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Four fluoromethyl polyynes, 5,5,5-trifluoro-1,3-pentadiyne, CF3sCtCsCtCsH, 7,7,7-trifluoro-1,3,5-
heptatriyne, CF3sCtCsCtCsCtCsH, 1,5,5,5-tetrafluoro-1,3-pentadiyne, CF3sCtCsCtCsF, and 4,4,4-
trifluoro-1-nitrile-2-butyne, CF3sCtCsCtN, were studied by pulsed-jet Fabry Perot Fourier transform
microwave spectroscopy. The molecules were produced by pulsed high voltage discharges of dilute mixtures
of precursor gases such as trifluoropropyne in an argon carrier pulsed jet. The carbon-13 and deuterium
substituted isotopomers of trifluoropentadiyne were studied, and the molecular structure was determined.

Introduction

Highly unsaturated long chain hydrocarbons, both closed-
shell species and radicals, make up the majority of the molecules
detected in the interstellar medium.1,2 These molecules have
been identified, in the most part, by radio telescopes which
operate in the microwave and millimeter regions of the spectrum.
Such work is made possible by previous laboratory microwave
spectroscopic studies of the likely interstellar molecules.3 A
recent example is the laboratory study of the rotational spectra
of a series methylpolyynes, methylcyanopolyynes, cyanopo-
lyynes, and isocyanopolyynes4 which was performed, at least
in part, to provide the radio astronomers with a list of
frequencies (or equivalently, spectroscopic constants) for future
astronomical searches. Thus, for example, the microwave
spectroscopy of methylpolyacetylenes such as 1,3,5-heptatriyne,
CH3s(CtC)3sH, and its isoelectronic nitrile analogue, CH3s
(CtC)2sCtN are well studied both spectroscopically5-7 and
through ab initio calculations.8

A related series of molecules, for which only the shortest
members of the series have been studied, are the fluorinated
polyynes and cyanopolyynes. Trifluoropropyne,9-14 CF3CtCH,
trifluoroacetonitrile,15-19 CF3CN, and tetrafluoropropyne,20 CF3Ct
CF, have been investigated by microwave spectroscopy in the
ground vibrational state, and their structures have been deter-
mined. In these studies, it was found that, in contrast to
expectations, the bond lengths, particularly that of the carbon-
carbon triple bond, were not affected by the proximity of the
electronegative fluorines to the extent predicted by theory.

In preparation for our microwave spectroscopic study of the
hyperfine structure of conjugated fluorinated radicals such as
•CF2CtCH, we prepared gas samples containing trifluoro-
methylacetylene which were excited with a pulsed high voltage
discharge. In addition to the expected radical, longer perfluoro-
methyl polyyne chain molecules were produced that have not
been studied in the ground state with high-resolution spectros-
copy. They are (1) CF3sCtCsCtCH, 5,5,5-trifluoro-1,3-
pentadiyne; (2) CF3sCtCsCtCsCtCH, 7,7,7-trifluoro-

1,3,5-heptatriyne; (3) CF3sCtCsCtCF, 1,5,5,5-tetrafluoro-
1,3-pentadiyne; and (4) CF3sCtCsCtN, 4,4,4-trifluoro-1-
nitrile-2-butyne, also referred to as trifluoromethylcyanoacetylene.

Photoelectron spectra of the tetrafluoropentadiyne, (3),21 and
of the trifluorobutynenitrile, (4),22 produced in a discharge, have
been described, but no spectroscopic studies of1 or 2 have been
reported. We report here the microwave spectroscopic study of
molecules1-4. The structure of1, trifluoropentadiyne, is
determined from the moments of inertia of the parent, the
deuterated, and each of the single-substituted carbon-13 isoto-
pomers in natural abundance.

Experimental Section

The microwave spectra of the four fluorinated methyl
acetylenes,1-4, were recorded using a Fabry-Perot pulsed-
jet Fourier transform microwave spectrometer which has been
described elsewhere.23 Many modifications of the spectrometer
have been made since that initial publication including coaxial
expansion of the gas with the cavity axis for increased sensitivity
and resolution, changes in the microwave circuitry for decrease
in the microwave noise, and automatic scanning for ease of use.

In these experiments, a pulsed high voltage of typically 1000
V is applied between electrodes separated by 1 cm immediately
following the pulsed gas valve whose nozzle diameter is
typically 0.8 mm. The resulting plasma discharge with a current
of typically 20 mA serves to “synthesize” the extended chains
from smaller pieces. The precursor gas is a 1% mixture of two
or three gases in a carrier gas of argon or neon with a total
pressure of approximately 1 atm. The resultant mixture of
precursors and products are expanded into the highQ Fabry-
Perot microwave cavity which is tunable between 5 and 26.5
GHz. A microwave pulse is timed to coincide with the arrival
of the gas pulse in the center of the microwave cavity. If a
molecular transition lies within the∼500 kHz bandwidth of
the microwave pulse/cavity combination, a macroscopic polar-
ization is induced in the molecules. The free induction decay
of this polarization is collected and averaged over multiple
pulses and is Fourier transformed to yield the spectrum of the
transition. The free induction decay was digitized at 100 ns per* To whom correspondence should be addressed.
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point for 4096 points, giving a discrete Fourier transform with
a point every 2.44 kHz. With this, we can estimate peak centers,
on most transitions, to within 1 kHz.

The precursor gas mixtures used for production of the four
species varied slightly. For the production of (1) CF3sCtCs
CtCH, a mixture of 0.5% CF3CtCH + 0.5% HCtCH in
argon or neon was used. For the deuterated isotopomer, 0.2%
DCtCD was substituted for the normal acetylene. For the
production of (2) CF3sCtCsCtCsCtCH, a mixture of 0.5%
CF3CtCH + 0.5% HCtCH in argon or neon was used. For
the production of (3) CF3sCtCsCtCF, a mixture of 0.5%
CF3CtCH + 0.5% HCtCH + 0.5% CF3H in argon or neon
was used. For the production of (4) CF3sCtCsCtN, a
mixture of 0.5% CF3CtCH + 0.5% HCtCH + 0.5% CH3N
in argon or neon was used.

The discharge which “synthesizes” these molecules is created
using high voltage electrodes placed immediately after the
pulsed nozzle. These electrodes and the insulated cup which
holds them in place fits inside a hole bored in one of the mirrors
that constitute the tuned microwave cavity. The upstream
electrode is held at-1000 V; 1 cm downstream is the ground
electrode. We always make the downstream electrode the ground
to help minimize sparking to the grounded mirror. The discharge
voltage pulse is timed to coincide with the gas mixture exiting
the pulsed nozzle. We have found that the sign of the voltage
of the upstream electrode is critical in the formation of the
discharge related species. At least part of the energy of the
plasma is transferred to the inert gas (the color of the discharge
is blue for argon and orange for neon). It is likely that the
collisions of the rare gas ions with the molecules result in the
molecular fragmentation that precedes molecular buildup. In the
case of the upstream electrode being negative, the Ar+ ions
experience an electrical force pulling them upstream against the
direction of the downstream jet flow. This results in an increased
number of energetic collisions between the Ar+ ions and organic
precursors of the radicals. It has been reported that having a
positiVe upstream voltage is efficacious in the production of
radicals and ions.24 We have found that the sign of the voltage
of the upstream electrode is critical and dependent upon the
species we are attempting to produce. For example, the
production of the HCCCO radical from an acrolein (CH2-
CHCHO)/Ar discharge is optimized with+600 V on the
electrode; production of HCCCN from CH2CHCN/Ar was about
the same with both signs; the perfluoro compounds of the
present experiment (and their all-hydrogen analogues) all
optimize with thenegatiVe voltage upstream. In fact, we could
not detect any signal in the present experiment when the voltage
sign was switched. We note that the discharge with the positive
upstream voltage (ion flowwith the jet flow) is more intense
and easier to strike as the electrodes get sooty.

For a carbon-13 isotopomer of CF3sCtCsCtCsH, de-
tected in natural abundance, a typical molecular transition
reached a signal-to-noise-ratio of 5/1 in about 1000 gas pulses,
which at 3 pulses/s amounts to an averaging time of about 5
min per transition. Such a transition is shown in Figure 1.

Results

Microwave Spectra. Frequencies and assignments of the
various isotopomers of CF3sCtCsCtCH, trifluoropentadiyne,
are presented in Table 1S, those of the normal isotopomers of
CF3sCtCsCtCsCtCH, trifluoroheptatriyne, in Table 2S,
of CF3sCtCsCtCF, tetrafluoropentadiyne, in Table 3S, and
of CF3sCtCsCtN, trifluorobutynenitrile in Table 4S. These
four tables are Supporting Information published in the Web

edition of this journal. The transitions of the first three molecules
were fit with a simple rigid rotor plus centrifugal distortion
energy expression for a symmetric top

For the nitrile, a hyperfine term involving the nuclear quadrupole
coupling constant for the spin-1 nitrogen nucleus,øaa, must be
added

wheref(I,J,F) is the Casimir function25 andF is the total angular
momentum quantum number. The total angular momentum is
the sum of the rotational angular momentum and the spin
angular momentum of the nitrogen nucleus,F ) J + I . Only K
) 0 transitions were detected for the trifluorobutynenitrile; thus,
the DJK constant was not measured for this molecule, and the
formula for EQ is simplified. The spectroscopic constants of
the four molecules studied are presented in Table 1.

Molecular Structure. Of the four molecules studied, only
(1), CF3sCtCsCtCsH, trifluoropentadiyne, gave transition
signals intense enough to allow observation of the transitions
of the carbon-13 substituted isotopomers in natural abundance.
(See Figure 1).

Figure 1. J ) 5-4, K ) 0 and K) 1 microwave transition of CF3s
Ct13CsCtCsH in natural abundance. The spectrum required 1000
microwave/gas pulses and took 5.5 min to accumulate.

TABLE 1: Spectroscopic Constants of
CF3sCtCsCtCsH, CF3sCtCsCtCsCtCsH,
CF3sCtCsCtCsF, and CF3sCtCsCtNa

B/MHz DJ/kHz DJK
b/kHz

CF3CCCCH 887.57431(4) 0.0175(2) 2.499(2)
CF3CCC13CH 862.69511(4) 0.0164(3) 2.39(3)
CF3CC13CCH 875.11021(4) 0.0163(2) 2.44(1)
CF3C13CCCH 884.16204(5) 0.0161(3) 2.55(3)
CF3 13CCCCH 887.46051(9) 0.0163(5) 2.49(6)
13CF3CCCCH 885.43963(6) 0.0158(3) 2.59(4)
CF3CCCCD 848.60969(3) 0.0145(2) 2.375(7)
CF3CCCCCCH 379.57154(4) 0.00215(8) 0.79(2)
CF3CCCCF 499.09390(3) 0.0044(1) 1.145(4)
CF3CCCNc 885.94615(6) 0.0188(5)

a The number in parentheses is the one standard deviation error of
the constant from the least-squares fit.b DJK was not measured for the
nitrile, as onlyK ) 0 transitions were recorded.c For this molecule,
an additional spectroscopic constant was measured, the nuclear quad-
rupole coupling constant of the nitrogen nucleus projected along thea
axis. It is øaa ) -4.40(4) MHz.

E ) BJ(J +1) - DJ[J(J + 1)]2 - DJKJ(J + 1)K2

EQ ) øaa[ 3K2

J(J + 1)
- 1]f(I,J,F)
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We present a complete experimental determination of the
structure of 5,5,5-trifluoro-1,3-pentadiyne. We have measured
the rotational constants (essentially the inverses of the moments
of inertia) of seven isotopomers of trifluoropentadiyne: the
normal isotopomer, five singly substituted carbon-13 isoto-
pomers, and the deuterated isotopomer. These rotational con-
stants are presented in Table 1. Kraitchman’s equations26,27were
solved to give thesubstitution, or rs, structure of the molecule
which is, in general, closer to the equilibrium structure than is
the average, orr0, structure in which all of the isotopomer’s
moments of inertia would be simultaneously fit to a single best
structure. In thers structure calculation, once the normal
isotopomer’s moment of inertia is measured, each measured
isotopically substituted moment of inertia gives a coordinate
for that substituted atom. Because the molecule is a symmetric
top, we set theb andc coordinates of the carbon atoms and the
hydrogen atom to be zero; thea inertial axis is the symmetry
axis. Thus in F3C(5)sC(4)tC(3)sC(2)tC(1)sH, we can determine
the a coordinate of the five carbon atoms and the hydrogen
atom and thus all of the CC bond lengths and the CH bond
length. The fluorine atom positions were determined by fitting
their coordinates to the first and second moment equations for
the normal isotopomer, 0) ∑miai andIb ) ∑mi(ai

2 + ci
2). Thus

we have fit seven structural parameters, six bond lengths, and
one angle, from seven moments of inertia. With the number of
unknowns equal to the number of equations, there is no
independent check on the fitting procedure. Indeed, when we
use ther0 calculational procedure for these seven structural
parameters, we obtain identical results for the bond lengths and
the CFC angle. The errors from the carbon atom and deuterium
atomrs coordinates are used to calculate the errors for the CF
bond length and the CFC angle with the use of standard error
propagation. Errors in the substitution structure arise when the
substituted atom is near the center of mass of the molecule.
Costain has empirically estimated this contribution to the error
to beδr ≈ (0.0012 Å2)/|r|.28 In our calculations we use 0.0015
Å2 for heavy atoms and 0.003 Å2 for the hydrogen atom as the
conversion factor for this error.29 The resultingrs structure of
trifluoropentadiyne is presented in Table 2 and shown in Figure
2.

Discussion

For CF3sCtCsH, ab initio calculations at the SCF level
with a double-ú basis set augmented by polarization functions
on carbon30 predicted a very short CtC bond length of 1.185

Å, which was not found experimentally. The experimental
distance was found to be shortened, but by 0.007 Å to 1.201
Å13, from the 1.208 Å CC triple bond length of CH3sCtCs
H.20

In the present case of CF3sCtCsCtCsH, the situation is
reversed, in that the CC triple bond closest to the trifluoromethyl
group is lengthenedby 0.007 Å to 1.215 Å from the corre-
sponding bond length of 1.208 Å in CH3sCtCsCtCsH.31,32

The various distances and angles for CF3C4H, CF3C2H, and
CH3C4H are presented in Table 2. The magnitude of differences
in the distances between corresponding bond lengths in CF3C4H
verses those of CH3C4H is greatest near the CF3- end of the
molecule. The differences of the bond lengths of CF3C4H minus
those of CH3C4H are -0.010,+0.007,-0.006,-0.001, and
+0.001 Å as we march from CF3-CCCCH through CF3Ct
CCCH, CF3CC-CCH, and CF3CCCtCH to CF3CCCC-H.

This shortening of the CC single bond and the lengthening
of the CC triple bond nearest the CF3 group can be understood
qualitatively in terms of the electron withdrawing ability of the
fluorines. Figure 3 shows four resonance structures for trifluoro-
methylpentadiyne. Resonance structure #1 is, of course, the main
contribution to the electronic structure of the molecule. However,
because fluorine is highly electronegative and thus capable of
electron withdrawing, resonance structures #2-4, in which one
of the fluorine atoms has a full negative charge make some
contribution to the total electronic structure. (The relative
importance of the resonance structures is #1> #2 > #3 > #4).
Resonances #2-4, involving interactions betweenσ and π
bonds, are referred to as involving “hyperconjugation”. Reso-

TABLE 2: rs Structure of F3C(5)sC(4)tC(3)sC(2)tC(1)sH and Related Moleculesa

CF3sCtCsCtCsHb CF3sCtCsHc CH3sCtCsCtCsHd

r(C1-H) 1.0563(8) 1.0510(17) 1.055(1)
r(C2tC1) 1.2075(6) 1.2012(8) 1.209(1)
r(C3-C2) 1.3689(11) 1.375(4)
r(C4tC3) 1.2153(56) 1.208(4)
r(C5-C4) 1.4455(57) 1.4742(45) 1.456(3)
r(F-C5) 1.3413(21) 1.3372(22) 1.105(1)
∠(F-C5-F) 107.20(8)° 108.27(20)° 108.58(5)°

a Distances are in angstroms; angles are in degrees. The numbers in parentheses are the estimated errors of the substitutional method (see text).
b This work. c Reference 13. Because there are two fewer carbon atoms in trifluoromethylacetylene than in the other two molecules in the table, the
numbering scheme is not a perfect match. F3C(5)C(4or2)tC(1)H is used.d Reference 30.r(F-C5) is to be read asr(H-C5), and∠(F-C5-F) is to be
read as∠(H-C5-H) for methyldiacetylene.

Figure 2. rs structure of 5,5,5-trifluoro-1,3-pentadiyne.

Figure 3. Resonance structures of 5,5,5-trifluoro-1,3-pentadiyne. The
relative importance of these resonance structures to the bonding of the
molecule is #1> #2 > #3 > #4.
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nance structures #3 and #4 both replace the F3CsCtC end of
the molecule with F- F2CdCdC. Thus, if we include these
two resonance structures in the description of the bonding of
the molecule, the single bond has some double bond character,
thus shortening it, and the triple bond has some double bond
character, thus lengthening it, as observed experimentally.
Resonance structure #3 is more important than #4 because
opposite charges are closer together in #3 (it takes energy to
separate opposite charges); thus, the shortening/lengthening
occurs in the two bonds near the CF3 end of the molecule.

The subtle effect upon the electronic structure of the methyl-
acetylenes upon fluorination of the methyl group can also be
observed in CF3sCtCsCtN, trifluoromethylcyanoacetylene.
Here we have measured the nuclear quadrupole coupling
constant for the spin-1 nitrogen nucleus,øaa, to be -4.40(4)
MHz. This is larger in magnitude than values of this constant
for methylcyanide,33 CH3CN (-4.214(14) MHz); for methyl-
cyanoacetylene,34 CH3CtCCN, (-4.0(2) MHz); and for
methylcyanodiacetylene,7 CH3CtCsCtCCN, (-4.25(3) MHz).
[Methylcyanoacetylene is the closest analogue of CF3CCCN,
but its value oføaa is the least well measured; the correct value
is most probably-4.2 MHz as in the shorter and the longer
chain version.] The nuclear quadrupole coupling constant is
proportional to the product of quadrupole moment of the nucleus
in question and the electric field gradient at that nucleus caused
by all of the positive and negative charges of the molecule but
most especially by the electrons nearest the nucleus. Thus, a
qualitative understanding of the increase in the magnitude of
øaa(14N), from 4.2 to 4.4 MHz upon fluorination of CH3CCCN
to CF3CCCN, can be obtained from the electron distribution
surrounding the nitrogen nucleus. The relevant resonance
structures are those analogous to #1 and #4 of Figure 3: F3Cs
CtCsCtN T F- F2CdCdCdCdNx. Although resonance
structure #4 is the least important, subtle electronic variations
which seem not to affect bond lengths can have a major effect
upon electric field gradients and thus upon nuclear quadrupole
coupling constants.13

Townes and Schawlow25 give a simple correlation between
electric field gradients,q, and electron bonding. Assume that
thepσ bonding orbital is fractionallys-hybridized by an amount
fs in both resonance structures #1

and in resonance #4

then the nonbonding lone-pair electrons must be (1- fs) s
character andfs pσ character. Becauseselectrons are spherically
symmetric, onlyp electrons contribute to a field gradient along
the molecular axis. Because of their different orientations,
electrons in thepπ orbitals have field gradients,q1, along thea
axis that are-1/2 of the field gradients because of the electrons
in the pσ orbitals, q0; that is, q1 ) -1/2q0.25,35 Resonance
structure #1 has a field gradient at the nitrogen nucleus of

where the first term is due to the bondingpσ electron, the second
term is due to to the two bondingpπ electrons, and the third
term is due to the two nonbonding lone pair electrons. A
reasonable value forfs is 0.45.25 Resonance structure #4 has a

field gradient at the nitrogen nucleus of

where the terms are in the same order as above; there is only
one bondingpπ electron for resonance structure #4. The
difference,q(#4) - q(#1), is equal to1/2q0.36 Thus, the slight
contribution of resonance #4 to the electronic structure of CF3-
CCCN rationalizes the increase of the magnitude oføaa(14N) in
CF3CCCN over that in CH3CCCN.

Summary

We have studied, by microwave spectroscopy, four related
fluoromethyl acetylenes: CF3C4H, CF3C6H, CF3C4F, and CF3C2-
CN. The molecular structure of the first of these, CF3sCtCs
CtCsH, was determined and the bond lengths discussed in
terms of the electron withdrawing capability of the electro-
negative fluorines. The same analysis was used to understand
the nuclear quadrupole coupling constant of the nitrogen in the
nitrile, CF3sCtCsCtN.
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