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The IR spectra of 1,4-difluoro-2-butyne (DFB) as a vapour, liquid and crystalline
solid at 90K and as a high pressure crystal were recorded in the 4000—40 cm™'
range. Spectra of DFB isolated in argon and nitrogen matrices were studied to
200 cm™'. Raman spectra of the liquid and of the crystalline solid were recorded
and semiquantitative polarization data obtained. The microwave spectrum was
investigated extensively in the 12.4-22.0 GHz spectral region, but measurements
were also made in the upper K- and R-bands. Unlike the dichloro- and dibromo-
compounds, DFB does not exhibit free or nearly free internal rotation but is pres-
ent as only one conformer — gauche - in all states of aggregation, as well as in the
argon and nitrogen matrices. Consequently, all the fundamental modes of vibra-
tion have been assigned in terms of C, symmetry in good agreement with the re-
sults of a normal coordinate calculation. Microwave spectra of two vibrationally
excited states were assignéd; the more intense corresponding to the torsional
mode at 42(5) cm™'; the other to the second lowest skeletal bending vibration at
188(40) cm™'. Most transitions of the torsionally excited state were split, presum-
ably due to tunnelling through a low barrier. The dihedral angle was found to be
99(3)° from syn. The potential function for the torsion was determined assuming
that terms higher than V, in the Taylor expansion can be neglected. The two first
potential constants were found to be V,=-1.9 kJ mol™' and V,=-3.1(7) kJ
mol™', yielding the barriers at syn and anti as 4.1(10) kJ mol~' and 2.2(5) kJ mol ',
respectively. Extensive centrifugal distortion analyses were carried out for the
ground and the vibrationally excited states.

The 1,4-dihalo-2-butynes are interesting com-
pounds from a conformational viewpoint since
the barrier to internal rotation is much lower
than for the corresponding 1,2-dihaloethanes.
Hence, in addition to the staggered conforma-
tions, anti and gauche, the 1,4-dihalo-2-butynes
exhibit large torsional amplitudes or even essen-
tially free internal rotation.

Various papers dealing with the vibrational
spectra’™ and electron diffraction results® of
1,4-dichloro- and 1,4-dibromo-2-butyne have
been reported. However, even for 1,4-dichloro-
2-butyne, studied in considerable detail, the con-
formers present in the liquid and crystalline
stated*®® are not well understood. For 1,4-di-
fluoro-2-butyne (DFB) an ab initio molecular or-

*To whom correspondence should be addressed.

374 Acta Chemica Scandinavica A40 (1986) 374-386

bital calculation (4-31G basis set) has been pub-
lished" suggesting a stable conformation around
100° from syn; but no experimental results are
known except for a few mid IR frequencies.” It
was therefore decided to make new comprehen-
sive spectroscopy studies of DFB. Our results for
DFB will be presented here; the conclusions re-
garding 1,4-dichloro-2-butyne will be published
shortly."

Experimental

Preparation. The preparation of DFB has previ-
ously been described.” However, the experimen-
tal conditions were not given in detail. Our pro-
cedure, which gave a higher yield, is briefly out-
lined below.

DFB was prepared by heating KF (2.93 mol)



with 1 dm® diethyleneglycol to 120°C at 175 torr
and adding 1,4-dichloro-2-butyne with stirring.
The DFB formed was collected in a trap kept at
dry ice temperature. The product contained
DFB, 1-fluoro-4-chloro-2-butyne and unreacted
1,4-dichloro-2-butyne. A coarse separation was
performed in a Rotaband® column and the final
purification by preparative GC on an Apiezon®
column. Purity >99 %, b.p. 45°C/150 torr, yield
ca. 3%.

Instrumental. The IR spectra were recorded with
a Perkin-Elmer model 225 (4000—200 cm™') and
a Bruker FTIR model 114C evacuable spectro-
meter (4000—20 cm™'). Vapour cells with 20 and
10 cm path lengths had windows of CsI and poly-
ethylene, respectively; the sealed liquid cells had
windows of KBr, CsI, AgCl and polyethylene.
Cryostats with CsI and silicon windows were used
at liquid nitrogen temperature. Spectra of DFB
isolated in argon and nitrogen matrices (S/
M = 1:700) were recorded at 13K using a closed
cycle cryostat (Air Products) equipped with Csl
windows. High pressure spectra were recorded
with a diamond anvil cell (DAC) with type Ila di-
amonds, combined with a Perkin-Elmer 4Xx
beam condensor.

Raman spectra were obtained with a Dilor mo-
del RT30 spectrometer (triple monochromator)
interfaced with the Aspect® 2000 computer of the
Bruker spectrometer. An argon ion laser (CRL
52G) in the 90° and 180° scattering geometry and
the lines 514.5 and 488.0 nm were employed for
excitation. Semiquantitative polarization meas-
urements were obtained of the neat liquid, while
amorphous and annealed crystalline deposits on
a cooled copper finger were studied at 90 K.
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The microwave spectrum was investigated ex-
tensively in the 12.4-22.0 GHz spectral region.
Many measurements were also made in the upper
K- and R-bands. The experiments were made
with the cell cooled to about —40°C and a pres-
sure of roughly 1 Pa. Lower temperatures could
not be used due to insufficient vapour pressure of
the compound. A conventional spectrometer
with free-running clystrons was used.

Results

Vibrational spectra. The IR spectra of DFB in the
vapour and liquid states are given in Figs. 1 and
2, respectively, whereas the low temperature
spectra are shown in Figs. 3 (mid IR) and 4 (far
IR). A high pressure spectrum of crystalline DFB
at ca. 20 kbar is demonstrated in Fig. 5. A Ra-
man spectrum of the liquid is shown in Fig. 6,
while the crystalline and amorphous/crystalline
spectra are given in Figs. 7 and 8. The observed
IR and Raman spectral data are collected in
Table 1.

Conformations. As is apparent from Figs. 1-8
and the data of Table 1, the IR and Raman spec-
tra of the vapour, liquid and crystalline states are
very similar. In particular, none of the bands
present in the gaseous, liquid, and amorphous
states vanished in the crystal spectra, strongly in-
dicating that only one conformer was present in
the various states of aggregation. The number of
IR and Raman bands, which is surprisingly small,
agrees with a one conformational preference in
DFB in strong contradiction to the corresponding
dichloro-'**%" and dibromo- compounds.’

The principal moments of inertia around the b
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Fig. 1. IR spectrum of 1,4-difluoro-2-butyne as a vapour. A: 10 cm pathlength, 23 mm Hg; B: 10 cm

pathlength, 5 mm Hg; C: 19 cm pathlength, 30 mm Hg.
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Fig. 2. IR spectrum of 1,4-difluoro-2-butyne in the liquid phase. A: 0.05 mm; B: thin film; C,D: 25 %

cyclohexane solution, 1 mm.
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Fig. 3. IR spectrum of 1,4-difluoro-2- butyne as a crystalline solid (

and c axes are nearly 10 times larger than around
the a axis leading to a nearly prolate rotor. Only
minor variations in the IR vapour phase band
contours with the dihedral angle are expected,
making the IR vapour spectrum of little help in
deciding the molecular symmetry. Moreover, the
observed vapour contours (Fig. 1) are ill defined,
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Fig. 4. FIR spectrum of 1,4-difluoro-2-butyne as a
crystalline solid. Mylar beam splitter. A: 3.5 pu, B:
12, C: 23 .
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) and as an amorphous solid (———).

probably as a result of prominent hot band tran-
sitions connected with the low frequency tor-
sional mode.

Besides having free or nearly free internal ro-
tation (D,*)", DFB can, in principle, exist in syn
(C,,), gauche (C,) and anti (C,,) conformations.
From the normal band widths below 600 cm™
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Fig. 5. IR spectrum of 1,4-difluoro-2-butyne as a

crystalline solid at ca. 20 kbar. A: KBr beam splitter;

B: 3.5 u mylar beam splitter.
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Fig. 6. Raman spectrum of 1,4- difluoro-2-butyne as a neat liquid.
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Fig. 7. Raman spectrum of 1,4-difluoro-2-butyne as a crystalline solid.

and from the lack of spectral variation from
phase to phase, we have already excluded the
possibility of free or nearly free internal rotation.
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Fig. 8. Raman spectrum of 1,4-difluoro-2-butyne as
an amorphous solid (A) and as a crystalline solid (B).

An anti conformation with C,, symmetry can be
ruled out immediately since nearly all the IR
bands have Raman counterparts and vice versa.
In the syn conformation (C,,), we have an
eclipsed structure with the FCCCCEF skeleton ly-
ing in a plane. However, C,, symmetry would re-
quire that the C-C=C-C out-of-plane bending
modes and the torsion should belong to species a,
(IR inactive, R active) contrary to our results.
Unlike 1,4-dichloro-2-butyne, in which all the
liquid bands below 700 cm™" were very broad but
sharpening in the low temperature spectra and
believed to have “nearly free rotation”,"* the
spectra indicated a higher barrier in DFB. There-
fore, the vibrational spectra suggest that the
gauche conformer (C,) is present for DFB in all
the phases: vapour, liquid, solution, amorphous,
low temperature and high pressure crystalline
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Table 1. Infrared and Raman spectral data for 1,4-difluoro-2-butyne.?

IR Raman Assignments
Ar-matrix Vapour Liquid Cryst. (90K)  Liquid Cryst. (90K)
3014 vw® 3017 s
2974 m ~2980 w,sh ~2980 m,sh v,a vy b
3007 w 3010 vs
2964
2957 s m 2957 s 2977 m 2958 s,P 2978 vs v, 8, Vs b
2958
2916 vw,br comb.
2904 2888 w
2889 m m 2880 m 2883 m,P 2886 m 2v,, 2v,6 A
2894 2883 w
2830 w,sh 2828 w 2846 vw comb.
2238 vs,P vet+vg, A Fr
~2240 vw ~2250 vw ~2235 w 2234 vw 2233 vvs,P 2236 wvs v; a
2205 m,sh,P 2200 m 3C
1456 m 1465 s 1462 s
~1460 w 1455 s 1456 vs,P? v, a, vig B
1454 m 1445 s 1447 s
1382 w,sh 1382 vw
1383
1376 vs 1377 s 1379 m
1379 Qrvs 1375vs 1378 vs,P? Ve d, Vig b
1374 s,sh 1370 s,sh 1369 vs
1374
1362 m 1355 w,sh
1328 w
1306 vw
1248 vw
1249 w 1243 mw 1244 m
~1240 w 1240 m 1242 m,br,P Ve @, Vig b
1239 w 1239 s 1240 m
1156
1162 vs Vs 1154 vs 1147 vs,br 1154 vw,D 1149 vw Vig b
1149
1141 m
1138 m
1089 w,sh Vot+v,s B
~1040 w 1041 w comb.
1029 vvs 1042
1025 s 1037
Vs 1008 vs 1013 vs ~1005 vs,P? 1012 s v, 8, Vo b
1011 vvs 1033 Q
1007 vs 1024 982 vs 986 vvs
1004 s 1016 S 986 vs 976 vs ~985 vs,P? Vg d@, Vo b
1000 m 965 vs 967 s
~950 m,sh 953 m,sh 953 vww comb.
~910 w ~925 w,sh 928 w,sh
378 (contd. next page)



Table 1. (contd.)

SPECTRA OF 1,4-DIFLUORO-2-BUTYNE

IR Raman Assignments
Ar-matrix Vapour Liquid Cryst. (90K)  Liquid Cryst. (90K)
878 vw 872 vw,D? ~880 vw Vot Vs B
795 w 790 w 794 m 793 w 794 m,P 795 w v, @
~765 w 774 w 777 vw VitV B
698 w
598 vw 594 vw,sh comb.
573 s 567
} m 564 s 580 s ~570 w,D 580 w vy b
563 m 565
~470 w 464 w 473 m,br,P 464 s Vi A
304 w
~305 mw 319s 319 vs
301 m ~300 m,br 315 vs,br,D Vi @ Vou b
~265 mw,br 301s 301 vs
~285 vw
191 s,sh
~175 mw,sh
181s
160 m Vip @, Vo b
~121 s ~135 s,br 148 m 135 s,br,D 142 m
115m
9 w lattice
83 vs lattice
65 w 67 vs lattice.
~35 s,br ~55 w Vi @
52 w 58 vs lattice

“Bands in the regions 2800-2300 and 2200-1500 cm~' have been omitted.
®Abbreviations: s, strong; m, medium; w, weak; v, very; sh, shoulder; br, broad; P, polarized; D, depolarized;

FR, Fermi resonance, '*C: C=C str. with a '*C isotope.

“The region 300—30 cm™' is recorded in cyclohexane solution.

solid. Finally, a gauche conformer was also deter-
mined in the microwave investigation, revealing
a dihedral angle of 99(3)° in the vapour (see be-
low) — in exceptionally good agreement with the
ab initio calculations." It may be noted, though it
is certainly not so convincing, that the force con-
stant calculations also indicate a dihedral angle
around 100°.

Spectral interpretations. With C, symmetry, the
IR and Raman spectra divide into 13 modes of
species a and 11 of species b, which can be distin-
guished by the Raman polarization measure-
ments. A normal coordinate analysis was also
carried out by transferring the force constants
employed by Lichene et al.>* on 1,4-dihalo-2-bu-
tynes. Additional support for the interpretations

is given by the data for 1-fluoro-2-propyne,”
2-butyne,'®, 2,4-hexadiyne,", 1,4-dichloro-2-bu-
tyne'***2 and 1,4-dibromo-2-butyne.® The
stretching vibrations in the carbon chain of DFB
lie within 20 cm™' from those of 2-butyne' and
1,4-dichloro-2-butyne." Furthermore, the CH,F
vibrations nearly coincide with those of 1-fluoro-
2-propyne® and appear as typical group frequen-
cies. The six FCCCCF skeletal deformation
modes (3a + 3b) are, however, delocalized, and
the assignments heavily depend upon the results
of the force constant calculations. Our assigned
fundamentals are listed in Table 2 together with
an approximate description according to the lar-
gest contribution to the potential energy distribu-
tion (PED).

It is immediately seen from Figs. 1-8 that DFB
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Table 2. Observed and calculated? fundamental
frequencies of vibration and centrifugal distortion
constants.

No. Observed® Calculated Approx.

description
v, 2980 2978 CH, a.sym. str.
A 2957 2946 CH, sym. str.
v, 2233°¢ 2231 C=C str.
v, 1455 1454 CH, scissor
Vs 1375 1389 CH, wag
Vg 1240 1237 CH, twist
Vv, 1008 1024 CH, rock
Vg 986 998 C-F str.
Vo 794 801 C-C str.
Vio 474 477 skeletal def.
Vi 300 292 skeletal def.
Voo 135 125 skeletal def.
Vi3 ~35 42 torsion
Vi, 2980 2978 CH, a.sym. str.
Vs 2957 2946 CH, sym. str.
Vie 1455 1455 CH, scissor
Vyy 1375 1389 CH, wag
Vi 1240 1236 CH, twist
Vi 1154 1147 C-C a.sym. str.
Voo 1008 1023 CH, rock
Va 986 989 C-F a-sym. str.
Vo 564 525 skeletal def.
Vay 300 341 skeletal def.
Vou 135 125 skeletal def.
Tona —~2.388¢ -2.413
Tooto —1.686 -1.684
Tece —-0.695 —-0.678
D, ~42.4 —43.9
D, 0.147 0.139

“Force field from Ref. 3.

®Infrared liquid phase values except when noted.
‘Raman liquid phase value.

“For definition of the distortion constants, see Ref.24.
Tazaar Tooow @NA T in MHZ; D, and D in kHz.

has very few IR and Raman bands compared to
the 24 fundamentals expected. Apparently, the
CH.F stretching and bending modes have ne-
glible mechanical coupling across the C-C=C-C
framework. Consequently, the in-phase motions
of species a and the out-of-phase motions (b)
overlap throughout the spectrum. Only in the ar-
gon and nitrogen matrices, can the a and b modes
be observed as separate lines, frequently one or a
few cm™' apart. Since the IR spectra obtained in
the argon and nitrogen matrices are very similar,

380

the lines can be confidently ascribed to a and b
modes rather than to matrix effects.

Large splittings were observed in the IR and
Raman spectra of the crystal recorded at ca.
90K, due to site and/or correlation effects. Cer-
tain strong IR and Raman bands below 300 cm™
were detected in the crystal spectra only, and are
undoubtedly lattice modes. The high pressure
(ca. 17 kbar) IR crystal spectrum is similar to the
low temperature spectrum, taking the lower reso-
lution into consideration. A shift of most bands
towards higher frequencies in the high pressure
spectrum is generally observed." It seems likely
that the low temperature and high pressure crys-
tals of DFB have the same lattice.

Microwave spectrum and assignment of the
ground vibrational state. The microwave spec-
trum of 1,4-difluoro-2-butyne is very dense with
absorptions occurring every few megahertz. It is
also rather strong. The strongest lines turned out
to be the ground state, J,, , « J,,_, b-type Q-
branch series with J between about 40 and 70
which have peak absorption coefficients of
roughly 1x107* cm™'. Assignment of the spec-
trum was made in the following manner. Model
rotational constants were calculated for selected
values of the F-C-C=C-C-F dihedral angle using
bond angles and distances taken from recent, ac-
curate studies of related compounds. The dipole
moment was predicted for each of these confor-
mations employing the bond-moment method.”
The dipole moment must lie along the two-fold
symmetry axis which will be present for all con-
formations of the molecule. This two-fold axis
will be the b axis for dihedral angles less than
about 106° from the syn position, and the ¢ axis
for angles in the £106°-180° range, because, at
about 106°, the molecule becomes an accidental
symmetrical top.

A rotation of 180° about the two-fold axis of
symmetry exchanges two pairs of bosons (the car-
bon atoms with spin =0) and three pairs of fer-
mions (the two pairs of hydrogen atoms and the
one pair of fluorine atoms, all with spins =1).
The wave function must change sign for this op-
eration. For a b type spectrum, it is found that
the lines following the K_,,K,, selection rule of
the ee<>00 type will have a statistical weight of
28, and those following the eo<>oe selection rule
will have a statistical weight of 36 according to
Ref. 20.



SPECTRA OF 1,4-DIFLUORO-2-BUTYNE

Table 3. Selected transitions of the ground vibrational state of CH,F-C=C-CH,F.

Transition Observed Obs.-calc. Centrifugal distortion
frequency® frequency
(MHz) (MHz) Total Sextic
(MHz) (MHz)
Q-branch
10 <« 1oy 13628.07 -0.17 —-0.60
4, <« 4y, 13668.10 0.08 —-0.48
98 <« 9o 13823.04 -0.13 -0.41
15,,, « 1545 14158.05 0.21 -243
25,5, « 2505 15087.02 0.05 -23.90 0.02
35,5 <« 354 16502.47 0.16 -103.37 0.45
45,,, <« 454 18425.42 -0.09 -307.02 2.61
55,50 «— 55055 20858.33 -0.13 —-733.23 10.05
65,64 «— 65445 23766.22 —-0.09 -1510.35 30.25
87,66 «— 87067 31360.78 -0.01 —-5198.44 198.11
94,4, «— 94, 33926.97 0.13 —7150.73 322.88
101, 100 < 1015401 36458.88 -0.27 —9575.98 506.17
42,,, «— 42,4 37713.51 0.10 189.07 —-2.55
50,46 < 5014 36779.34 0.12 279.70 -5.40
61,50 « 61,5 35597.94 0.16 374.27 —11.77
70,6 «— 70,60 34800.32 -0.17 357.39 —-18.08
80,75 « 807 34136.89 -0.10 137.71 -22.39
91,80 « 9199 33662.11 -0.29 —-489.93 -13.84
100,45 <« 100,49 33415.59 -0.10 -1401.36 16.08
108,105 < 108, 407 33238.54 0.02 —2579.67 7217
117,445 < 117,446 33002.65 -0.05 —4351.88 183.67
124, ,,, «— 124, ,, 32731.48 -0.03 —-6052.81 316.17
R-branch
32 — 2 20736.60 -0.20 -0.33
1251, <« 11,44 15213.38 0.00 —5.58
w22 & 22,5 15014.07 -0.07 -54.37 0.15
34,, «— 33,5 12848.33 —-0.58° -120.32 0.88
36,5 «— 3545 17624.93 -0.63° —148.56 1.13
44,,, — 43,4, 36254.85 0.86” —-130.56 1.76
5745s «— 5655, 12659.17 0.1 —417.02 11.01
Coalescing K_, doublet lines®
69; <« 68 13664.28 0.08 —728.14 28.84
79, « 78 37068.55 0.14 -1156.75 50.45
90, « 89, 35489.95 0.04 —1658.59 99.85
101, <« 100, 33803.05 -0.38 —2268.01 181.91
108, « 107, 22836.83 0.03 —2627.53 267.42
113, <« 112 34297.32 0.08 —3076.72 322.18
P-branch
7,5 — 8.4 21987.75 0.06 -7.11
19,6 <« 20,19 20531.58 -0.01 —4.89 -0.08
29, «— 3055 23983.52 0.02 13.13 —-0.61
Coalescing K_; doublet lines®
41, « 42, 22741.95 0.08 86.27 -3.07
58, <« 59 36890.41 —0.06 194.75 -17.17
78, <« 79, 17168.97 0.00 835.68 —65.69
95, <« 96, 31658.30 0.10 1277.92 —~180.01

2+0.10 MHz. ?K_, = 3 « 2 transition which fits poorly. See text. “The K_,-energy doublets coalesce for high J

and K_, quantum numbers.

26 Acta Chemica Scandinavica A 40 (1986)
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In the theoretical calculation," a dihedral an-
gle of about 103° was found for the energy mini-
mum. A strong b type Q-branch J, , |, < J, ,series
was thus predicted to start somewhere in the
13-16 GHz spectral region and spread out to-
wards higher frequencies. Every other line
should be of the ee«>00 type with weight 28, and
every other of the eo<>oe species with weight 36.

This spectral feature was soon recognized and
led to the assignment of O-branch series and the
numerous and strong J,, , « J,, , OQ-branch
transitions occurring in the upper R-band. The
assignments were ultimately extended to very
high values of J as shown in Table 3. This table
also includes the R- and P-branch transitions
which are scattered all over the spectrum, but are
generally much less intense than the predomi-
nating Q-branch lines. The first AJ=1 transi-
tions found belonged to the J+1,,,, < J,, series.
A trial and error procedure was used to identify
these lines. Extension to further series of P- and
R-branch lines was rather easy. No ground state
lines were split.*

The assymetry parameter,” %, was found to be
approximately —0.999. Initially, the spectrum
was fitted to Watson’s A-reduction /'-representa-
tion” Hamiltonian, but a satisfactory fit could
only be obtained with this procedure for rather
low or intermediate values of J. This difficulty is

Table 4. Spectroscopic constants? for CH,F-C=C-CH,F.

often encountered for the A-reduction for asym-
metric molecules which are close to a symmetri-
cal top, as already discussed in the literature.”
Our final choice of Hamiltonian analysis was
the one suggested by Sgrensen.* With this pro-
cedure, Tow Tompwr Tew Di=Ty+((A—=B)/
(A-QO)T,, and D=T+((B-C)/(A-C))T, are
chosen as the five quartic centrifugal distortion
constants which can be determined. 7,, T; and T,
are defined in Ref. 24. Since high values of J
were subsequently assigned, it was necessary to
include sextic distortion constants in order to ob-
tain a good fit. Attempts to determine all seven
sextic constants simultaneously proved futile. It
was found that only four of them, @, @, ¢,
and ¢, could be determined. In the final fit, the
remaining three sextic constants were restricted
to zero. With this procedure, about 340 ground
state transitions were assigned, and 312 of them
were used to determine the spectroscopic con-
stants shown in Table 4. Transitions involving
very high values of J were sufficiently strong to

*The complete spectral data of the ground as well as of
the excited states are available from the authors upon
request or from the Molecular Data Spectra Center.
Molecular Spectroscopy Division, National Bureau of
Standards, B268 Physics Building, Gaithersburg, MD
20899, USA.

Vibrational Ground First ex. First ex. second
state torsion® lowest bending
Number of transitions 312 114 40

R.m.s.YMHz 0.134 0.321 0.208

A/MHz 14818.285(12) 14860.039(65) 14939.64(13)
B/MHz 1194.2533(10) 1194.6913(52) 1191.4362(44)
C/MHz 1185.4504(10) 1186.1606(53) 1183.6900(66)
Toaaa/ MHZ —2.38802(38) —2.4463(39) f

Tooen/MHZ —0.00168603(96) —0.001758(11) —0.0018955(15)
Toeoo/ MHZ —0.00069519(96) —0.000660(11) f

DJIMHz —0.042350(14) —0.04924(18) —0.0212(10)
DIMHz 0.00014731(5) 0.0001920(14) 0.0002258(86)
d¢/Hz —0.000398(23) —0.00118(41) f

P, /Hz —0.1515(10) . —0.177(16) f

@ /Hz 0.00029960(39) 0.000369(19) f

@ui/HZ 0.00004886(33) 0.000177(30) f

aUncertainties represent one standard deviation. “Derived from average frequencies; see text. ‘Root-mean-
square deviation. “Distortion constants defined by Sarensen;?* see text. °Further sextic constants present at

zero. 'Kept at ground state value.
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Table 5. Selected transitions of the first excited torsional state of CH,F-C=C-CH,F.

Transition UM VyvP v° Av? Centrifugal distortion
Total Sextic
(MHz) (MHz) (MHz) (MHz) (MHz) (MHz2)
Q-branch
16, 15 < 16546 14255.48 0.99 14254.99 0.06 -3.98 --0.01
25, 4 < 25,5 15080.99 0.32 15080.83 -0.03 —-27.38 0.03
32,5, < 32y4 15980.70 0.73 15980.34 0.04 -78.91 0.28
37,36 — 37,2 16763.84 0.97 16763.36  —0.12 -146.92 0.82
M, o4, 17475.52 1.21 17474.92 —-0.08 —228.16 1.68
47, s — 474 18683.34 1.17 18682.76 0.08 —-410.32 4.26
55, 54 < 54054 20546.10 1.04 20545.63 -0.01 —-807.48 12.10
63, ¢, — 635, 22672.00 1.44 22671.28  —0.07 —1448.60 29.45
66, 5 < 66,66 23528.02 1.16 23527.44 0.09 —1768.60 39.84
57,55 < 57,66 36264.30 1.10 36263.75 0.09 381.99 -9.09
61550 — 61140 36853.54° —0.05 406.90 —10.77
65,65 — 65, 64 35467.68° 0.37 42803 —13.53
69,4, — 69, ¢ 35110.50 1.24 35109.88  —0.61 41941  —15.35
R-branch
919 « 8y 34907.23¢
145, 13,3 20035.55°¢ 0.53 -9.50
24,,, 23,5 17336.81° 0.52 —68.15 0.20
38,4 — 37,2, 21929.92 0.94 21929.45 0.20 -91.53 0.75
59,65 < 58555 17006.45° 0.04 —493.43 12.36
Coalescing lines’
60, <59, 19361.32° 0.10 -523.17 13.21
69, 68, 13208.25° 0.07 —758.65 28.29
73, «—72 22575.58°  —-0.37 —926.88 35.36
P-branch
2055 21,46 18330.84° —-0.30 6.85 -0.12
215152255, 15983.92° -0.40 3.49 -0.12
Coalescing lines’
30, <31, 21895.97° 0.13 26.55 -0.72
44, 45, 16018.75 0.40 16018.55 -0.10 150.53 —-4.16
55, <« 56, 17315.54 0.96 17315.07° -0.18 301.75 -12.22
57, «58; 12612.20° 0.35 363.52 -14.10
77, <78, 20134.70° -0.02 827.93 —-62.83

4v, is high frequency component. v, is low frequency component. Accuracy is +0.15 MHz for each of these
components. *High frequency minus low frequency splitting. “Average frequency. “Difference between average
frequency of previous column and the value calculated using the spectroscopic constants of Table 4. °No

splitting resolved. ‘Comments as for °of Table 3.

be assigned. The maximum J value was 124 for
the Q-branch transitions, 113 for R- and 96 for P-
branch lines as shown in Table 3. Very accurate
quartic as well as sextic constants were obtained
(Table 4). In fitting these transitions, one diffi-

26"

culty was seen. For the relatively strong R-branch
K_,=23 series with J between 33 and 43, devia-
tions between approximately 0.3 MHz and 0.8
MHz from predicted frequencies were found in
most cases. Whether this was due to inadequacy
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of the Hamiltonian method employed or to reso-
nances with, for example, the low lying vibra-
tional torsional levels, is difficult to say.

The dipole moment was of interest, and the
Stark effect of many low J transitions was studied
in an attempt to determine it. Unfortunately,
these transitions were so weak that no quantita-
tive measurements could be made, hence, no di-
pole moment was determined.

Vibrationally excited states. One prominent ex-
cited state was assigned simultaneously with the
ground state. Most of its lines were split into two
components of apparently equal intensities.
These splittings were all less than about 1.5 MHz,
and are presumed to result from low barrier tun-
nelling. Selected transitions are displayed in
Table 5. Relative intensity measurements using
integrated intensities performed as described in
Ref. 25 yielded 67(30) cm™ for this vibrational
mode: this is certainly the torsional vibration.
This torsional frequency is in fair agreement with
30-40 cm™' seen in the IR gas spectrum, as men-
tioned above. The average frequencies of the two
split components were used to derive the spec-
troscopic constants listed in Table 4; the maxi-
mum value of J was 78. The first excited state of
the second lowest bending mode was also found,
as shown in Table 4. None of its lines were split,
and the intensities were about 30 percent of the
corresponding ground state transitions. Relative
intensity measurements® yielded 188(40) cm™' in
agreement with ca. 150 cm™ from the IR vapour
spectrum.

The assignments reported above include all the
strongest as well as the majority of the intermedi-
ate intensity transitions present in the microwave
spectrum. However, there remains a very large
number of lines which were not assigned. Ac-
cording to the potential function (see below),
there are several low lying torsional excited states
which will be rather well populated at —40°C.
Coupling between vibration/torsion and rotation
resulting in nonrigid rotor behavior is expected
for these excited states, and may be the reason
why assignments could not be made despite nu-
merous trials.

The second excited torsional state should be
situated at ca. 80 cm™' above the vibrational
ground state. It should thus be quite intense.
Searches for this excited state were made, but it
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was not found. We believe the reason for this is
extensive tunnelling.

There are two heavy atom bending modes as
discussed above. Searches for the microwave
transitions belonging to the first excited state of
the lower one of these two bending modes were
unsuccessful. We believe that this state at ca. 120
cm™' is strongly perturbed by the third excited
state of the torsional mode.

Potential function. The torsional potential func-
tion was assumed to depend only on the dihedral
angle ¢ and to be approximated by

V(g) = 3ZV/(1-cos(ip)).

It is unlikely that terms above V, are large."
Higher terms were therefore neglected and we
have for ¢ =99"

dV(g)
do B
and

aV(e)
dg?

=4nv*G, .

G, ' represents the diagonal element of the tor-
sion of the G™' matrix. Its value was found to be
9.65 um? X 107 by inverting the G matrix. v is
the harmonic torsional frequency which was de-
termined in three independent ways. From mi-
crowave intensity data, the rather inaccurate
value of 67(30) cm™' was obtained as described
above. In the gas phase IR spectrum, a strong
band between 30 and 40 cm ™! was assigned as this
mode (see above). However, in our opinion, a
slightly better value for v can be obtained from
the quartic centrifugal distortion constants in the
way described in Ref. 26. By using these con-
stants in a least squares fit, keeping all force con-
stants fixed except the torsional, a frequency of
42 cm™! was calculated (see Table 2). A liberal
uncertainty limit is S cm™'. The two first potential
constants are then found as V,=-1.9(4) kJ
mol™', and V,=-3.1(7) kJ mol™'. The uncer-
tainties are estimated to be about three standard
deviations. These potential constants are rather
similar to V, = —3.25 kJ mol ™' and V, = —3.50 kJ
mol™' found by Radom et al."!




ENERGY/kJ mol ™

0 n/2
ANGLE/RADIAN

Fig. 9. Torsional potential function of CH,-F-C=C-
CH,-F with its 26 lowest torsional levels calculated
using V, = —1.9 kJ mol~' and V,= —3.1 kJ mol~' and
B,=1.76cm™'.

SPECTRA OF 1,4-DIFLUORO-2-BUTYNE

Using these potential constants, the barrier at
syn was calculated to be 4.1(10) kJ mol~! and the
barrier at anti to be 2.2(5) kJ mol™', very close to
5.33 kJ mol! and 3.23 kJ mol™', respectively,
found by the theoreticians." The potential func-
tion is drawn in Fig. 9. The 26 lowest torsional
levels indicated in this figure were calculated em-
ploying the procedure of Lewis et al.” using a
program written by Bjgrseth.® Only the B, of
Ref. 27 was utilized, and its value was calculated
to be 1.76 cm™.

Structure. Only three rotational constants were
determined for the title compound. Hence, a full
structure cannot be calculated. Several assump-
tions have to be made. The plausible structural
parameters appearing in Table 6 were taken from
recent, accurate studies of related compounds.
The carbon atoms were assumed to be linear.
The dihedral angle was varied in steps of 1°, the
C-F bond length in steps of 0.5 pm, and the
C-C-F angle in steps of 0.2°. These structural par-
ameters were chosen because they are chemically
interesting and because the rotational constants
are very sensitive to them. The results of this fit
are shown in Table 6, and the uncertainties qu-
oted there are estimated to be about three stan-
dard deviations.

The F-C-C=C-C-F dihedral angle of 99(3)°
from syn (81(3)° from anti) shown in this table
compares well with 103.7° found in the theore-

Table 6. Plausible structural parameters? (bond lengths in pm; angles in degrees) of CH,F-C=C-CH,F.

Assumed structural parameters kept fixed

Cc=C 120.6
c-C 146.0
C-H 109.3
Fitted structural parameters®
C-F 138(1)
Rotational constants/MHz

Obs.
A 14814.29
B 1194.25
c 1185.45

ZC-C-H 109.47
£F-C-C=C-C-F° 99(3)°
£C-C-F 111.5(10)°
Calc. Diff. (%)
14830.16 0.10
1193.23 0.08
1185.01 0.04

“See text. *Uncertainties are estimated to be about three standard deviations. °Dihedral angle measured from

syn.
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tical work." The C-F bond length was deter-
mined to be 138(1) pm and the C-C-F angle was
found as 111.5(10)°. These values are very similar
to 139.3(6) pm and 111.0(4)°, respectively, deter-
mined in a very recent study of the related mol-
ecule H-C=C-CH,-F.*
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