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ABSTRACT

The completely optimized structures and harmome force fields of the s-frans(anti)-
and gaucie-isomers of 1,3-butadiene have been cocmputed :t the ab imitio Eartree—Fock
level using the 6-31G basis set. The gauche dihedrzl angle was found to be 3+ 8° from the
planar s-cis{syn)configuration of the 1,3-butadiene molecule. Seven scale factors for
correctiing the theoretical forze constants of the trans-isoinmer were calculated from the
expermmentsal frequencies of l:ght and heavy frans-1,3-hutadienes. The correction of the
gauche-butadiene forece fieid was then carried out using these scale faclors, znd the
vibrationzl problems were solved for gauche forms of C/H,. CD.CHCHCD,, C,D,.
1*CH,CHCH'*CH., and *CH,CHCHCH,. The totel assignmznt of the experimentzal vibra-
tional frequencies of these isotopomer: isgiven The conclusion drawn is that the guantum
mechanical geometry and the scaled quantum mechanical force field correcdy simulate
the structure and the experimental irequencies of the butadieae gauche-corformer

INTRODUCTION

Duning the last few years a series of stud:ies has been completed in which
many of the expenmental wibrational frequencies of the second rotational
isomeric form of 1,3-butadiene have besen observed {1—4]. However, the
suggested interpretations of the experimental spectrumm were different in
some cases [1—8]}. The analysis of the “hot’’ band progression of the Raman
active torsional overtone 2v,. of 1,3-butadiene allowed tha construction of a
potential energy curve of internal rotation around the central C—C bond [9] .-
This curve turmed out to be appiicable to the series of its isotopomers [10].
According to this experimental curve the second form of the C.H; moiecule
1s rotated about 237 from the planar s-cis-form(sy r-form) [9, 10] . The most
recent quantum mechanical calcul: tions give an anzle of internal rotation of
about 38° from the planzr s-cis-form [11—14]. The direct electron diffrac-
tion measurement does not allow the determination of the exact structure of
the second form [15].
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Calculations of the vibrational frequencies have been carried out for a
planar s-cts-form of 1,3-butadiene {3—8], the force constants being trans-
ferred in some cases from the s-trans-form force field [3, 4, 8] . A calculation
fo:- the geuche-form (40° from the planar cis-configuration) has also been
published; hcwever, the same force field was used as for the s-cis-configura-
ticn {4] which is probably the reason why its results practically coincided
with those on the cis-configuration calcuiation [4].

In this connection it is of interest to perform the quantum mechanical
computaticn of the structure and the harmonic force field of the second
rotational isomenc form of 1,3-butadiene and toc predict the vibrational
frequencies of tbis confonmer. This in turn can be used to faciitate the
assignment of the observed frequencies for this conformer.

METHOD CF COMPUTATION

The geometrical parameters and force constants of the irens- and gauche-
isomers of 1,3-butadiene were computed by the ab mitio Hartree—Fock
method using th2 6-31G basis set and gradient optimization [16] The
compietely optimized structural parameters of these two forms of 1,3-
butadier.e are gaven in Table 1.

At present, the combination of the theoretical and the experimental
information was accepted as usual practice in the force iield calculations of
homologous series of molecules (see, for example, ref 17). According to this
technigue the force fieids are calculated for a standard (calculated ab 1nitio
and then experimentally corrected) geometry. Further the force constants
are corrected by empirical scale factors. However, the main purpose of this
work is to predict the wvibrational frequencies of gauche-C,;Hg and to assign
those :that have been observed experimentally. Hence the transition to a

TABLE 1

Completely optimized geometry of trans- and geuche-1,3-butadiene

Parameter trans-C,H, gauche-C_H,
c=C= 13276 1 3266
c—C= 1 4645 4738
C—Hivnotermina)® 10726 10730
C—H s erminat® 1 0748 1.0741
c—H® 1.0767 10769
LC=C—CP ) 124.29 125.76

Lt C=C—Hgunscexmira® 121.7¢2 121.51
LC=C—H_ s sermina” 121.80 122.04
LC=C—Hb 119 55 118 89
Dihedral angle? oo 3478
Energy*© —154 864576 —154 859731

? Apgstrom .. s PDegrees “Atomic units.
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standard geometry was not made and force fields were computed for the
theoretical structures of the tragns- and gauche-isomers. The force constants
a2s obtamned in cartesian coordinates were transform ed into the internal vibra-
tional coordinstes in order to correct themr using =mpirical scale factors. As
internal coordinates, the local valence coordinates were chosen [18]. The
coupling force constants are small i1n these coorcinates, and 1t is easier to
assign the calculated frequencies by their wibrational forms (normal-mode
vectors, or eigenvectors). The definition of these coordinates for trens-1,3-
butadiene 1s given in ref. 17.

The scaling precedure has been previously described [5, 19]. It 1s a con-
gruent transformation of the force constant matne. The values of the scale
factors were obtained by minwmizing the weightzd mean-square deviation
between the calculated and the experirmental fundamental frequencies for
the {rans-form of light and heavy 1,3-butadiene using a program written by
Dr. G. Pongor The experimental vibrational freqquencies and their assign-
ment for the frans-conformers oi the C;Hgs and C.D¢ molecules are well
kno an since 14 isotopomers cf this molecule have bezn investigated [3, 20,
211 The values of the scale factors obtained are gven 1n Tablzs 2. As a
starting approximation, the scale factors used wers thase calculated for the
trans-form of 1,3-butadiene 1n ref 17 (see the last column in Table 2).

Correction of the theoretical force constant matrix of gauche-1,3-butadiene
was performed using the seven scale factors czlcula ;ed for the trans-
coniormer. The empirically corrected force constants obtained for the trans-
and gauche-forms of butadiene are given in Table:s 3 and 4. The vibrational
problems were solved with these force fields for the trans-isomers of C.H;
and C;D4 (Tzble 5) and the gaguche-isomers of C;Hg, C.:H.D., CaDs, 1,4-13C,-
C:H,, ard 1-'*C-C,H¢ (Table 6). The assignment cf the experimental freg-
uencies oi the gauche-conformer was carried out using data on the potenuial
eriergy distribution talung into account the isotopic shifts

TABLE 2

Optimized scale factors

Scale factor Basis set

6-31G 4 31C £-21G

{this work) [22] [17]
C—C stretch 0.8514 C.887—.909 0.9215
C=C stretch 07573 C 869—0.872 0 8657
C—H stretch 0.8301 C 881—0.850 08677
C=C—C, C=C—H in-plare 0.7944 €.793—0.816 0 8025
C—C torsion 2.2979 -= 1.085
C—H, =CH. wag 0.6706 C.718—0.746 07217
C=C twist 0 7980 € 793—0 516 0 7337
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TABLE 3

Scaled force constant matnx of trens-1,3-butadiene®

: 2 3 4 9 6 7 8
1 5 087
2 0 2589 8.521
3 0 29¢ —0 069 8.521
4 —0 004 0 c4e 0.007 5.209
5 —0.604 0 007 0.046 0.coz2 5.209
6 0.004 0.064 —0 1202 0.026 0.001 5.138
7 0 004 —0.0C2 0 054 0.001 0.026 cHa 5.138
5 0.034 0.068 0.019 0.015 -—0.001 090 0.011 5.048
S 0 054 0019 C 068 —0.001 0.015 0.911 0.0 0.0
10 0 211 0168 0.065 0 047 0.013 —5.059 —0.002 —0 150
1i 0 211 0 065 0.168 0 013 0 047 —0 002 —0.052¢ —0 048
12 0.180 —0 182 —0.011 0.009 —0.003 —0 027 ¢ 011 -0 0062
i3 €130 —0.011 —0.1384 —0 €03 0 009 G o111 —0.027 0.022
14 —0 Q95 —0.127 —0001 0.058 0.0 0.0326 0.001 —0 007
15 —0 005 —0 001 —0.197 (tN 0.058 0 001 0.066 —( 005
16 0.04% 0.008 0 009 0 097 0.002 —0.105 0.003 —0.035
17 004, 0 009 0 008 0.002 0 997 0.003 —0.105 —LC 0063
9 10 11 12 13 14 15 186
3 ~.048
10 —0 046 1.055
11 —0.150 0133 1 055
12 0.022 5005 —0 04 0.525
13 —0.002 —0 046 0 00b 0 037 0.525
14 —0.006 —G 012 —0.009%9 0.015 —0.001 0.447
15 —0 007 —0 009 —DoO12 —0 001 0.015 00 9 447
16 —0 003 0.083 0011 0 039 0.0 0 002 —0.00. 0 527
17 —0.035 0.n11 0 483 co 0 032 —35 001 0 002 0 003
17 8 19 20 21 22 23 24
17 g £27
18 u.02?
18 0003 0 24
20 0.003 —0 002 0.246
21 0.0 0 024 —0 003 0.232
22 00 —23 003 0 024 00 0.232
22 0.005 0.0 —0 C33 00 —0.004 0125
24 0.c05 —0013 0.0 —0 004 Q0 —0 004 0126

2For definition and order of \nternal coordinates see ref. 17

DISCUSSION

The calculated geometrical parameters of the two molecular forins corrob-

orate the changes which are expected when passing from 3 frans to a gauche-
conformer. An accentuation in the alternation of the caribon—carbon bonds



TABLE 4

Scaled force constant matrix of gouche-1 3-butadiene?
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1 2 3 = S 6 7 8

1 4,968

2 0.277 8.543

3 0277 —0.061 8 543

4 —0.003 0048 D002 5.190

5 —0.003 —0 002 0.048 ¢ 01 5190

6 —0.002 0.061 0.613 0.026 00 5166

7 —0.008 0.0i3 0 061 0.0 0.026 0 602 5.166

8 0.068 0.077 c.co2 0 015 0.005 —0.001 0.0 5034

9 0.068 06 003 0077 0.005 0.015 0.0 —0 001 0 015
10 0 266 0.181 —9.022 0.050 —0 008 —0 077 —0.011 —0.150
11 0.2.,6 —0 022 0.151 —5 008 0 050 —0 011 —0.077 0.041
12 0.186 —0.191 ¢ 024 0 09 0 007 —0.027 0002 —0 093
13 0186 0.922 —0 191 g 007 0.009 0 go2 —0 027 00
14 —0006 —0199 —9007 0.055 0.601 0.058 —0.001 —0.0277
15 —0005 —0007 —0199 0001 0.059 —0 001 0058 -C.Z.1
16 0.029 0010 —0003 0 0S5 0.002 —0 098 0,003 -0€.037
i7 0.029 —0 003 0010 G 002 0095 0.003 —0.098 0 008
18 0 009 0 018 0.018 —0 001 —0 001 0 001 5,001 —0012
ie -0 014 0.6 0 002 0 003 c.0 0.001 09001 —D.008
20 —0.014 0 004 50 no 0 0c3 0001 0 001 oo
21 —0 013 0002 0 003 o 002 0.001 —0.007 co 0.0
22 —0013 5.003 0 Q03 0 001 G 002 00 —(0.007 0.0
23 0.028 —0 001 0.003 0.002 0.0 0.004 0.001 —0.001
24 0028 0.003 —0001 00 0.0c2 0.G01 0.004 —0.004

9 10 11 12 i3 14 15 16

9 5 034
10 0.041 1.091
11 —0150 0.016 1.051
1z 0.0 0.008 0 062 0.531
13 —0.¢03 0.062 0.008 —0.00% 0.531
14 —D.001 —0.012 —0 004 0.015 —0 003 0 446
15 —D 007 —0.064 —0.012 —0 003 0 015 0 0a3 0.448
1% 0.008 0067 —0.021 0 0490 0.002 0.0 0 002 0529
17 —0 037 —0 021 Q 087 0.00s 0.040 0.002 60 0.005
is —0.012 G 035 0.035 0.001 0.001 —0 004 —G.004 —0.007
19 o0 —0.016 0.008 0.004 —0.011 Cc 003 0.0 0 004
20 —0.008 0.006 —0.016 —0 011 0 go4 0.0 0 0G3 0.005
21 0.0 —0.00% 0.0C1 0.001 —O 004 0.001 0.002 0 004
22 00 0001 —0008 —03 004 0001 0 Go2 G 001 0.602
23 —0.004 0 014 ¢ 039 0.001 —0.008 0.0 —0 003 —0002
24 —0.602 0.039% 0 014 —C.008 0 001 —C 603 C.0 —0.001
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TABLE 4 (contizued)

17 18 19 26 21 22 23 24
17 0529
18 —_.007 0.017
19 0 005 —J 001 0.243
20 0 002 —0.001 0.008 5.243
21 0.002 0.0 0 026 c.004 0.235
22 G.004 0.0 0.004 0.026 0.0 0 235
23 ~—0001 0.003 —0002 0.008 0.0 0 003 0.128
24 —0 002 0 003 0.008 —0.002 0.603 0.9 0.004 0.128

For definition and oridzr of internal coordinates see ref 17.

is observed with decreasing length of the C=C bond and increasing length of
the C—C bond (see Table 1). Furthermore, the value of the C=C—C angle
1icreases noticeably, resulting in some decrease of the C=C—H angle. These
changes are possibly comninected with disturbances of the conjugation in the
skew configuration.

Our use of the optimnized geometry. rather than a standard or experimental
gecmetry, gave a set of force ccnstant scaling facters somewhat different
from those of other authors (Table 2} for the trans-form. This is most notice-
able for the scale factors of the stretching force constants, since they depend
strongly on the adopted geometry. This efiect was greatest in the case of the
scale factor for streiching t1e C=C bond since the deviition of the calculated
value of this bond length f-om the standard geometry was the largest. Dewvia-
tion: from the scale factors given 1n ref. 17 1s caused by the use of a different
basis set 1n the preseny work; in addition a reversal of <he assignment for the
V.o and v, freauencies of trans-C,D, was accepted (see below). The procedure
of scaling was also giightly different from that used in Ref. 22, Nevertheless,
the s=t of scale factors obiained as a whole is quite close to that obtained in
ref. 17, and thus the situctures of the force constant matrices for the irans-
form are similar 1n the present work and in ref. 17 (Table 3).

Comparing the force fieids of the fragns- and gauche-coniormers, it is inter-
esting to note the appearance of la-ge non-diagonal elements in the force
constant matnx of the gauche-form swhick are situated at the ““intersection”
of m-plane ard out-of-plane coordinates. This clearly demonstrates that
using the fcrce constants of the Zrans-form to calculate the vibrational
freguencies of the geuche-form is not in general justified,

Frequencies of *the rrans-form, calculated with the empincally corrected
iorce field, are in good zgreement with the experimental results (Table 5). It
should be noted that there 1s some disagreement as {o the assignment of the
Vio 2nd V.3 bande of trans-C.D,. In refs. 3, 4, and 17 it was suggested that the
assignment of bands at 768.8 c¢m™ and 7385.6 cm™ be interchanged in com-
rarison with ike earlier suggested assignment [20]. However, experimental
stuly of the IR spectra of the {rans-C.D; molacule :n the crysialline phase
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allows, by analogy with C;Hg, assignment of the band at 735.6 cm' to
the curof-plane vibration v;, of the C—D bond. Provided that the stracture
of the C;H; and the C,D, crystals are the same, this assignment 1s corrcbo.-
ated by the value and the drrection of shift, the value of splitting, and the
polarization oi components of the spht band in ttr e IR spectrun when pass-
ing from the gas phase to the crystal for the frequency paias of 907.8—
7185 em™ and 1013 2—735.6 ecm™ (Table 5). The spectral region under
consideraticn and z detailed discussicn are given in ref. 23.

The calculation of the vibrationgzl frequencies cf trans-C,Hg showed that
the v s frequency should be reassigned. Indeed, in the IR spectrum of C;H,
in condensed phase there are five bands instead of three, ie 2972, 2988,
3023, 3044, and 3084 cm™ [24]. Those at 2998 cm™! and 3023 cm™ are
weak and are possibly combination bands On going from the vapour to the
solid state, shifts of 10—20 em™ to the low frequency are cbserved. Such a
low frequency of the strong hand at 2972 em™ (2285 cm™ in vapour) could
be explained by a shift due to a Fermi resonance with a combination band
(1643 + 1385 = 3028, a, X b,) and by a phase shit't Obviously, the value of
the wibrational frequency v,; i the condensed phase should be equal to
(2972 + 3023)/2 = 2997 cm ™. Then in the gas phase it should be situared
approximately at 3010 cm™ (Table 5) and indeed, this viorational frequency
in the molecules CH,CHCIDCD, and trans-CHDCHCHCH- is observed at
2997 em™ and 3003 em™, respectively [20]. The vibrational frequency ve
in the C,;H; molecule is also corrected by Fermi resonance [20] (Tabkle 5).

The assignment of the wibrational frequencies of geuche-C,H; {Table 6)
comcides In general with the results given 1n Refs. 3 ana 4 and differs in the
mterpretation of frequencies from Ref. 8 for vibreticns vz, ¢23, and 122 In
Ref. 8 the experimental bands at 472 em™ and 475 cm™ [2] are assigned to
the v,, and ».; vibrations Later, only one band ascribed to »;, {T2ble 8) was
cbserved in this region of the CiH; spectrum [3, 4]. The 596 cm™ band
interpreted as v;4 in Ref. 8 was reassigned to v.; [3, 4].

Table 6 also contains the experimental and the calculated vibrationsl
frequencies for the gauche-forms of the C;H.D,4 and the C,D. molecules. In
the case of the C;H,D, molecule the present calculatiorz: allows the reass:ign-
ment of the vibrational frequencies v; and v,, 1n companson with the
assignment in Ref. 4 Tre frequency of the =CD, group scissoring is very
characteristic and should not depend on the rotation angle around the C—C
bond. For the frans-conformers of the C;H.D. anc' the C.D, molecules this
frequency is abcut 1050 cm™ [20] which corroborates the assignment of
the 1084 cm™ band o vs. The experimental band at 927 em™ corresponds
very weli to the 60 cm™ shift of the calculated vibrationa! frequency vs
when passing from C.H¢ to C.H.1D;.

For the C.D¢ molecule the pzesent celculations confirmed the assignment
oi the experimental band at 877 cm ! to v, [3] in contradiction to its inter-
pretation as vg [4].
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The most interesting fact in the assignment of the vibraticnal freguencies
of the gauche-conformers of C;H,I2; and C ;D4 is the inverse isotopic shift
[2E2] of the C—C bond stretching freguency v, (Table 6). A similar inverse
1sol.op:c shift was observed for the stretching frequencies »;¢ and v3; of the
C—C bond in the trans-cis-trans-1,3,5-hexatriene molecule on goirg to its
2.3,4 5-tetradeutercanalogues [26]. It should be noticed that in ‘l.e trans-
ferm substitution of the H atoms by D atoms shifted the strezching srequency
of the C—C bond very hitiie {¢; in Tabkle 5), while 1n th= gauche-form 1t
resulted 1n an increase of this frequency to 300 cm™ {¥,¢ in 12ble 6).

The calculated values of the wibrational forms (normal-riode vectors or
eigenvectors), distribution of potential energy [27, 25] and the 1sotopic
shifts of the experimental vibraticnal freguencies corfirmed the adopted
assignments for zli molecules studied

Table 6 gives the resuits of the vibrational frequency caiculation of the
gauche-forms cof 1-'3C-i,3-butadiene and 1,4-'3C,-1.3.butadiene. The iso-
topic shifts for these molecules are smazll and dc not give any essential infor-
mation mm addiiion to the data zlready eristing :or C,D, and C,H.D,.
However, the spectra of these mclecules giv: further confirmaiion {or the
expeamentzal detection of the bands belo:uging to the secoend rotamonal
isomeric form of 1,3-butadiene.

CONCLUSIONS

The caicvlation of the wvibrational frequencies of the second rotational
isomeric form of 1,3-butadiene showed that all its observed frequencies may
be assigned to vibrations of the gauche-form with a rotation angle of about
34.8° from the planar s-cis-configuration. An additional! experimental argu-
ment for the realization of the gauche-form is the manifestation in the IR
spectrum of the bands of the vq, v¢, and v, vibrations. In the case of an s-cis-
configuration these must belong to the a, symmetry type and be forbidden
in the 1R spectrum

Gooc agreement betwezen the calculatzd and experimental vibrational
freguencies of the gauche-form and the difference cf its force field from that
of the trans-form demonstrates the possibility of using the same set of scale
factors for several structural isomers and shows in general the inaccuracy of
transferring force constants from one rotational 1somer to ancther.

The calculation performed is an additional example of the solution of the
structural problem by means of the gradient technmique the apphication of
which was discussed in detail in Rei. 29.
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