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ABSTRACT 

The completely optimized _ _ __ ^_ structures ad harmomc folce fields of the s-frarzs(anti)- 
and gauche-isomers of 1.8-buradiene have been ccmputed :t the ab inltw hartre_Yock 
levei ;Islng the 6-31G basis set. The gauche drhedx-4 angle wzs found to be 34 S” from the 
planar s-cis(syn)-configuration of the 1,3-buradiene moiecule_ Seven scale factors for 
correcting the theoretIcal for-e conztints o f the Puns-isomer were calculated from the 
experunenkl frequencies of kghr and heavy tmns-1,3-butadlenes. The correction of the 
gawzhe-butadiene force Reid wyas then carried out using these scale iactors, 2nd the 
wbrationd problems were solved for gauche forms of C,H,. CD,C!HCHCD,, C,D,. 
13CH3CHCH1’CF!L, and ‘5CH,CHCIICH,. The ;otsl assignment of the experimental %ibr;i- 
t1onal frequencies of these isotopomerzk given The concluslac dmwn is that ‘the quantum 
mechanical geometry and the scaled quantum mechamcal force field correctly sLrnn1at.e 
ehe structure and the experslental frequencies of the bu ‘kdlene gauche-corforrner 

INTRODUCTION 

Dunng the k& few years a series of stud:es has been completed m which 
many of the experuaental mbrational fieTJencles of the second rot&.tlonal 
isomeric form of 1,3-buT;adlene have been observed [l-4]. However, the 
suggested mterpetations of the esperimental spt&n.un were different m 
some cases [l--8] _ Tine analyxs of the “hot” bmd progressslon of the Rams 
active tirsional overtone 2~ 13 of 1,3-butadlene allov;ed rhz construction of 2 

potential enerr curve of mternal rotation sound the central C-C bond [9] _ 
This curYe turned out to be agphcable to the serie!, of ir;s isocopomers [lo] . 
Accordmg to this experimenti cwve the second form of the Ccl-I6 rnok,Je 
IS rotated 2bout 23” from the plan= s-srs-form(sqn-form) [ 9, lOI_ The most 
recent qrrantum mechanical cakuk r;i3ns gwe an angle of internal rotation of 
about 38” from *Se planar s-crs-fo_w [lI-14) _ The dlz-ect electron diffrac- 
tion measurement does no+, allow tile determination of the exact structure of 
the secc~.~d form [IS] _ 
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Calculations of the xbratlonal frequencies have been cmed out for a 
planar s-crs-form of X,3-butadrene :3-8] , the force cons+%nk bemg trans- 
ferred in some cases from the s-trans-form force field [3,4,8] _ -4 calculation 
for the gcLccPe-form (40” from the planar cis-confi,gura~on) has also been 
published; hcwever, the same force field was used as for the s-cis-configura- 
trcn [4] wluch is probably the reason why its results practxally coincided 
with those on the &-configuration caktiation [ 43 _ 

In tlus connection it is of int@iE?bt to perform the quantum mechanical 

cornpu+ation of the struckure and the harmomc force field of the second 
rotational isomerx form of 1,3-butadiene and to predict the vibratIonal 
frequencies of this conformer. This in turn can be used to facilitate the 
assignment of the observed frequencies for this conformer. 

METHOD CF COMFUTATION 

The geometrical parameters and force constants of the frlzns and gauche- 
isomers of 1,3-butadiene were computed by ‘the ab =ltro Hartree-Fock 
method using she 6-31G basis set and gradient optimization [ZS] The 
completely optimized structzal parameters of these two fnrrns of 1,3- 
butadiece are gven in Table 1. 

_4t present, the combination of the theoretical and the experimen’al 
inftirmation was accepted as usual practice m the force field calculations of 
homologous series of molecules (see, for example, ref 17). -4ccordmg to this 
technique the force fieids are calculated for a standard (calculated ab mitio 
and then experimentally corrected) geometry_ Further the force constants 
are corrected by emplr,cal scale factors However, the main purpose of this 
work is to predict the vibrational frequencies of gauche-C,H, and to assign 
those :hat have been observed experimentally. Hence the transitlon to a 

Completely optimized geometry of tmn-c- md gcucire-1,Sbutadlene 

Parametzr trons-C,H, guuche-C,H, 

C-H cls-termirrel a 

C-Ha 
L C=C”b 
LC=C-H t5R-V-E* 

-0 

L C=C-H crs-tertznd 
Lc=cYm 
Dlhedrai angleb 
Ener& 

1 3276 1 3266 
1 4645 1*739 
10726 10730 
1 0748 1.0741 
1.0767 1 0769 

121.29 125.76 
121.79 121.51 

121.80 122.04 
119 55 118 89 

00 34 78 
-154 864576 -154.859731 
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standard geometry wpas not mzde and force fields were computed for the 
theoretical srructures of the trcns- 2nd gag&e-isomers. The force const2nts 
as obt2med in c2rtesian coordmatea were transforrr ed into the mrernal vibra- 
tional coordinates in order to correct them using zmprnrcal scale factors. As 
internal coordinates, the local valence coordinates were chosen [lS] . The 
coupling force corhants a.re small m these coorctinates, 2nd rt is easrer ~XX 
assign the calculated hequencies by their vibrational forms (normal-mode 
vectors, or eigenveczors). The detiition of these coordinates for 6~~~s-1,3- 
bukdiene IS given in ref. 17. 

The sAing procedure has been previously described [5, 195 _ Ir; IS a con- 
gruent kansformarion of the force constant matis. The values of the scale 
fact-ors were obtamed by mkmnizm g the Telghtzd mean-square deviation 
between the calcula’kd 2nd tie experimental fundamental frequencies for 
the :T-zzs-form of light and heavy 1,3-butadrene u!,ing a program u-&ten by 
Dr. G. Pongor The experimental vrbrational frequencres 2nd their assign- 
ment for the eons-conformers of the C& and C,D, molecules are well 
kno WII smce 14 kotopmers of this molecclle have bezn investigated [3, 20, 
211 The values of the scale factors obtaked 21-e gven m Table 2. As 2 
skrtiig approximation, the scale factors used were those calculated for the 
trans-form of 1,3-butadrene In ref 17 (see the last c.olumn in Table 21. 

Correction of the theoretical force constant m2trix of gauche-1,3-butadiene 
was performed using the seven scale factors c2lcula ;ed for the trans- 
conformer. The empirically corrected force constants obtained for the frarzs- 
2nd gauche-forms of butadrene ze given in Tsble:, 3 2nd 4. The vibnztlonal 
problems were solved with these force fields for the f‘rans-isomers of C& 
and C4D6 (Table 5) and the gauche-isozzers of C&l 6r CJ&D-, CSD6, 1,4-13&- 
CaH6, and 1-‘3C-C& [Table 6). The assignment of the experimental fieq- 
uerlcies of the gauche-conformer was carr:ed out usmg data on the potermzl 
energy dlsxributlon taking into account the isotopic: shifts 

TABLE 2 

OptimEed scale factors 

Scale factor Basis set 

s-31G 
fth’% work) 

3-3iG C-2 1G 
[22] 1171 

C-C stretch 0.8514 c.667-6_909 0.9215 
C=C stretch 0 7573 c 869+I_E72 0 6657 
C-H stretch 0.8301 c s81-O.sso 0.8677 
C=C--C, C=C-H m-place CF.7944 c .793-G.S16 0 8025 
CX torsion 5.9979 _- 1.@95 
C-H, =CH, w2g 0.6706 C.716-G.746 0 7217 
c=c t%S_St 0 7980 C 793-G 616 0 7537 
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&abd force constant matrix of trcns-1,3-butahene” 

: 2 3 4 5 6 7 8 

1 5 087 
2 0294 
3 5 29: 
4 -C 00: 
5 -O-G04 
6 0.004 
7 0 00: 
S 0.054 
9 0054 

10 0211 
li 0 211 
12 0.180 
13 0.1E.o 
14 -0oc15 
15 -Coo5 
16 0.04; 
17 0041 

B-521 
-0069 
0046 
0007 
O-064 

-0.002 
0.068 
0019 
0168 
CO65 

-OlSr_ 
-0.011 
-0.137 
-0 001 

0.00s 
0 009 

9.521 
O.COC 
0.046 

-0002 
0054 
0.0:9 
0 068 
0.065 
0.168 

-0.011 
-0.184 
-C 001 
-0.197 
0009 
0008 

5.209 

0.002 
0.026 
0.001 
0.015 

*.001 
0347 
0 013 
0.009 

--0003 
0.056 
CC 
0 097 
0.002 

5-209 
0.001 
0.026 

-C.COl 
0.015 
0.013 
0 047 

-0.003 
0009 
0.0 
0.056 
0.002 
0097 

5.138 
c3 
00 
0.311 

-0_059 
-0002 
-QO27 
0011 
0.056 
0001 

-C.105 
0.003 

5.138 
Ct.011 
0.0 

-0.002 
-0.059 
0011 

-0.027 

0.001 
0.066 
0.003 

-C.105 

5.048 
0.0 

-Cl50 
-C 048 
-0002 
0.022 

-0 007 
-c 00s 
-0.035 
--cco3 

9 lc' 11 

3 5.048 
10 --C 046 
11 -C.150 
12 0.022 
13 -0.002 
14 -0.006 
15 -C 007 
16 -0003 
17 -0.035 

1.055 
0153 
Et.005 

-0OQ6 
-0012 
-COG9 
0.083 
D.nll 

1055 
-cl 04(# 
0 005 

4.009 
a 012 
0 011 
0 CS3 

12 13 14 15 16 

0.525 
0037 0.525 
O-015 *.001 0.447 

-0 co1 0.015 00 C 447 
0039 0.0 0002 -C.OOL 0 527 
00 0 039 4 001 0 002 0 003 

17 =a 19 20 21 22 23 24 

17 0527 
18 Cr.023 
19 coos 0 ?K 
20 0.003 -C CCK? G-246 
21 0.0 0 024 -0003 0.232 
22 00 -Coo3 0024 00 0.232 
2: 0.005 o-0 4013 00 -0.004 0125 
24 0.005 -C 013 0.0 4004 0.0 -0 004 0126 

'For definhon and orZero~lntmnal coordinatessee ref. 17 

DISCUSSION 

The calcukted gezn&ical pammeters of the T;HO molecuku forms corrob- 
orate the char?,aes which are expected when pass~~~g frorc a trans to aguuche- 
conformer. An accentuation in the a%ernatiDn of the carbon-carbon bonds 



1 2 3 z * 5 6 T 8 

1 4.968 
2 0.277 
3 0277 
4 --0.003 
5 -0.003 
6 -O_ooe 
7 -0.008 
8 0.068 
9 O-068 

10 0266 
11 O-21,6 
12 O-186 
13 0186 
14 II006 
15 --o 006 
i6 0.029 
17 0.029 
16 0009 
19 --0014 
20 --0.014 
21 4 013 
22 -0 013 
23 0.028 
24 0028 

8.543 
-0.061 
0048 

-0002 
0.061 
O.Oi3 
0.077 
0003 
0.151 

-0022 
-0-191 
0.324 

-0.199 
-0007 
0010 

4003 
0018 
0.0 
0004 
0003 
0.003 

-0001 
0.003 

8543 
-0.002 
0_048 
O-G13 
0 061 
O.c!08 
0077 

-9.022 
0.151 
0 024 

Q 191 
-007 
-Q 199 
-0 003 
0 010 
0.018 
oow 
00 
0003 
0003 
0.033 

-0 001 

5.x90 
0 001 5 190 
0.026 00 
0.0 0.026 
0015 0.005 
0.005 0.015 
0.050 -0 008 

-0 008 0050 
O(fO9 0 007 
0 007 0.009 
0.054 O.I)Ol 
0 301 O-059 
0095 0.002 
0002 0095 

-0 001 -0 001 
0003 0.0 
r?G 0003 
0003 0.001 
0 OOL 0002 
0.002 o-0 
00 O.OG2 

5166 
0009 

-0.001 
0.0 

-0 077 
-0011 
-0.027 
0 002 
0.058 

4 001 
-0 098 
0.003 
0 001 
0.001 
0001 

-O.ooi 
00 
0.004 
0.001 

5.166 
o-0 5-034 

-0001 0015 
-0.011 -0.150 
-0.077 0.041 
c!.oo2 -0093 

4027 00 
-0.001 -0.037 
0058 -,_'_,l 
0.003 -CO37 

-0.098 0008 
G.001 --3012 
0001 --3.008 
0001 00 

00 0.0 
-0.007 0.0 
0.001 -0.001 
G-004 -G.o04 

9 10 11 12 IS 14 15 16 

9 5 034 
10 O.Odl 1.091 
I1 -0150 0.016 1.091 
12 0.0 0.008 0 062 0.531 
13 -0.003 0.062 0.008 +I.009 0.531 
14 -CL001 -9.012 -0004 0.015 -0 003 0 446 
15 -!I007 -0.oc4 -0_012 4003 0 015 0003 O-446 
Ye 

;; -0035 0.008 -0021 0067 -0.021 0067 0 0.009 049 0.009 0.040 0.0 0.002 0 0092 0 0529 0.005 
18 -0.012 0035 0.035 0.001 0.001 4004 4.004 4.007 

19 00 -0.016 0.006 0.004 -0.011 coo3 0.0 0 004 
20 4.008 0.006 -0.016 -cl 011 0 004 0.0 0 003 O-005 
21 0.0 +I.009 0.001 O_OOl XI004 0.001 0.002 0 004 
22 00 0001 -0009 4004 0001 0002 GO01 0.002 
23 -o.ooa 0 014 0039 0.001 -0.006 0.0 --0003 -0002 
24 -0.001 0.039 0014 --c.O08 0 001 --i) 003 0.0 -0.001 
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TABLE4(contmued) 
-- 

17 18 19 20 2% 22 23 24 

li 0 529 
18 -Q_OO7 0.017 

19 0005 -3001 O-243 
20 0004 --+_001 0.008 ii.243 
21 0.002 0.0 0026 c-004 0.235 
22 i1.004 0.0 0.004 0.026 0.0 0235 
23 --Cl 001 0.003 -0002 O-008 0.0 0 003 0.128 
24 -0002 0003 0.008 -O.OCC? 0.003 0.0 0.001 0.128 

"For defhitior?and or;,;; ~fmternalcoordmatesseeref 17. 

is observed wltb decreasing length of the C=C bond and i;lcre&ng length of 
the C-C bond (see Table I)_ Furthermore, the value of the C+C-fZ angle 
mcreases noticeably, resulting in some decrease of the C=C-H angle. These 
changes are _posslbly connected with disturbances of the conjugation m the 
skew concretion_ 

Our use of r;he opt!mi.zed geometry rather than a standzrd or experimental 
geometry, gave a set of force ccnstant scahng factcrs somewhat &ffurent 
from those of other au”&ors (Table 2) for the trans-form. This is most nofxe- 
able for tIIe scale facz;ors of the stretching force constants, slntce they depend 
strongly on the adopted geometry. This effect was greatest in the case of the 
scale factor for stretching <le C=C bond since the devLLtion of the calculated 
value of thus bond Zen-&h f-om “&e standard georr,etry was the largest_ Devxa- 
tion horn the se-ale facto= given m ref. 17 IS caused b5 the use of a different 
base set m the prestnb work; in addition a reversal of ;h= ass&gent for the 
Y,, and L+ frecluencies of trans-C,D, was accepted (see below). The procedure 
of scaling was z&so Slightly different from that used in Ref. 22. Nevertheless, 
t‘ne S& of scale fztors obtained as a whole is quite close to that obtained in 
ref. 17, and thus the stixtures of the force constant matrices for the tins- 
form are similar m the present work and in ref. 17 (Table 3). 

Comptig the force fieids of the trans- ~d~~~c~e~o~o~~, 1% is inzer- 
estmg to note the appearance of lazge non-diagonal elements in Lhe force 
constant matrxx of the gauche-form which are situated at the ‘%Gersection” 
of m-3lane a.izd out-of-plme coordinates. Thus clearly demonsxratis that 
using rhe fcrce constants of the frrrn.s-form tr, calculate the vibrational 
frequer,r:es of the gccche-fora is not in gefieral justified. 

Frequencies of +he runs-form, calculated with the emp’fically corrected 
force f:eld, are in good ~e-sent w&h the erperirnental reslrlts (Table 5). ft 
should be noted tiaz ~;hezz ‘s some &%.zgreement zs to the assignment of the 
~~10 md ~23 bands Of ~wwC~D,. Ln r.&. 3, 4, and 1’7 it was suggested that the 
assignment of bands at 768.8 cm-’ an4 735.6 cm-’ be ylterchanged in com- 
pa&on with ite earlier suggested assignment [ZO] . However, e.zp.zkrxntd 

study of the fP, spectra of r;he t-ram-CJI, molecule =m the cryszal&ne ph.ase 
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ellows, by analogy with &He, assignment of ‘&z band at 735.6 cm’ to 
the cur-of-plane vibration ~~~ of the C-D bond. Provided that the structure 
of the C,H, and the C,D, crystals are the same, this assignment IS corrobor- 
ated by the value and the dnection of shift, the value of splitting, and the 
polarization of components of the spht band in tti e IR spectrun when pass- 
ing from the gas phase to the crystal for the frequency ptis of 907.8- 
718.5 cm-l and 1013 2-735.6 cm-l (T'able 6). The ~y?ectral reDon under 
consideration and a detailed discussion are pven in ref. 23. 

The calculation of the vibrational frequencies cf ticz~-C,& showed that 
the VI9 frequency should be reassigned. Indeed, in the IR specmm of C,H, 
-k condensed phase there are five bands instead of three, i e 2972, 2998, 
3023, 3044, and 3084 cm-’ [24J. Those at 299s cm-r and 3023 cm-’ are 
weak and are possibly combinatron bands On going from the vapouz to the 

solid state, shifts of 10-20 cm-l to the low frequency are obsenled. Such 2 

low frequency of the strong band at 2972 cm-l (2’385 cm-’ in v2pour) could 

'bs expltiled by a shift due to a Fermi resonance rw-ith a combination band 

(1643 + 1385 = 3028, a, X b,) and by 2 phase sh?t ObviouAy, the value of 
the vIbrational frequency v14 11i the condensed phase shou!d be equal LO 
(2972 t 3023)/Z = 2997 cm-‘. Then in the gas phase it should be situmed 
appronlmately at 3010 cm-’ (Tab!e 5) and indeed, this via-mtional frequency 
in the molecules CHzCHCDCDI and tians-CHDCHCHCH, is observed at 
2997 cm-l and 3003 cm-‘, respectively [20]. The vibrational frMuency ug 
:n the C4H6 molecule is also corrected by Fermi resonance [ZO] (Table 5). 

The assignment of the mbrational frequencies of gcuctze-C,& (Table 6) 
coincides in general with the results given m Refs. 3 ant 4 and differs in the 
mterpretation of frequencies from Ref. 8 for vibrz tmns vI1,, tiz3, h-?d 1-7G In 
Ref. 8 the experimental bands at 472 cm-’ and 47;i cm-’ [Zi are assigned to 
the v12 and vz3 vibrations Later, only one band ascribed to yzl (Tz’ble 6) was 
cbserved in this regron of the CqHs spectrum 13: 4]_ The 596 cm-l band 
interpreted as vz4 in Ref. 8 was reassigned to ;123 [3,4] _ 

Table 6 also contains the expernnental and the calcu!ated vibrational 
ikquencies for the gaucl’re-forms of the CSH3D4 and +%e C,D, molecules. In 
Ihe case of the C,H2D, molecule the present calculation silo-zzs the reassrgn- 
ment of the tibrational frequencies LJ~ and T.‘~” m comparrson x&h tine 
assignment in Ref. 4 The frequency of the =CD! group scissoring is very 
characteristk and should not depend on the roratmn angle around thp C-C 
bond. For the frans-conformers of the C4H1D1 ant’ the C,D, molecuies this 
frequency is about 1050 cm-l [20] which corroborates the assignment of 

the 1084 cm-’ band r-0 v5_ The experimental band at 927 cm-’ corresponds 
very vzli to the 60 cm-’ shift of the calculated vibrational frequency yg 
when passing from C4H6 to C4HzDA_ 

For the C,D, molecule the present calculations confiimed the assrgnment 
of the expetimental band at 877 cm ’ to s1g [ 3 ] in contr2dictfon to its inzer- 
pretation *as y6 143 _ 
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The most mteresting fact in the assignment of the vib,rational frequencies 
of the gauche-conformers of C&I:, an d C4D6 is the ‘averse isotopic sl-nft 
[25] of :he C--C bond stretching fi-equency pIo (Table 6). A similar inverse 
rssol,o~~ s;hX-t was observckt for the Aretching frequeixies vlo and v33 of the 
C-C bond in tie traPls-cis-trams-l,.i,5-he-~triene mokcule on gob-g to its 
2,3,4,5-tezradeutanalogues [ZS] . It should be notxed that in %e bans 
form substitution of the H atoms by D a’toms shifted the strezchmg ?requency 
of the C-C bond very httle (v7 in Table 51, while m th? guuche-form It 
resulted 1n an increase of tks frequency ‘d 300 cm-’ (v 1O in 1 able 6). 

The calculated values of the vrbrational fo_rms (normal-rlode vectors or 
eigenvectors), distrib-urron of _pot.ential energy 12’7, 2sj and the lsotopic 
shifts of the experiental vibratlcnal frequencies carfirmed the adopted 
assignments for all moleclules studied 

Table 6 gives the results of the vibratronal frequency caiAatron of the 
gauche-foms cf l-‘%C-‘1,3-b -t L adrene and 1,4-‘3C_-l.3-butadlene. The iso- 
topic shrfts for these molecules are small and dc not give any essential infor- 
mation 111 addition to the data already ez-isting ?or C,D, and C1H2D4. 
However, the spectra of these mclecules grv? further confirna<ion ;fJr the 
experynental detection of the bands belorlgrg to the second rotanonal 
isomeric form of 1,3-butadrene. 

CONCI_lUSIONS 

The caktiatron of the clbrational frequencies of the second rotational 
Homeric form of 1,3-butadiene showed that all its obseEed frequencies may 
be assigned to vibrations of the gauche-form with a rotation angle of about 
34.8” from the pknar s-c&configuratron _ An additional experimental argu- 
ment for the reahzation of the gauche-form is the manifesration in the IR 
spectrum of the bands of tie vE, u S, and ti r1 vibrations. L? zhe case of an S-CL+ 
configuration these must belong to the a2 s1mmetz-y type and be forbidden 
in the ii% speckam 

Gooi agreement between the calculakd and experirmental vibrational 
frequencies of the gauche-form and the difference of it-s fcrce field from tnat 
of the trans-form demonstrates the posdbtity of u&g the same set of scale 
factors for several structural isomers and shows in genezl the inaccuracy of 
transfernng force conr’antx from one rotational Isomer to another. 

The calculation performed is an addltlo_nal example of the solution of the 
structural problem by means of the gra&ent techmque the apphcation of 
wnich was discussed in de’tail in Ref. 29. 
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