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Rayleigh Depolarization Ratios, Kerr Effects, Polarizabilities, and Hyperpolarizabilities of
CH3Br, CH2Br,, CHBr3, and CBrs. Comparison of Experimental and ab Initio Calculated
Polarizabilities
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Improved equipment has been used to record the vapor-phase Rayleigh depolarization ratios and electrooptical
Kerr effects of CHBr, CH,Br,, CHBrs, and CBj at elevated temperatures. The measurements yield
experimental values of the anisotropic polarizabilities and the Kerr hyperpolarizabilities of these molecules.
As well, Dougherty and Spackman’s HUZ-SW¢d+-sp) basis set has been used to compute SCF and MP2-
level polarizabilities, and these are compared with the experimental results.

Introduction o

Although the electric dipole polarizabilities and hyperpolar- x Br— C<'H
izabilities of the fluoro- and chloromethanes (£RFX,, X = H
F, Cl) can now be said to be reliably knowrt! the analogous
bromo- and iodomethanes have not yet been systematically Bra,, s
examined, despite their interest. The reasons are obvious: from z /C\

. . . A - Br

an experimental viewpoint, the greatly diminished volatilities ¥ H
of the latter species militate against gas-phase observations; and, Br,

from a computational viewpoint, the sizes of the larger halogen
atoms have posed significant problems as to the basis sets and
the levels of theory that can be utilized. In the present study, Br

improved equipment has been used to record the vapor-phaserigure 1. Definition of axes: z is the C; axis in CHBr and CHBg
Rayleigh depolarization ratios (with and without inclusion of and theC; axis in CHBrz; in CH:Br2, x is in the HCH plane ang is
spurious vibrational Raman contributié®sand the temperature  in the BrCBr plane.

:ﬁx;?gj Tgagérgtir\gf)z:‘ ?hheaifoilliﬁrgt%gtrl]%a; E;;;E)e.ltfhe g s, atis the mean polarizability. For the species of interest here, eq 1
measurements yield experimental values of the anisotropic can be formulated as

polarizabilities (. ayy, 027 and the Kerr hyperpolarizabilities 2 2 2
(B, ¥X) of these molecules. As well, CADPAC and the HUZ- K== (06— 0) 790t (3)
SV (+sd+sp) basis sét have been used to compute SCF and
MP2-level zero- and optical-frequency polarizabilities, and these
are compared with the experimental results. Unfortunately, » _ 2 2 2 2
however, the iodomethanes (GHl,) remain beyond the  — [(oe = ay)”™ + oy = 0)" + (0, — @) 18" (4)
apparatus and procedures that are presently available. for CHaBr (in which e = ayy # 09 It is important to recall,

too, that eq 1 requires that the rotational Raman spectrum of
the scattered light be included in and the vibrational Raman

Note, first, that the principal axes of the molecular polariz- spectrum be excluded from the measured intensities.
ability, shown in Figure 1, are defined such tkathe C; axis The definition of the molar Kerr constantK, is415
in CH3Br and CHBg and theC, axis in CHBr»,, coincides with
the direction { to +) of the molecular dipole moment; in GH oK = 6nV, [(n* + 2)%(e, + 2)7 (ny — nY)FX_Z],:x:0 (5)

Bry, x is in the HCH plane, ang is in the BrCBr plane.

The relationship between the Rayleigh depolarization ratio wheren ande; are the refractive index and relative permittivity
po = I/17 and the optical-frequency molecular polarizability —of the gas in the absence of the fiefg,— nv is the birefringence
ist2 for XZ and YZ polarized light that is induced by the uniform
electric field,Fx; andVy, is the molar volume. To take account
of molecular interactionsyK can be expressed in terms\&f,
as

Bre=— C—H

for CH3Br and CHBg (in which o, = oy = 07 and

Theory

5003 — 4po) = K7 = (3tellas ~ s (20e0lgp) T (1)
in which « is the polarizability anisotropy parameter and K=A + BKmel + (6)

Ayl 3= 0= (0 T 0y + 0,)/3 (2) in which Ax and Bk are the first and second Kerr virial
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coefficients;Ax is the zero-density value gK andBx measures TABLE 1: Temperature Dependence of the Vapor-State
the additional contribution tg,K from interacting pairs of  Kerr Effects of CHsBr, CH2Br,, CHBr3, and CBr, at 632.8

molecules. The first Kerr virial coefficient is, in SI uniés nm
T no. of p B2 A
A = (NA/8Le){ ¥ + (KT) T [(2/3)up" + (9/5)0u0 k] + (K) pressures (kPa) (10°mPmol™?) (10°%"m°V 2mol?)
CH3Br
-2 2 _ 495.1 10 41122 —161 33.82+ 0.05
(3/10)KT) “u (o, — )} (72) 4706 10 39121 —181 37.21+ 0.14
. ) 444.7 9 37111 —206 41.33+ 0.09
=P+OT'+RT 7b 4146 11 37114 —244 47.54+ 0.06
Q (7b) 386.7 9 34111 —290 53.74+ 0.06
where eq 7a relatedx to molecular properties and eq 7b %ﬁ?'g ﬂ igﬂ% :gg? gg'%gi 8'2471
i . 1 : . .
emphasizes the quadratic dependencéqobn T-1. As well, u 3322 10 46-114 —438 72.78+0.12
is the molecular dipole moment,anda® are the mean optical-  318.8 11 39-112 —495 77.13+0.07
frequency and static polarizabilities,, is the component of 282-8 %8 ggigg :ggg gg-ggi 8-88
ap in the direction ofu, x«° is the product of the optical- : CHB ) )
i i ili i Z1=lp]
frsquenc}z/ and static polarizability anisotropy parameters, and 500.2 9 39-84 553 5424 0.09
B andy® are the first and second Kerr hyperpolarizabilities. 3764 9 3477 283 652+ 0.09
The coefficientsP, Q, andR are 465.8 10 28-59 —298 —6.75+ 0.07
454.2 9 31+70 —316 —7.97+ 0.07
— K 439.2 10 3371 —341 —9.044+ 0.07
P (NA/81EO)y (®) 429.0 9 26-57 —359 —9.80+ 0.05
K 0 o] 405.5 9 25-55 —406 —11.47+0.10
= (N./81¢.K)[(2/3 + (9/5)00 ki 9 385.2 10 27-66 —459 —12.67+0.05
Q= (NJBLeI(23)ufs™ + (915N © 3789 11 2663 —475 —13.72+0.04
2 364.0 10 2355 —521 —15.30+ 0.21
R = (N,/81¢,k%)(3/10)*(ar,, — ) (10) 360.1 10 2759 -533 ~15.51+ 0.05
. . . CHBr3
so thatP andQ give yX andfK, respectively, and gives one 433.8 1 20.4 —8.05+0.21
of three necessary equationsag, oy, anda.; the other two 413.8 1223 —9.30+0.04
are eq 2 : ; 405.5 1 14.1 —9.964+ 0.20
g 2 together with either eq 3 or eq 4. 2931 1 102 1170+ 0.07
In relation to eq 7, it must be added, too, that unless the 387 g 1 14.9 —11.99+ 0.13
experimental data are of high precision and span a wide range382.1 1 18.7 —12.,69+ 0.08
it is diffi i i i 374.2 1 17.3 —13.63+ 0.06
of temperature, at Ieast_ 200 K, it is difficult, if not |m_p<_JSS|bIe, 2674 1 155 14911016
to fit a quadratic equation such that all three coefficients are 35,'¢ 1 9.5 2158+ 08
determined with the precision that is required for satisfactory CBr
4

analyses of egs 8, 9, and 10. To date, this procedure has beenrg, g 1 365 2210
performed only twicé8in both cases with excellent sets of data;
and it is generally necessary, by one means or another, to reduce

th ti tion t li ti h i .
thg g:zg;a ic equation to a finear equation, as has been done Ir}ange 106-400 s. In the analysis of the data, the lower

depolarization ratios (i.e., those that exclude vibrational Raman
contributions) were used, because, as noted above, the theory
of the effect was formulated on this basts.

a Density second virial coefficients.

Experimental Section

Samples were: CHBr (Matheson,> 99.4%) and CHBy Equipmenté18 for measurements of the temperature and
(Aldrich, = 99%), used without further purification; GBr» pressure dependence of the electrooptical Kerr effect in gases
(Aldrich, 99%), washed several times (concentrates®i, and vapors was significantly improved by replacement of the

distilled water, 0.1 M NaOH, distilled water), dried over original brass pressure vessel by a stainless steel version,
anhydrous CaGlfor 12 h, distilled from POs and stored inthe  reconstruction of the gas-handling system, introduction of a low-
dark over molecular sieves; CBIBDH, > 98%), twice noise silicon photodiode in place of the photomultiplier tube,

sublimed at 142°C before use. Note that, under normal and use Ofahigher_powered Hble laser. In the cases of G.H

conditions, the sequence @Bt (bp 4°C), CHBr (bp 97°C), Br and CHBr,, it proved straightforward, although time-
CHBr3 (bp 150°C) and CBg (mp 90°C) comprises a gas, two  consuming, to measure the field-induced birefringences over a
liquids and a solid; and the low volatilities of CHBand CB, range of temperature and, at each temperature, over a range of
in particular, dictated that the measurements be performed atpressure. However, in the case of CHBiminished volatility
relatively high temperatures and low pressures. precluded examination of the pressure dependence; and in the

Apparatus for measurements of the Rayleigh depolarization case of CBy greatly diminished volatility, thermal instability
ratio, po = (I — Ipp)/(I;, — 1,,), of gases and vapors at 632.8 and the relatively small effect displayed by this nondipolar
nm has been describédObservations on C#Br were made  species limited the observations to a single temperature and
at 25°C and~100 kPa, on CkBr; at 25°C and~30 kPa, and  pressure. The observed birefringences were used to establish
on CHBp; at 86°C and~3.3 kPa. The results given below are  values ofnKo = (2/27Vm(nx — n,)Fx 2, and these were fitted
the averages of repeated determinatierswith inclusion and to the relatio®®
~5 with exclusion by means of an interference filter of
vibrational Raman contributions. Typical count rates (counts/ _

s) without the filter in place for the depolarized and polarized mio = A T+
signals,l; andl;, and the backgrounds,, andl;,, were as

follows: CHsBr, 700, 80 400, 8, 32; CHBr,, 608, 39 100, 4, in which A. and Ar are the low-density molar dielectric
25; and CHB3, 85, 8 700, 6, 29. Integration times were in the polarization and refraction, calculated from the static and optical-

B+ Ad2A. + %AR)IVH;1 (11)
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Figure 2. Temperature dependence Ak of CHs;Br, CH;Br, and
CHBr3.

frequency molecular polarizabilities. For @Bt, reported
density second virial coefficien®,augmented at higher tem-
peratures by values calculated by means of a Stockmayer
potential?! were used to allow for gas nonideality; for @Bt»,
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TABLE 2: Depolarization Ratios and Polarizability
Anisotropies of CHzBr, CH;Br,, and CHBr3 at 632.8 nm

value
property CHBr CHzBr, CHBrs
00(107?)(vib. Ramanincl.) 0.86% 0.006 1.53+0.01  0.90+ 0.04
0.85+ 0.01
0.8654 0.01¢
00(107?)(vib. Raman excl.) 0.84@8 0.003 1.49+0.02  0.91+ 0.03
K¥(107?)° 1.4164+0.005 2.53-0.03 1.54+0.05
a(104°C m2V1) 6.22+ 0.0 9.6240.08' 13.114+0.07
|Aa|® 2.22+0.01 459-0.04 4.87+0.08
Ozz 7.70+ 0.03 9.86+ 0.09
Olyx 5.48+ 0.03 14.73+ 0.07

aRef 24;1 = 488 nm.PRef 5.°Eq 1.9 Calculated ast = (3ed/
Na)mR from interpolated liquid-state molar refractiongR(107¢ m3
mol™2) for 4 = 632.8 nm (CHBr», 21.80; CHBg, 29.72), uncertainties
estimated ast 0.5%; Vogel, A. I.J. Chem. Soc1948 1833-1855.
e Polarizability anisotropyAa| = |9c k| = |0zz — 0 (CH3Br, CHBI3)

OF [0 — Oyp)? + (Cyy — 029% + (0tzz — )2 ¥4~/2] (CHLB).

place), the mean polarizabilities, and the derived polarizability
anisotropies for the three anisotropic species. Previously reported
depolarization ratios for C§Br are also included and, clearly,
the agreement is satisfactory. As expected, the vibrational
Raman contribution is certainly significant for GBt, only just
significant for CHBr, and, in relation to the experimental errors,
insignificant for CHBg. The individual components of the
optical-frequency polarizabilities of GBr and CHBg were
obtained from eq 2 and 3, together with the usual bond-additivity
assumption as to the sign of the anisotropy.

Temperature Dependence of Kerr EffectsFor the nondi-
polar and isotropically polarizable species GB¥q 7 reduces
to Ax = (Na/8leg)y¥ and, from the measured Kerr constant
(~AK) in Table 1,yX = (2.6 £ 1.2) x 107 C m* V3. Note
that the large uncertainty in this result is a consequence of the
smallness of the Kerr effect that was manifested under the
conditions of temperature and pressure that were achievable for
this involatile compound.

In the earlier studiés! of the dipolar and anisotropically

in the absence of relevant experimental data, values caIcuIatecpc’l"J‘rizabIe species G, CH2Xz, and CHX (X = F, Cl), the

for CH,Cl, by the method of Pitzé# were used; and for CHBr
and CBpy the effects of nonideality were assumed to be

negligible under the conditions of the measurements The results

are summarized in Table 1 and Figure 2, where the errors
attributed to the values @& are standard deviations obtained
from the least-squares fitting of straight lines to the pressure-
dependence data (GBIr, CH,Bry) or from direct averaging of
the single-pressure data (CHBICBI,); with calibration and
other systematic errors the overall accuracy is estimateBé&.
Even in the more favorable cases of {8 and CHBr,, Bk
was poorly determined by the data, and estimates of this quantity
are not reported here.

Vapor-phase Kerr constants have previously been §i#én
for CH3Br at isolated temperatures in the vicinity of 300 K,

and these are consistent with the present results for this species.

In addition, dilute-solution Kerr constants are on record fogCH
Br,25 CH,Br,,%6 and CHBg?’ as solutes in nondipolar solvents
at 298 K; but local-field effects that occur in such solutions
preclude a direct comparison of gas- and solution-phase?®ata.

Results

Depolarization Ratios and Polarizability Anisotropies.
Table 2 summarizes the depolarization ratios obtained in the
present work with inclusion or exclusion of the vibrational
Raman contributions (i.e., without or with the optical filter in

number of unknowns in eq 7 was reduced by one, and a
guadratic equation thereby reduced to a much simpler linear
equation, by means of a bond-additivity approximation,féy
a small but not negligible contributor #. Unfortunately, the
same approach is of doubtful validity for GBr, CH,Br,, and
CHBrs, for obvious reasons. First, the values)df for CHy
and CBy, differ by more than an order of magnitude and the
larger of the two is of low precision; and, second, {ffeterm
makes a proportionately larger contribution Ag, especially
for CH,Br, and CHBEg (~—5% at 300 K). A reliable alternative
is, however, available for CiBr and CHBE, although not for
CH2Br».

In the cases of ChBr and CHBg, which possess a 3-fold
axis of symmetry

o, — o= (213)(,, — o) — (2/3)Aa (12)

and, becausdaa is known (Table 2), eq 7 can be rewritten as
A — (NA/405 KO (Ac) T2
= (Np/8le){ " + (KD {(2/3)uB" + (9/5)0c’x’]}  (13a)

=P+QT* (13b)

a linear equation im~* such that the intercep®, and the slope,
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TABLE 3: Analysis of the Temperature Dependence ofA¢ of CH3Br, CH,Br,, and CHBr3 at 632.8 nm

value

property CHBr CH,Br; CHBr3
P(1072" m® V2 mol~%)a 1.2+ 0.7 154+1.1
Q(107*m® V-2 mol 1 K)P 1.60+ 0.25' 3.47+0.3¢ 6.88+ 0.45'
R(1072* m°> V2 mol~* K?)¢ —3.45+0.13
K108 C mtV-3) 15+0.8 1.5+ 0.3 18+14
a(104°CmPVY 6.224+ 0.03 9.62+ 0.05 13.11+ 0.07
%104 C mP V19 6.17+ 0.06 9.72+0.10 13.54+ 0.14
K 0.1194+ 0.000 0.159+ 0.002 0.124+ 0.002
%9 0.123+ 0.000 0.176+ 0.004 0.140t 0.004
1(103°C m) 6.0768+ 0.0012" 4,754+ 0.07 3.314+0.08
A0 C M V3 0.4+0.1 0.3+ 0.2 26+04
010740 C mp VY 7.70+£0.03 8.46+ 0.07% 9.86+ 0.09
Olxx 5.48+ 0.03 7.74+0.14 14.73+ 0.07
Oy 5.48+ 0.03 12.65+ 0.14 14.73t 0.07

2Eq 8.PEq 9.°Eq 10.9 Eq 13.¢Eq 14. Assumed value. A weighted least-squares fit to the measured valgés(®0° C nt* V~3) for CH,
(0.180+ 0.009, ref 1), CHBr, CHBr; and CBJ; gave the relationship with the number of Br atomsasy* (1075 C nt* V—3) = (0.18 + 0.01)
+ (0.65+ 0.14)n, from which the value for CkBr, was interpolated? Calculated from the computed dispersion in the electronic polarizabilities
and estimates of the contribution of the vibrational polarizabilities (ref 2Bf 30.! Ref 31.1 Locations of axes:z, the C; axis in CHBr and
CHBr; and theC; axis in CHBI», is the direction of the dipole moment; in GBf», x is in the HCH plane ang is in the BrCBr plane (Figure 1).
KValues ofo,, o 0yy derived by simultaneous solution of three independent equations in the three unknowns (see text).

Q, yield y¥ andpX, respectively. In the case of GBI, eq 12 TABLE 4: Contributions to Ay of CH3Br, CH,Br,, and

is not valid and, as previouslyeq 7 was rewritten as CHBrsz at 300 K
K value (102" m°V~2mol™?)
[Ax — (NA/Bleg)y"]T term CHBr  CH.Br, CHBrs
(Na/81eg)yK 12 12 15
= (N/81egk){ [(2/3)uB" + (9/5)c’kk”] + e (+1.4%) (4.9%)  (-5.5%)
2 1 (22436 kT < 33 2.0 117
(3/1%K)u (o, — )T 7} (14a) pe (+3.8%) (7.9%)  (-41.9%)
(Na/45cok T) ot %x® 2.1 9.6 11.2
=Q+RT! (14b) (+2.4%)  (37.5%)  (-40.3%)
(NA/27CeokeT2?(0— ) 80.2 ~38.3 ~52.3
a linear equation if~1 such that the intercep®, and the slope, gg982-4%) (;155(5)-3%) &2178;-7%)

R, yield 8X anda,; — a, respectively. However, the assumed
value OfVK_ for CHBr; on the left-hand side was interpolated tag| E 5: Calculated and Experimental Structures of CHy,
from a weighted fit of the measured values for £SHCH3Br, CH3Br, CH,Br,, CHBr3, and CBrg2

CHBr3, and CBj, and so is more reliable than if a bond-

additivity estimate based on only Gldnd CBy were used. value
Table 3 contains, for CBr and CHBE, the coefficientsP property caled exp
and Q from eq 13 and, for CkBr,, the coefficientsQ andR CH,
from eq 14, together with analyses of these in terms of molecular C-H 0.1089 0.1087r¢)
properties. Other data shown are the mean optical-frequency ChisBr
; R 0. ) C—H 0.1087 0.1086r¢)
and_ static polar_lgabmt!esx anda?; the optical-frequency and C—Br 0.1950 0.1933r()
static polarizability anisotropy parameteksand«?®, the latter HCH 111.0 111.2
derived from the computed dispersion in the electronic polar- CH;Br»
izabilities (see below) and estimates of the contribution of the C-H 0.1085 0.1079r¢)
vibrational polarizabilitie$® and the molecular dipole mo- C—Br 0.1941 0.1927r¢)
ments3%31 The new results are the values)df for CHzBr and BrCBr (1:|143é?3 127
CHBr3; (and CBg), the values ofsk for CH3Br, CH;Br,, and C—H 0.1086 0.1068r¢)
CHBr3, and the values ofy, ayy, ando,, for CH.Br.. Note C—Br 0.1940 0.1930r¢)
that simultaneous solution of egs 2, 4, and 10, of which eq 4 is BrCBr (1:I131.6 110.8
e . L : 0
quadratic, yields two possible sets of polarizabilities that satisfy C—Br 01951 0.1942r)

the equations. The choice between the two involves the bond-

additivity assumption that the polarizability is greater along than ~ 2Bond lengths in nm, angles in degreé®eference 34.

across the €Br bonds in CHBr, so thatayy > oy as

indicated. Table 4 summarizes the absolute and percentagghe electric properties of such molecules. To date, the bro-

contributions of the four terms in eq 7 to the value?afat 300 momethanes have received little attention §Bk332CHBI;3).

K. For each of these species the observed effect is once agairDptimized geometries for the five molecules of interest were

dominated by the(a,; — o) term, with smaller contributions  obtained with the HUZ-S¥ basis set and, as can be seen from

from theuS¥, aa%«® andyX terms. Table 5, the agreement with the experimental geométriéis
Calculations of Polarizabilities. Ab initio calculations of the satisfactory. Computations of the SCF and MP2-level zero- and

polarizabilities of CH, CHsBr, CH,Br,, CHBr3, and CBj; were optical-frequency polarizabilities with the HUZ-SV§d+sp)

undertaken to complement the experimental study reportedbasis set followed the procedures of earlier investigatiéfs.

above and as a further test of Dougherty and Spackman’s HUZ-Because the present concern is the comparison, shown in Table

SV (+sd+sp) basis s€ which was specially developed for 6, of results from experiment and theory, only the optical-
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TABLE 6: Calculated and Experimental Polarizabilities of of the electrooptical Kerr effect is enormously useful in relation
CHa, CH3Br, CH2Br», CHBr 3, and CBr, at 632.8 nm to the anisotropy in the molecular polarizability, but much less
value (10°C m2 V™Y useful in relation to the molecular hyperpolarizabilities. The
property SCE MP2 exp main_reas_on that this is so, at Ieas_t for_ z_misotropically polarizable
species, is that the hyperpolarizabilities are usually deeply
o 22447 2.758 £ 4.9%) 2 9014 0.000 embedo!ed as minor contributors to the obsewed effect; and 'gheir
CHaBr separation and recovery from the major contributors with
o 5.835 6.138¢1.3%) 6.22+ 0.03 acceptable precision pose significant difficulties, as has been
Olzz 7.506 7.687 £0.2%) 7.70+£ 0.03 further demonstrated by this investigation.
i 5.000 5.363¢2.1%) 5.48+ 0.03
Ac %3337@ 2:324€4.7%) 2224001 Acknowledgment. An Australian Postgraduate Award (to
a 9.154 9.68540.7%) 9.62+ 0.05 R.I.K.) and the assistance of Professor M. A. Spackman with
Ozz 7.993 8.50740.6%) 8.46+ 0.07 the ab initio calculations are gratefully acknowledged.
Olxx 7.088 7.687{0.7%) 7.74+0.14
Q, 12.380 12.860t1.7% 12.65+ 0.14
Ad 4.903 4.816{:51.9%)) 4.59+ 0.04 References and Notes
CHBr: ; .
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