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We have combined accurate quantum chemical calculations and light scattering measurements to obtain a
reliable estimate of the electric dipole polarizability anisotropy of 1,3-butadiene. The theoretical investigation
was based on finite-field many-body perturbation theory and coupled cluster techniques. An extensive study
of basis set, electron correlation, and molecular geometry effects leads to a static waksebdf04€?a’E, *

for the mean dipole polarizability dfans-butadiene, in very good agreement with the experimental result of
54.64€%a,°E,~t obtained from an extrapolation to infinite wavelength of refractivity data [Hohm, Umper,

U. Ber. Bunsenges. Phys. Chet®92 96, 1061]. The measured value of the dipole polarizability anisotropy

of trans-butadiene is 42.5(1.%Pay’E,* at 514.5 nm. To our knowledge, these are the first light-scattering
experiments to be reported for 1,3-butadiene. The present investigation brings forth new possibilities for the
extension of accurate determination of electric polarizabilities to molecules of someisiBeaitadiene is

less polarizable and less anisotropic than the trans isomer.

Introduction do not display entirely satisfactory agreement. Therefore, we
decided to obtain an accurate description of the dipole polar-

The rational approach to the interpretation of a wide range .~~~ - . o .
of phenomena relies almost exclusively on the accurate deter-!zab'“ty tensora. of 1,3-butadiene by combination of refractive

mination of the distortion of atoms and molecules in the presence index measurements, light-scattering experiments, and quantum

of an electric fieldt The theory of electric polarizability reduces Chef“'ca' at_) initio calculations. To obtain information a_bout the_
the description of these distortions to permanent molecular honinteracting molecule, all measurements are ca_rrled out in
properties, the electric polarizabilities, and hyperpolarizabilities. the gas phase. In the quantum chemlcallpart of this endgavor
Of all these properties the dipole polarizability emerges as one we C.O”.S'def all factors affecting the quality Of. the theoretical
of universal importance. In addition to classes of phenomena predictions. Basis set and eIectrqn cp_rfelatlon effects, the
related to intermolecular interactioRslectron scatteringand dependence of the calculated_ polarizabilities on the molecular
optics? the dipole polarizability is also linked to atomic/ geometry, are carefully examined and analyzed.

molecular characteristics as softness and haréress elec-

tronegativity® The experimental and theoretical determination Theory
of dipole polarizabilities is currently a field expanding with General Theoretical ConsiderationsIf a molecule is placed
considerable forcé. in a very weak, homogeneous electric figldt acquires a dipole

In this paper we focus our attention on 1,3-butadiene, an momentz,
important substance in many fields of natural sciences ranging L =
from chemical technologyto photoelectron spectroscopyn u=a-E 1)
addition, the current interest in the optics of polyene chains has
prompted several investigations of the electric properties of such
systemdg?11 Understandably, its physicochemical properties
should be known as accurately as possible. However, an
examination of the available values reveals inconsistencies that’
may be attributed to a variety of reasons. Gas-phase measure- 1
ments of the dispersion of the mean dipole polarizaBfliand a= é(axx + oy, ay) (2
rigorous quantum chemical studies by Karna et®Norman
et al.}* and Rozyczko et &P based on ab initio calculations

whered. is the dipole-dipole polarizability tensor. The invari-
ants ofé are the mean dipole polarizability and the dipole
polarizability anisotropyAa, which are given asx(y, andz
efer to the principal axes of the molecule)

(Aa)? = [%(3&:& - 9(12)] 3)

T Author for correspondence for the theoretical part.
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ization ratiop(w), wherew is the frequency of the light is
the density, and the temperature.

— NA
n(.dT) — 1= 7 a()d (4)

[ 3Aa?(w)

IV 450%(w) + 4Aa%(0)

p(w) = )

In eq 4 it is assumed that the light is scattered at right angle
and that the scattered intensities (depolarized component)
and IV (polarized component) include only the Rayleigh
(=unshifted) and rotational Raman lines. These requirements
have been discussed in detail by Bridge and Buckingtafith
regard to egs 4 and 5, combination of refractive index and light-
scattering experiments provides a suitable method for obtaining
the polarizability anisotropy of molecules.

Computational Strategy

The calculation of the dipole polarizability of butadiene in
this paper relies on the finite-field methétlMore detailed

descriptions of our method and emphasis on the computational

aspects may be found in previous wa#k2> The energy of an
uncharged molecule in a homogeneous electric field can be
written ag-26

— 0
EP = E” — 4 Fy — (U2)sF s — (L), FoF4F, —
(1124 o5, 5F oF 5F Fs + ... (6)

i
whereE? is the energy of the unperturbed moleciig the field

at the origin, andiy, 0, fusy, andyas,s the dipole moment,
polarizability, and dipole hyperpolarizabilities (the repeated
Greek subscript implies summation over the Cartesian coordi-
natesx, y, andz). For molecules witlCy, (trans-1,3-butadiene)
symmetry the dipole polarizability tensot,s has four inde-
pendent components and fGg, symmetry €is-1,3-butadiene)
three! Adopting the molecular orientation shown in Figure 1,
we specify the dipole polarizability dfans-butadiene by the
Oxx Oyy Ozz and oy, components. Forcis-butadiene the
respective components awg, ayy, ando., It should be noted
that cis-butadiene has a permanent dipole moment along the
axis. Thus, using very weak fields, eq 6 reduces to

E(F,,0,0)~ E° — it,F, — (1/2)oF
E(OF,.0)~ E° — (1/2)o,,F,2
E(0,0F) ~ E° — (1/2)o,F; (7)

for cis-butadiene. Fields of strength &Fy, Fy, andF; are
applied, and the relevant dipole moment and polarizability
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Figure 1. Molecular geometry ofis- andtrans-butadiene with atomic
charges obtained from a Mulliken population analysis with a near-
Hartree-Fock quality basis set (GI molecular geometry; see text).

elsewheré’—33 We emphasize the point that we lean heavily
on the predictive capability of CC techniqd&s® in order to
reach reliable conclusions. We use the computationally less
expensive MP techniques whenever CC calculations are not
feasible. The most accurate method used in this work is
CCSD(T), single and double excitation coupled cluster theory
with an estimate of connected triple excitations obtained via a
perturbational treatment. We use a uniform notation for the
energy, the dipole moment, and the polarizability components.
Thus, for the CC methods,

CCSD(T)= CCSD+ T 9)

The various orders of MP are hierarchically defined as

MP2 = SCF+ D2
MP3= MP2+ D3
DQ-MP4= MP3+ D4 + QR4= MP3+ DQ4
SDQ-MP4= DQ-MP4+ S4
MP4 = SDQ-MP4+ T4
= SCF+ D2+ D3+ S4+ D4+ T4+ Q4+ R4 (10)

components are extracted from the perturbed molecular energies.

For trans-butadieneu, = B3, = 0 and

EP~ E° — (1/2)a,4F,Fy (8)
The oy, ayy, ando;components are obtained from calculations
with electric fields 0Fy, Fy, andF,, while oy, is obtained from
calculations with cross fields.

Equations 7 and 8 are used for the calculation of self-
consistent field (SCF) and correlated calculations. Electron
correlation effects are accounted for via many-body perturbation
theory (MP) and coupled cluster techniques (CC). A detailed
presentation of these powerful computational tools may be found

The fourth-order terms in eq 10 are contributions from single
(S4), double (D4), triple (T4), and quadruple (Q4) substitutions
from the reference zeroth-order wave function, and R4 is the
renormalization term.

Itis obvious that similar expansions hold for the mean dipole
polarizability a, since it is defined as a linear combination of
Oxx Oyy, andoy, The anisotropyAa, defined by eq 3 or more
explicitly as
Aa= (L12) (04— 0,)° + (o, — ) +

(azz_ xx)2 + 6axzz] v (11)
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TABLE 1: Dipole Polarizability of cis-Butadiene Obtained at the GI Geometry (See Tex®)

basis set method Uz Olxx Oy Ozz o Aa

CO [5s3p2d/3s2p] SCF 0.009 52.06 36.23 66.21 51.50 25.97
MP2 0.012 51.32 36.45 64.05 50.61 23.92
MP3 0.019 50.76 35.66 62.38 49.60 23.21
DQ-MP4 0.015 50.53 35.35 61.53 49.14 22.76
SDQ-MP4 0.016 50.88 35.40 62.33 49.54 23.41
MP4 0.017 51.28 35.96 63.48 50.24 23.89
CCsD 0.015 50.78 35.34 62.30 49.47 23.44
CCSD(T) 0.016 51.03 35.68 63.04 49.92 23.75

C1 [5s3p2d/3s2pld] SCF 0.008 52.04 36.28 66.22 51.52 25.94
MP2 0.018 51.38 36.51 64.20 50.70 24.00
MP3 0.024 50.81 35.68 62.54 49.67 23.32
DQ-MP4 0.020 50.57 35.37 61.69 49.21 22.88
SDQ-MP4 0.021 50.92 35.42 62.48 49.61 23.52
MP4 0.022 51.33 36.00 63.65 50.33 24.00

C2 [5s3p3d1f/3s2pld] SCF 0.007 52.26 36.26 66.67 51.73 26.35

3All values in atomic units. Conversion factors to Sl units: dipole momeftea = 8.478358x 107° C m; dipole polarizabilityo, 1 €?a’En*
= 1.648778x 1074 C? m? J°L.

will be obtained at any level of theory by inserting in eq 11 the  Molecular Geometries. All calculations forcis-butadiene

relevant quantities fotuy, oy, 0zz and oy were performed at the theoretical geometry calculated by
All calculations in this work were performed with the Kirtman et al?®® defined byR(C;—Cy') = 1.483 A, R(C;—Cy)
Gaussian 9¥ and Gaussian 98 programs. =1.321 A,R(C;—H3) = 1.081 A R(C,—H,) = 1.078 A|R(C,—

Basis Setslt is hard to overemphasize the importance of Hs) = 1.079 A, 0(Cy'—Ci1—Hs) = 115.3, 0(C,/'—C1—C,) =
basis set selection in polarizability calculations. Various aspects 125.5, [1(C;—C,—Hs) = 122.2, andd(Hs—C,—Hg) = 116.0.
of this subject have been brought forth by many autfdré This geometry, either for the cis or the trans isomer, is denoted
In this work we have used as a starting point a substrate as Gl.

consisting of a (9s6p) primitive set of Gaussian type functions  The molecular geometry ofransbutadiene has attracted
(GTF) contracted to [4s2p] for carbon and a (4s)[2s] set for considerable attention. Molecular property calculations pertain
hydrogerf* The performance of this substrate has been suc- to theoretically determined geometries, sets of data derived
cessfully tested in previous wofR:49 Butadiene is a fairly large  partially from experimental efforts or model geometries. This
molecule. We have performed a very detailed optimization in diversity renders comparisons of polarizability data extremely
order to obtain the best possible results in the most economicaldificult. The GI geometry fortrans-butadiené® is defined as
way. The initial substrate of [4s2p/2s] was augmented to [5s3p/ R(C;—Cy') = 1.468 A, R(C;—C,) = 1.321 A, R(C1—Hs3) =

3s] by adding diffuse s- and p-GTF on both atoms. Next, we 1,080 A ,R(C,—H,) = 1.081 A R(C,—Hs) = 1.079 A, 0(C,/—
added d-GTF on carbon and p-GTF on hydrogen with exponentsC,—Hz) = 116.3, 0(Cy'—C;—Cp) = 124.7, 0(C;—Cyo—Hs)
chosen to minimize the total energy of the molecule. The = 122.¢, and(Hs—C,—Hj) = 116.2. We have adopted the
resulting [5s3pld/3s1p] basis set was further augmented toexperimental geometry of Haugen and TraetteBéas it has
[5s3p2d/3s2p] with d-GTF (C) and p-GTF (H) with exponents heen used by many authors. This geometry is define(By—
chosen to maximize the mean dipole polarizability The Cy') = 1.467 A, R(C;—C,) = 1.343 A, R(C—H) = 1.094 A,
exponents of the added GTF are not the same for all carbon or[j(Cy'—C;—Hs) = 117.7, 0(Cy' —C1—Cy) = 122.8, and1(C,—
hydrogen atoms. The optimization proceeded systematically for C,—Hs) = 119.5. This geometry is denoted as Gll. We have
all equivalent pairs of atoms (see Figure 1). We started from also obtained a third molecular geometry at the MP2/[5s3p1d/
the G,Cy' pair, proceeded to £, and continued with the  3s1p] level of theory, where the [5s3p1d/3slp] basis set has
hydrogen atom pairs $Hg', then H,H4', and finally H;,Hs'. been obtained from TO by deleting the most diffuse d-GTF on
The optimization produced two basis sets COdisrbutadiene  carbon and the most diffuse p-GTF on hydrogen. This geometry,
and TO fortrans-butadiene, both consisting of 150 CGTF. These denoted GllI, is defined bR(C;—Cy') = 1.4618 A,R(C1—C))
basis sets are fully presented in Table 7. From CO and TO we = 1,3516 A R(C;—H3) = 1.0868 A R(C,—Hs) = 1.0833 A,
derived C1 and T1 by adding on all hydrogen atoms one d-GTF R(C,—Hs) = 1.0813 A,[J(Cy'—C;—H3) = 117.0, 0(Cy'—C,—

with exponent equal to that of the most diffuse (that is, optimized C,) = 123.%, 0(C;—C,—Hs) = 121.5, and(Hs—Cy—Hg) =

for o) p-GTF. The largest basis set for both isomers is 117.5.

[5s3p3d1f/3s2pld], consisting of 228 CGTF. This setis obtained  \y/e judge it worth mentioning that other experimental
from C1 and T1 by adding d-GTF on all carbon atoms with

geometries present small differences for certain paranfé@téfs.
exponents computed as

An interesting study of the molecular geometry wans

dife o butadiene has been reported by Brunger &8 al.
14 = n4(diffuse 77“(|_—use) (12) Ab Initio Results. cis-ButadieneThe molecular properties
n4tight) of cis-butadiene were calculated at the GI geometry and are

displayed in Table 1. We also show in Figure 1 the results of
The nq(tight) andnq(diffuse) in eq 12 are the exponents of the a Mulliken population analysis obtained with basis C2 at the
d-GTF on carbon optimized for the total energy and the mean Gl geometry, a strong indication of the complexity of the charge
dipole polarizability, respectively, as described above. Two distribution for such a polyatomic molecule. CCSD(T) calcula-
additional basis sets were constructedtfans-butadiene, TO1 tions were performed with CO, MP4 with C1, and SCF with
= [5s3p3d/3s2p] and TO2 [5s3p3d/3s3p]. Both basis sets were the large C2 basis set. We expect the C2 basis set to yield SCF
obtained from TO following the algorithm of eq 12 for the values close to the Hartre€ock limit for all properties. The
d-GTF on carbon or a similar one for the p-GTF on hydrogen. C2 values fou/ea and as/€?a’Ent areu, = 0.007, 0 =
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TABLE 2: Analysis of Electron Correlation Effects on the
Dipole Polarizability (os/€?a’Er~2) of trans-Butadiene at the
Experimental Molecular Geometry (Gll; See Textp

Maroulis et al.

TABLE 4: Dependence of the Dipole Polarizability of
trans-Butadiene on the Length of the C-C Bond around its
Experimental Value of 1.467 &

method Olxx Qyy Oz Olxz a Ao (Re-c — 1.467)/A  axx oy 0y Oz a Ao
SCF 48.20 37.70 85.35—-12.35 57.08 48.35 —0.10 4753 37.35 90.05—-12.98 58.31 53.38
D2 —0.10 0.00 —6.74 439 —2.28 —0.05 47.86 37.53 87.43-12.66 57.60 50.62
D3 -0.56 -081 -—-2.06 -0.14 -1.14 0 48.20 37.70 85.35—-12.35 57.08 48.35
S4 0.35 0.05 1.37 —0.42 0.59 0.05 4855 37.88 83.79—-12.04 56.74 46.55
D4 —0.22 -0.21 -1.66 0.64 —0.70 0.10 4890 38.05 82.74—-11.73 56.56 45.20
-(5??4 %%‘5 _81517 01'4237 _0(21'37 001.Z6 a All other parameters of the Gll geometry were kept fixed. SCF
ACCSD  —056 -115 -8.69 384 —3.47 results calculated with basis set 9 [5s3p2d/3s2p]. All values in
T 035 033 059 029 042 atomic units.
MP2 48.09 37.70 78.61 —7.96 5480 39.32 . .
MP3 47.54 36.89 76.55 —8.10 53.66 38.22 polarlzabllltles arex/ezaoth’l =57.08 (TO), 57.29 (TOl), 57.26
DQ-MP4 4731 36.57 7532 —7.92 53.07 37.27 (T02), 57.12 (T1), and 57.34 (T2). The maximum difference is
SDQ-MP4  47.66 36.62 76.69 —8.35 53.66 38.65 0.26, representing an agreement better than 1% in all cases.
'(\:/'(F:’gD ‘E—%}% :;2%% 772-%% *g-gg gg-gi gg-%g For the anisotropy\o/e?ap?En~ = 48.35 (T0), 48.57 (TO1),
CCSD(T) 4799 3689 7794 —822 5404 3881 48.53 (T02), 48.47 (T1), and 48.49 (T2). The stability of these

aBasis set TO= [5s3p2d/3s2p] (150 CGTF). The four innermost
molecular orbitals were kept frozen. All values in atomic units.

TABLE 3: Dependence of the Dipole Polarizability of
trans-Butadiene on the Length of the G=C Bond around its
Experimental Value of 1.343 &

(Ro=c — 1.343)/A o  ay Oz Oz a Ao
—0.10 46.09 34.11 70.59 —8.77 50.26 35.61
—0.05 47.09 35.88 77.38—10.44 53.45 41.34

0 48.20 37.70 85.35 —-12.35 57.08 48.35
0.05 49.38 39.55 94.64-14.52 61.19 56.76
0.10 50.64 41.42 105.43-16.95 65.83 66.74

a All other parameters of the Gll geometry were kept fixed. SCF
results calculated with basis set E9 [5s3p2d/3s2p]. All values in
atomic units.

52.26,ayy = 36.26,0,, = 66.67,a0. = 51.73, andAo. = 26.35.
The CO and C1 give SCF values very close to the above.
Agreement is significantly better than 1% for all components
of the dipole polarizability. Electron correlation doubles the
dipole moment otis-butadiene, but the final value is very small,
close to 0.02. The effect is of the opposite sign for the dipole
polarizability. The CCSD(T)/CO valuesyx = 51.03, ayy =
35.68,0,;, = 63.04 are 1.4, 1.5, and 4.8%, respectively, lower
than the SCF values of values, = 52.06,0yy = 36.23,0,; =

66.21. Consequently, a small reduction is also observed for the

meana and the anisotroppa.. The enlargement of the CO basis

set to C1 does not entail a significant change for the electron

correlation effects of the dipole polarizability ofs-butadiene.
trans-Butadiene Our efforts for transbutadiene comprise
calculations with five basis sets (T0O, TO1, T02, T1, and T2) at
three molecular geometries (Gl, GlI, and Glll). CCSD(T)
calculations were performed with basis TO at all three geom-
etries. The results of a Mulliken population analysis obtained
with basis TO at the Gl geometry are shown in Figur® n

Table 2 we present an analysis of electron correlation effects

obtained with TO at the CCSD(T) level of theory and the GlI

geometry. We have examined closely the dependence of the

dipole polarizability on the length of the=€C (Table 3) and
C—C (Table 4) bonds, keeping all other molecular parameters

fixed in both cases. In Table 5 we have collected a large amount

values (Ao is a quantity more basis set sensitive thausupports
strongly our claim to near-Hartred-ock quality for the basis
sets constructed in this work.

The analysis of the electron correlation effects on the
components of the dipole polarizability tans-butadiene for
the experimental geometry Gll reveals several important facts.
Electron correlation reducesy, oy, ando;and the magnitude
of the negativeoy, The convergence of the MP series is
satisfactory for thea,, but very slow for the other two
componentsiy andayy. The total second-, third-, and fourth-
order MP correction for the out-of-plane componemnjy/
€?a’En1is 0.00,—0.81, and 0.30, respectively. The CCSD(T)
value ofoyy is 36.89, just 2.1% lower than the SCF result of
37.70 e2ay’E, L. The effect is even smaller for theu
component. Overall, at Gll, the mean polarizabititig?a?E, 1
decreases from 57.08 (SCF) to 54.04 (CCSD(T)), a reduction
of 5.4%. The reduction is more important for the anisotropy
Aa. The CCSD(T) value is 38.81, or 19.7% lower than the SCF
of 48.35€a,°E, L. Extending our observations, we note that
the total electron correlation correction EGE CCSD(T) —
SCF for the mean polarizabilitg/e?a®Er 1 varies with the
molecular geometry as-2.48 (Gl), —3.04 (Gll), and—3.41
(GlIl). For the anisotropyAa/e?ap?En~t we have—8.28 (Gl),
—9.54 (Gll), and—10.14 (GlIl). This strong dependence of the
ECC on the molecular geometry renders the comparison of
theoretical values calculated at significantly different geometries
difficult if not meaningless. To complete this part of the
discussion, we consider the effect of specific molecular geometry
parameters on the dipole polarizability. In Table 3 we display
SCF/TO0 values calculated at five differer&=C bond lengths,
with the experimental value as reference and keeping all other
parameters fixed. We see that the component most affected is
0z varying from 70.59 to 105.4&a,°E, L. The mean increases
strongly, but the increase of the anisotropy is even more
impressive. Their variation with respect te=C bond length
change is (all quantities in atomic units)

o(Re—o)/€°a,’E, = 57.08+ 40.88AR + 27.0AR’ +
8.8NR® (13)

of data for the electron correlation effects on the dipole A0(Re_o)/€ay’E, ! = 48.35+ 81.34AR + 79.2IAR’ +

polarizability at all three geometries. A first comparison of the
results for the GI geometry indicates ti@ns-butadiene is more

28.6AR® (14)

polarizable and more anisotropic than the cis isomer. For all whereAR = Rc—c — 2.537902 inay.
three geometries, T2 should be expected to provide reliable SCF The dependence of the dipole polarizability on the@bond

results, close to the respective Hartréeck limits. For GlI

length (Table 4) is less pronounced. Battand Aa. decrease

we have employed five basis sets. The SCF mean dipolewith Rc—¢c and
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TABLE 5: Basis Set and Electron Correlation Effects on the Dipole Polarizability oftrans-Butadiene for All Molecular
Geometries Considered in This Work

basis set method Olyx Olyy Ozz Oz o Aa
Molecular Geometry Gl
TO [5s3p2d/3s2p] SCF 46.69 36.79 82.16 —11.99 55.21 46.25
MP4 46.46 36.28 74.92 —8.24 52.55 38.32
CCSD 46.34 35.82 74.75 —8.60 52.30 37.92
CcCsD(T) 46.69 36.16 75.34 -8.34 52.73 37.97
T1 [5s3p2d/3s2pld] SCF 46.63 36.82 82.28 —-11.99 55.24 46.35
MP4 46.81 36.48 76.34 —8.26 53.21 38.57
T2 [5s3p3d1f/3s2pld] SCF 46.97 36.85 82.51 —11.90 55.44 46.37
Molecular Geometry GlI
TO [5s3p2d/3s2p] SCF 48.20 37.70 85.35 —12.35 57.08 48.35
MP4 48.10 37.20 77.96 —8.08 54.42 39.13
CCSD 47.63 36.56 76.65 —8.51 53.61 38.78
CCSD(T) 47.99 36.89 77.24 —8.22 54.04 38.81
TO1 [5s3p3d/3s2p] SCF 48.54 37.65 85.66 —12.36 57.29 48.57
MP4 48.38 37.27 78.19 —8.02 54.61 39.20
TO2 [5s3p3d/3s3p] SCF 48.50 37.67 85.62 —12.36 57.26 48.53
SDQ-MP4 47.84 36.73 76.92 —8.35 53.83 38.75
T1 [5s3p2d/3s2pld] SCF 48.15 37.74 85.48 —-12.37 57.12 48.47
MP4 48.10 37.23 78.25 —8.10 54.53 39.39
T2 [5s3p3d1f/3s2pld] SCF 48.51 37.78 85.73 —12.26 57.34 48.49
Molecular Geometry GllI
TO [5s3p2d/3s2p] SCF 47.67 37.91 87.27 —-13.12 57.62 50.66
MP4 47.49 37.27 79.01 —8.59 54.59 38.52
CCSD 47.04 36.64 77.75 —9.05 53.81 40.02
CCSD(T) 47.38 36.96 78.30 —8.74 54.21 40.52
T2 [5s3p3d1f/3s2pld] SCF 48.00 37.98 87.65 —13.03 57.88 50.78
2 All values in atomic units.
o(Re_o)/€°a, E, * = 57.08-4.52AR + 9.92AR? — The rest of the apparatus was a slightly modified conventional
i~ Raman spectrometer (model Coderg LRT800). The perpendicu-
2.96AR" (15) larly scattered light was collected by a lens and focused on the

_ entrance slit of the triple monochromator, which was driven by
Aa(RC—C)/eZaOZEh "= 48.35-21.50R + 26.32AR’ — an electronically controlled stepper motor. The minimum step
3.95AR? (16) width was'/s cm™L. The width of the entrance and exit slits of
the monochromator were varied between 30 and 800 and
whereAR= Rc_c — 2.772228 inay. Equations 13-16 provide the two inner slits were fixed at 6Qom. The detection system
strong indication that the<€€C bond length affects strongly the — consisted of an RCA C31034A photomultiplier tube (PMT)
dipole polarizability and that even small variations of this operating at 1550 V and cooled t620 °C. We operated the
parameter might be responsible for significant changes in the system in the photon-counting mode. The linearity of the whole

calculated values. system used is ensured below 9000 counts/s. The laser power
was adjusted accordingly.
Experiment The scattering cell was a cylinder 23 cm in length with an

inner diameter of 3 cm. It was made of stainless steel. The three

Experimental Setup. Depolarization ratios were measured entrance and exit windows had a diameter of 1.25 cm and a
at 514.5 nm using a Spectra Physics Aaser (model Stabilite  thickness of 0.3 cm. To ensure a dark background of the field
2017-06S) operated in the single-line mode. The beam diameterof view of the PMT, a Wood’s horn, which was made out of
was 1.4 mm and the beam divergence.10perating the laser  blackened glass, was positioned opposite the viewing window.
in power mode gave a stability af0.5% of the output power.  Four light baffles were placed inside the cell in order to reduce
The output power was set between 200 and 1800 mW. stray light produced by the scattering cell. Like Coulfigye

The beam was focused into the scattering volume using adid not use windows set under the Brewster angle for the
biconvex lens (focal length of 50 cm). The resulting beam entrance and exit of the laser beam. This setup is different from
divergence is less than '14nd, therefore, introduces a negligible most other scattering cells used in these types of light-scattering
error in p.18 The plane of vibration of the incoming light can ~ experimentd®°#%% In our case the use of Brewster angle
be rotated by 90using a half-wave plate. The GlaiThompson windows is clearly permitted by rotating the plane of polarization
polarizer (extinction ratio of<1076) was rotated in the same  Of the incoming laser beam rather than the scattered laser beam.
manner so that either vertically or horizontally polarized laser  The light-scattering cell was connected via standard stainless
light entered the scattering cell. The analyzer has an extinction steel tubing with a high-precision pressure transducer (model
ratio of better than 1® and remained fixed in the vertical ~MKS-Baratron model 690A), vacuum pump (Edwards E2MI.5),
position throughout all of the experiments. This procedure and the gas handling system. The gaseous samples were passed
excluded errors caused by a different sensitivity of the photo- through a filter with a pore size of 0,6m (Nupro 6-TF) to
multiplier tube and the monochromator with respect to the plane ensure dust-free samples. The whole apparatus could be
of polarization of the scattered light. The plane of polarization evacuated to less than 1 Pa. The temperature of the cell was
of the laser light and the relative positions of the polarizer and determined by means of a standard Ni@Gli thermocouple to
analyzer were determined with a method described by Cobling. 40.I K.
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Performance of the MeasurementsThe scattering cell was P(Vo) = Pex(Vo) — Po(Vo) (21)
filled with the gaseous sample up to a maximum presprpeg
of 1(° Pa. Argon (purity,>99.993%), krypton (purity;- 99.99%), Experimental Results
and 1,3-butadiene (purity; 99.5%), all supplied by Linde AG,
Germany, were used without further purification. In the pressure
range used, it was sufficient to calculate the dendityf the
gaseous samples according to

In contrast to most other experimental investigations of laser
light scattered by gasE?-60.65-65 in our experiments, the
scattered light is recorded spectrally resolved. This procedure
ensures that contributions due to Rayleigh scattering and

p p rotational Raman scattering are included in the scattered intensity
d= (R_T)(l - B(T)(R_T)) 17) and, on the other hand, that contributions due to vibrational
Raman scattering are excluded. We did not use interference
wherep is the pressureT the temperatureR the gas constant, ~ filters in order to delete vibrational Raman scattering. Rowell
andB(T) is the secondg( V, T) virial coefficient. In the case of €t al®® have pointed out that these filters can cause substantial
1,3-butadieneB(T) was taken from Hohm and Tmper® In Ipss of _rotatlonal Raman intensity, resulting in low depolarlz_a-
the case of Ar and Kr, we use the tables given by Kerl. tion ratio. However, this decrease was not detectepl by ‘EREII’..

For each gas, spectrally resolved polarized and depolarizedAfter thorough alignment of the apparatus a depolarization ratio
light-scattering spectra were recorded at six or seven different Of po(vo) = 1.39(11)x 10-*was recorded for argon and krypton.
densities in the range between 0 ahgy To this end arange ~ This ratio was essentially the same for both of t_he two rare
Avimin—Avmax Was scanned with a step width of the triple 9asespo was independent of the entrance and exit slit widths
monochromator oA(Av) = Ygcm™. Av = vo — vis measured ~ Of the monochromator, which were varied between 50 and 300
relative to the excitation linevy = 19436.3 cm' is the M. Atthe maximum pressure of 1Ba the magnitude gfo(vo)
wavenumber of the incoming laser light. The wavelength range determined in our experiments is completely attributable to
scanned in our experiments was symmetric with respect to the deficiencies of the scattering cell. Measurable contributions due
laser line EAvmin = Avmay). We ChoSeAvma in accordance 10 cqllision-ind_uced Iight-_s_cattering are known to occur at
with the requirement that scattering due to rotational Raman considerably higher densities. Tipg(vo) of the rare gases is
lines is included, however scattering due to vibrational Raman Much larger than reported by other investigators, where it ranges
lines is excluded in the recorded spectrum. The integration time from 1.5x 1075 #4to 2.8 x 107458 The experimentally recorded
at each wavenumber shifty was 4 s. Each spectrum analyzed po May be due to small misalignment of the parallel entrance
is the arithmetic mean of four recordings. The total recording @nd exit windows of the scattering cell. Owing to the good
time of the whole light-scattering spectrum at a given density eproducibility ofpo(vo), we use this quantity as a correction to

d was four and a half hour. the actual recorded scattered intengityy(vo) of 1,3-butadiene
Let | HV)(Av,d) be the count rate recorded at densitand (€€ eq 21). _ o
wavenumber shiftAv in the horizontal £depolarized, H) or In the case of the 1,3-butadiene a slit width between 30 and

vertical (=polarized, V) position of the polarizer. The integrated 50#m is used in our experiments. The laser power is adjusted
(=Rayleigh plus rotational Raman scattering) scattered intensity t0 1800 mW in the case of the depolar measurements and 200
[HV) 400 mW in the case of the polar measurements. The maximum

o (o) Is given by density used isl < 40 mol n3. The range of the wavenumber

shift was set taAvmax = 80 cnT L. A typical plot of the density

and wavenumber-shift dependence of the depolarized scattered

intensitylH(Av,d) is shown in Figure 2, and the resulting density
wherel")(Av,d) is the background intensity$")(Av,d) dependence of the integrated total scattered interSjty/-

includes mainly the dark-count of the photomultiplier tube. In  (vo,d) is illustrated in Figure 3.

all of our experiments a linear relationship between the total In total we have performed six independent measurements

) = [ (Av,d) — I8V (AY,d] d(Av) (18)

Aviin

scattered intensity and the density according to of the density dependence of the integrated scattered intensity
18V (1o,d) of 1,3-butadiene. From these measurements we
18V, d) = A"V () + B*V(wo)d (19) obtain a mean measured depolarization ratiopgf(vo) =

0.0354(25). With regard to eq 21 we yield the depolarization

was obtained. Obviously, the sensitivity of our apparatus was ratio of 1,3-butadiene ag(vo) = pexp(vo) — po(vo) = 0.0340-
not high enough in order to detect collision-induced effects at (26). Once we knovp(vo) anda(vo), we are able to deduce the
these low pressures, although the observation of collision- Polarizability anisotropyAa(vo) of 1,3-butadiene. The frequency
induced light-scattering of atoms and globular molecules at dependence of the mean dipole polarizability of 1,3-butadiene
pressures around 1 atm has been reported by Watson andias been determined by Hohm andfipe?in the wavelength
Rowell 62 range between 633 and 325 nm. From a fit of the polarizability
The experimentally determined depolarization ratigyvo) data we obtain a mean dipole polarizabilityafro) = 58.166-
is calculated via the ratio (58) €2a’Er 1. According to eq 4, a polarizability anisotropy
of Aa(vg) = 42.5(1.7)€%a’En 1 is obtained for gaseous 1,3-
BH(VO) butadiene aT ~ 296 K and wavenumbeary = 19436.3 cm?.
v (20) Our light-scattering and refractive index measureniémtere
B (vo) carried out with an equilibrium mixture dfans andcis-1,3-
butadiene. However, there is strong evidence that at the
where the coefficientB"(vo) andBY(vg) were determined by a  temperatures used in our experiment £ 296 K) the
least-squares fit analysis according to eq 19. Taking into accountconcentration o€is-1,3-butadiene is very low. This species has
the experimentally determined nonvanishing depolarization ratio been detected neither in photoelectron spectroscopic experi-
po(vo) of the noble gases Ar and Kr, we obtain the depolarization ment$-%¢ nor in rotational Raman spectta%8 Additionally, we
ratio p(vo) of the 1,3-butadiene sample a did not observe the strong and polarized vibrational Raman

Pexp(VO) =
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Figure 2. Depolarized light-scattering spectra of 1,3-butadiene recorded
atT ~ 296 K.

i v /,//
el
59 v, ‘
— P
—zs 6 \ e e IH(XIO)
Et./ V ,,,,//l . s 10 )
2z, 3 : S
o | B |
0 10 20 m -
d/mol m‘3

Figure 3. Density dependence of the integrated scattered intensity
189 (30,d) of 1,3-butadiene: M) polarized scattered intensity']; (®)
depolarized scattered intensity'), The latter was obtained from the
curve shown in Figure 2. The solid lines were calculated from linear
least-squares fits.

transition ofcis-1,3-butadiene, which should be present in the
vicinity of Av = 200 cn11.8? It has been shown by Squillacote
et al’® that thermally generatezs-1,3-butadiene trapped at 30
K rapidly transforms intdrans-1,3-butadiene when heated to
60 K. From experimental investigations and theoretical calcula-

tions it can be concluded that the energy difference between

cis- andtrans|,3-butadiene falls in the range between 10.4 and
13.0 kJ mol'.70 This gives a mole fraction of 0.986 x <
0.995 oftrans-1,3-butadiene. Thereforeis-1,3-butadiene can
be regarded as an impurity with a mole-fractiorxgf< 0.014.

This leads to a small correction of the measured depolarization

ratio p(vo) according to

aTZAaCZ - (ICZA(ITz

(4502 + 4A0,2)?

pr(vo) ~ p(vg) — 135¢> (22)

where the subscript “T” stands for the trans and “C” for the cis
isomer. Althougha and Ao are to be evaluated aty, we
estimate the influence of the impurigis-1,3-butadiene using
the calculated data at = O (see below). The correction g
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TABLE 6: Theoretical Predictions and Experimental
Predictions for the Dipole Polarizability of trans-Butadiene
(All Values in Atomic Units)

method Oxx Oy Oy Oz a Aa
Theory
CPHP 4454 36.97 85.72 —7.67 55.74 47.34
CPHP 42.79 32.32 87.77 —9.24 53.26 50.73
TDCHF 43.26 33.34 89.42 —9.79 55.34 54.54
DFTY 52.30 37.25 87.86 59.14
DHF® 46.53 37.04 85.84 56.47
TDHF 45.70 30.00 84.50 53.40
CCsD 44.40 30.10 71.60 48.70
TDHFY 46.90 36.40 85.50 56.27
MP2 46.50 36.10 78.50 53.70
TDHF 52.04 50.29
CCsD 48.79 35.24
EOM-CCSD 49.78 36.26
SCH 48.51 37.78 85.73—-12.26 57.34 48.49
SDQ-MP4  47.84 36.73 76.92 —8.35 53.83 38.75
MP4K 48.38 37.27 78.19 —8.02 54.61 39.20
CCSD(T) 47.99 36.89 77.24 —8.22 54.04 38.81
Experiment
54.64" 39.5+ 2.7

aHurst et al’* Basis set L at a RHF/6-31G theoretical geometry.
bHurst et all* with a 6-31G+- PD basis set Karna et ak® Time-
dependent-coupled Hartre€ock at a theoretical geometry. Basis set
4-31 augmented with diffuse p- and d-GTF on carbbMlatsuzawa
and Dixon!? at a theoretical geometr§ Stout and Dykstr&® Derivative
Hartree-Fock theory at a model geometfyNorman et ak* Basis set
4-31(p,d) at an experimental geometfNorman et at® Basis set
ANO-2 at an experimental geometfyRozyczko et at® 6-31G
augmented with diffuse p- and d-GTF at an experimental geometry.
i Present investigation. Basis set [5s3p3d1f/3s2pRilesent investiga-
tion. Basis set [5s3p3d/3s3]Present investigation. Basis set [5s3p3d/
3s2p].! Present investigation. Basis set [5s3p2d/3s2pjohm and
Trimper?!? Static value, obtained from an extrapolation of refractivity
data to infinite wavelength Static limit estimated from a combination
of experimental results (this investigation) and theoretical findings for
the dispersion ofAa. See text.

An inspection of the available static polarizability results
reveals that most calculations have been performed with rather
small basis sets. Comparisons are rendered even more difficult,
since the calculations rarely pertain to a commonly used
molecular geometry. We have demonstrated in this work how
small differences in the geometrical parameters can lead to
substantial changes in the dipole polarizability components.
Accordingly, the SCF values af/€?a’E,, " and Aa/e?ag?En !
reported previously (displayed in Table 6) vary considerably.
Hurst et al’! obtained 55.74 and 47.34 (basis set L in their
paper) and 53.26 and 50.73 (basis set 6-8P®) at an RHF/
6-31G geometry. Karna et &l.employed a 4-31G basis set
augmented with diffuse p- and d-GTF on carbon to obtain 55.34
and 54.54. A density functional theory (DFT) calculation by
Matsuzawa and DixoR resulted in a mean polarizability value

amounts to less than 0.05% and, therefore, is completely ,¢ , — 59 14. The derivative Hartreeeock theory (DHF)

negligible. We conclude that all measured quantities refer to
the trans isomer of 1,3-butadiene.

Discussion and Conclusions

The experimental estimate of the static mean dipole polar-
izability of trans-butadiene isx = 54.64€?a,°E, L. This value
results from an extrapolation to infinite wavelength of refractiv-
ity data obtained by Hohm and Tmper!? The present
experimental investigation yields for the dipole polarizability
anisotropy a value oha. = 42.5(1.7)%a’Ey ! at 514.5 nm.
This value constitutes a useful guide for theoretical efforts. It
is now possible to provide a more rigorous analysis of the
available theoretical estimates of the dispersiomof

calculation by Stout and Dyksffagaveo = 56.47. The TDHF
results by Norman et &t and Rozyczko et &F are obtained
with small basis sets and lead to relatively small mean values.
Our SCF efforts converge convincingly to the E£J5s3p3d1f/
3s3pld] results. Our T2 values axe= 57.34 andAo. = 48.49
€?ay’En, L. The former value is in good agreement with the=
56.27 obtained by Norman et Hiwith a large (ANO-2 in their
work) basis set. The correlated values of Norman ét ahd
Rozyczko et al? for the mean dipole polarizability are lower
than ours. We note again the agreement of the MP2/ARO-2
valuea = 53.70 with our results. The CCSD and EOM-CCSD
anisotropy values reported by Rozyczko et’are lower than
ours. Observe that their CCSPo. = 35.24, corresponding to
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TABLE 7: Full Composition (Exponents and Contraction methods. We hope that the results reported in this work will
Coefficients) of the CO and TO Basis Sets guide further efforts in the right direction.
cis-butadiene trans-butadiene
substrate basis set CO basis set TO Acknowledgment. Financial support by the Fonds der
carbon Gand G’ Chemischen Industrie is gratefully acknowledged by U.H. and
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146.097 0.075411 D 0.107125 1.0 D 0.103550 1.0 measurements and Prof. G @ofor the permission to use the
‘11421"112;‘21 8-%32;2; b 0787684 ﬁllng Q'D 0784262 1.0 Raman spectrometer. The authors are grateful to both referees
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S 51477 1.0 Wand H' revised according to their suggestions, it has been considerably
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S 01533 1.0 P 0.223213 1.0 P 0.225480 1.0
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