines excludec..

b For dibromomethane, Ac is given as [3ak].
¢ This value includes a vibrational polarizability correction of ¢, = 0.033 [23].

The depolarization ratio fo - bromomethane of 100p, = 0.863 = 0.006 is in
excellent agreement with the value for 632.8 nm of 100 p, = 0.865 % 0.01 reported by
Bogaard et al. [2], but disagrees with the value for 488.0 nm of 100p, = 0.85 + 0.01
reported by Burnham ez al. [1]. Wten extrapolated to 632.8 nm, the depolarization ratio
reported by Burnham er al. will be too low (100p, = 0.82). There are no known
literature values for dibromomethanc and trioromomethane.

One mean polarizability wa: determined for bromomethane and dibromomethane
with the vibrational Raman lines e> cluded. A mean polarizability was not recorded for
The present mean

tribromomethane due to the Jow vapour pressure available.

polarizability for bromomethane does not agree with the literature values. Since other
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mean polarizabilities recorded in this research have been larger than the values obtained
from refractive indices, the mean polarizability given by Bogaard er al. [2] of o =
6.22 + 0.06 from gas-phase refrictive indices was used in the calculation of the
polarizability anisotropy. The prescnt mean polarizability for dibromomethane is within
1% of the value of o =9.61 derived from liquid-phase refractive indices interpolated for
632.8 nm [20]. Density second virial coefficients were not used in the calculation of the
mean polarizability for dibromometaane. It is surprising that the value derived from gas-
phase refractive indices [21] is too low. For tribromomethane, it was assumed for the
calculation of the polarizability coniponents that the value of & = 13.11 £ 0.13 (+ 1%
uncertainty assumed) derived from liquid-phase refractive indices [20] interpolated for
632.8 nm was the best available mean polarizability. Measurements by Karna et al. [22]
of solution-phase refractive indices suggest that this value is approximately 1% lower,
although linear additivity of the po.arizabilities for the components of the solution was

assumed.

The polarizability anisotropies given in Table 9.2 were derived using the
depolarization ratios which excluded the vibrational Raman lines. The polarizability
anisotropy for bromomethane of 2« = 2.22 £ 0.02 reported in Table 9.2 is slightly
lower than the value reported by Bo zaard ez al. of Aax = 2.253 + 0.045, due the smaller
depolarization ratio. This difference has little effect on the magnetizability anisotropy
reported by Coonan and Ritchie [6] of Ay == (=15.1 £ 0.8) x 1072° ] T"2. An increase
of 1.4% is evident, but the magnetizability anisotropy has an uncertainty of = 5%.

A comparison of the depolarization ratios, mean polarizabilities and polarizability
anisotropies for the fluoromethancs, chloromethanes and bromomethanes is given in
Table 9.3. The data for the fluorcmethanes and chloromethanes were taken from the
literature [18]. It is noted that the d¢ polarization ratios for the chloromethanes include the
vibrational Raman contribution. Comparing the methane polarizability of o =
2.899 *+ 0.003 (mean of the vilues given in references [21,24-27]) with the
fluoromethane polarizability of & =: 2.90 %: 0.03 indicates that the fluorine atom has a

small polarizability similar to that of hydrogen. A consequence of the small atomic
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polarizability for fluorine is small polarizability anisotropies for the fluoromethanes. The

mean polarizabilities increase linear y with the number of halogen substituents within the

individual halogen series, and this is shown in Figure 9.1.

The increments are

approximately 0.1, 2.2 and 3.3 for thke fluoro-, chloro- and bromomethanes,

respectively. Substitution of the l: rger halogens into methane results, as expected, in

larger polarizability anisotropies. Iigure 9.2 shows that the polarizability anisotropy is

not a linear function of the number ¢ f halogen atoms.

Table 9.3 Comparison of the depolarization ratios, mean polarizabilities and

polarizability anisotropies of the halogenated methanes.¢

X CH3X CH»yX» CHX3
100 p,

1384 0.052 + 0.003 0.057 + 0.005 0.025 + 0.002

a1’ 0.76 + 0.03 1.10 + 0.03 0.65 + 0.03

Br¢ 0.840 + 0.003 1.49 + 0.02 0.91 + 0.03
o

Fb 2.90 + 0.04 3.04 + 0.06 3.12 + 0.04

clb 5.06 + 0.06 7.34 +0.22 9.46 +0.114

Br¢ 6.22 + 0.06 9.59 + 0.10 13.11 +0.13¢
Ao

Fb 0.25 + 0.01 0.28 + 0.02 —0.19 + 0.01

cl® 1.71 + 0.04 3.00 + 0.10 ~2.97 + 0.08

Br¢ 2.22 +0.02 4.58 + 0.06 —4.9 +0.1

a  All values are for 632.8 nm.

b From reference [18].

¢ Present research.
d The above values from gas-phasc refractive indices agree well with the solution-phase
results from Karna et al. [22] of % =9.43 and 13.02 for CHCl3 and CHBr3.
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Figure 9.1 Dependence of o on the number of halogen atoms for molecules in the
series fluoromethane, difluorome hane, trifluoromethane; chloromethane, dichloro-

methane, trichloromethane; and broinomethane, dibromomethane, tribromomethane.
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Figure 9.2 Dependence of |Ac| ¢n the number of halogen atoms for molecules in the
series fluoromethane, difluorome hane, trifluoromethane; chloromethane, dichloro-

methane, trichloromethane; and bronomethane, dibromomethane, tribrornomethane.
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Theoretical calculations

There have been few reported computational studies of the electric properties of
the halogenomethanes. Dupuis and co-workers [22,28,29] have investigated
polarizabilities and hyperpolarizabilities with CHF methods for the trihalogenomethanes.
The studies did not include electron correlation, and used relatively small basis sets due to
the size of the bromine and iodire atoms. Chong [30] has investigated the dipole
moments, polarizabilities and hype: polarizabilities for methane and the chloromethanes
using density functional theory. Spackman [31] has reported calculations of the
polarizabilities of methane and the fluoromethanes up to the MP2 level of theory with the
6-31G(+sd+sp) basis set. As a complement to the experimental study, calculations were
undertaken to investigate the polarizbilities for the bromomethanes.

The geometries of methanc and the bromomethanes were optimized with the
GAMESS program using the HUZ.-SV** basis set, and are given in Table 9.4. The
bond length for methane is slightly shorter than the experimental r, geometry [32], and
also differs slightly from the optimization given by Dougherty and Spackman [33] using
the same basis set. This is because the core electrons are constrained in the GAMESS
program whereas they are unconstiained in the CADPAC program. This effect is also
present in the bromomethane optimization. For bromomethane, the r, geometry [32] is
in excellent agreement with the ¢ ptimized geometry. It is noted that r, structures
disregard zero-point vibration.

The substitution structure [32] for dibromomethane has shorter C-H and C-Br
bond lengths, and the r, structure [32] for tribromomethane exhibits the same effect.
The optimized geometry for tribromomethane reported by Karna er al. for
tribromomethane, using an effective core potential basis set with added polarization
functions, results in comparable bend lengths of C—H = 0.1083 nm and C-Br = 0.1937
nm. The experimental C—Br bond length for tetrabromomethane reported by Allen and
Sutton [34] is shorter than the optimr ized bond length.

The polarizabilities were ca culated with the CADPAC program using the HUZ-

SV (+sd+sp) basis set designed espc cially for calculations of this type by Dougherty and
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Spackman [33]. The properties were calculated with the CHF method, except the MP2
corrections to the polarizabilities for tribromomethane and tetrabromomethane, which
were calculated using the finite-field method with the GAMESS program. The zero- and
optical-frequency polarizabilities ¢re given in Tables 9.5 and 9.6. A summary of the
polarizabilities for a number of com non laser frequencies is given in Appendix 1.

Table 9.4 Comparison of optimized and experimental geometries of methane,

bromomethane, dibromomethane, tr bromomethane and tetrabromomethane.¢

Present work Experiment?
CHy C-H 0.1089 0.1094
CH3Br C-Br 0.1950 0.1933
C-H 0.1087 0.1086
ZHCH 111.0° 111.2°
CH,Br; C-Br 0.1941 0.1927
C-H 0.1085 0.1079
ZBrCBr 113.3° 112.7°
CHBr;3 C—Br 0.1940 0.1930
C-H 0.1086 0.1068
ZBrCBr 111.6° 110.8°
CBr4 C-Br 0.1951 0.193

@ Bond lengths in nm.
b The geometries were obtained from references [32,34].

From Table 9.5, the mean polarizabilities calculated at the SCF (MP2) level of
theory increase linearly on average by a factor of approximately 3.17 (3.38) which
indicates that the successive substitt tion of hydrogen by bromine is additive for the series
methane, bromomethane, dibromo methane, tribromomethane and tetrabromomethane.
This is as expected, and is supported by the experimental results. The effect of electron

correlation is to increase the individual components and the mean polarizabilities
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Table 9.5 SCF and MP2 polarizability components at zero-frequency for the bromomethanes using the HUZ-SV (+sd+sp) basis set.

SCF MP2
o, a, o, o Aa o, a, o, a Aa
CHy4 2.603 2.714
CH3Br 4.901 4.901 7.320 5.707 2.419 5.264 5.264 7.501 6.010 2.237
CH2Br, 12.014 6.949 7.836 8.933 4.684 12.494 7.548 8.351 9.464 4.597
CHBr3 13.685 13.685 9.004 12.125 -4.681 14.427 14.427 9.773 12.875 -4.654
CBry4 15.305 16.267

Table 9.6 SCF and MP2 polarizability components at 632.8 nm for the bromomethanes using the HUZ-SV (+sd+sp) basis set.

SCF MP2
o, a,, o, o Ac o, o, o, o Ax
CHy4 2.647 2.758
CH3Br 5.000 5.000 7.506 5.835 2.507 5.363 5.363 7.687 6.138 2.324
CHBr; 12.380 7.088 7.993 9.154 4.903 12.860 7.687 8.507 9.685 4.816
CHBr3 14.072 14.072 9.172 12.438 -4.900 14.814 14.814 9.941 13.189 —4.873

CBry4 15.718 16.681
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by more than 4%, but slightly reduc: the polarizability anisotropies. A comparison of the
effect of bromine substitution on the individual polarizability components is complicated
by the differing symmetries within the series, which vary from C,, to T,. As expected,
the polarizability of the bromine atom increases the ¢, component in bromomethane.
This situation is reversed in tribromomethane where the «, component is smaller since it
is in the direction of the C-H boad. This is reflected in the opposite signs of the
polarizability anisotropies of bromcmethane and tribromomethane. In dibromomethane,
the z axis bisects the Br—C-Br angle and the C—Br bonds lie in the xz plane. The «
component is the largest because he bond angle is 113° and, therefore, the bromine
atoms contribute a greater fraction >f their polarizability to the x direction. In all cases,
the o, component is in the direction of the dipole moment.

A summary of known values cf the polarizability components for the
bromomethanes is given in Tabe 9.7. The MP2 calculated polarizabilities for
bromomethane are smaller than the present experimental results. The values derived for
589.3 nm from a single-temperaturz measurement of the Kerr effect reported by Stuart
and Volkmann [4] are in excell:nt agreement with the present values. Similar
measurements by Burnham er al. [1] are larger, but this is due to dispersion. As
expected, the values derived from solution-phase measurements of the Kerr effect
reported by Le Fevre and Le Fevre [3] are not as accurate due to local-field and
dispersion effects. The polarizabilit es for dibromomethane calculated at the MP2 level of
theory are in excellent agreement ‘vith values derived from a study of the temperature
dependence of the Kerr effect [5]. [n this case, the calculated ¢, component is smaller
and the other components are larger

The polarizabilities for tribromomethane calculated at the MP2 level of theory are
in excellent agreement with the pre sent experimental results. The values reported by Le
Févre and Ritchie [9] from solution-phase measurements of the Kerr effect are in poor
agreement with the present experiniental values, and this is again probably due to local-
field effects. The ab initio values for 694.3 nm calculated by Karna and Dupuis [29] are

not as reliable as the MP2 calculatec polarizabilities. The inclusion of electron correlation
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Table 9.7 A comparison of the polarizability components for bromomethane, dibromomethane and tribromomethane.

Molecule Method A (nm) o, a, a, Reference
CH3Br Rayleigh light scattering 632.8  5.48 £0.06 5.48 £0.06 7.70 = 0.06 Present work
Gas-phase refractive indices and single- 589.3 5.52 5.52 7.69 4]
temperature gas-phase Kerr effect
Gas-phase refractive indices and single- 488.0  5.59 5.59 7.86 [1]
temperature gas-phase Kerr effect
Gas-phase refractive indices and solution-phase 589.3  5.66 5.66 7.41 (3]
Kerr effect
MP2 HUZI-SV (+sd+sp) polarizabilities 632.8  5.363 5.363 7.687 Present work
CH»Br» Temperature dependence of the vapour-phase Kerr  632.8  12.64 £+ 0.14 7.73 £0.18 8.45 +0.11 5]
effect
MPZ2 HUZI-SV (+sd+sp) polarizabilities 032.8 12.8060L 1.081 8.0U/ rresent wWork
CHBr3 Rayleigh light scattering 632.8 14.73+£0.14 1473 +0.14 9.86 £ 0.16 Present work
Liquid-phase refractive indices and solution-phase  589.3  14.46 14.46 10.60 9]
Kerr effect
MP2 HUZI-SV (+sd+sp) polarizabilities 632.8 14.814 14.814 9.941 Present work
SCF polarizabilities 694.3 14.40 14.40 8.58 [29]
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would increase these values, as slown by the difference between the SCF and MP2
polarizabilities in the present calcul: tions. Karna and Dupuis acknowledged that the basis
set used in their calculations was only accurate to = 12-20%. Overall, the experimental

polarizabilities are reproduced satisf actorily by the present calculations.

Conclusions

The depolarization rati>s for bromomethane, dibromomethane and
tribromomethane were measured. These are the first reported values for dibromomethane
and tribromomethane. The ratios were recorded with inclusion and exclusion of the
vibrational Raman lines. Mean polarizabilities were also measured for bromomethane
and dibromomethane; however, the mean polarizability for bromomethane was found to
be in poor agreement with a value derived from refractive indices. Polarizability
anisotropies and where possible, polarizability components, were determined for the
bromomethanes. The ab initio calculations were in excellent agreement with the

experimental results.
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