The Microwave Spectra

and Nitrogen Quadrupole Coupling Constants
of Cyano- and Isocyano-pentafluorobenzene

Michael Kriiger and Helmut Dreizler

Abteilung Chemische Physik im Institut fiir Physikalische Chemie der Universitat Kiel

Z. Naturforsch. 47a, 865-868 (1992); received May 23, 1992

The microwave spectra of cyano-pentafluorobenzene, C4FsCN, and isocyano-pentafluoro-
benzene, C?FSNC, have been assigned by molecular beam microwave Fourier transform spectros-
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Introduction

The nuclear quadrupole coupling in free molecules
provides a means of probing the electric field gradient
(efg) at the site of a quadrupolar nucleus (i.e. a nucleus
with spin I>1/2) [1]. The *N nucleus with I=1 is
therefore suited to investigate the substitutional effect
on its electronic environment, for example in cyanides
(R—CN) and isocyanides (R—NC). Whereas the efg at
the nitrogen nucleus in cyanides is dominated by the
nitrogen lone pair and only shows a moderate depen-
dence upon substitution, the effect on the efg at an
isocyanide nitrogen is more pronounced. The only
aromatic isocyanide that has been investigated with
microwave spectroscopy to date is phenylisocyanide
(C¢HsNC) [2, 3]. In line with a systematic study of the
fluorine substitution effect on the efg in isocyanides,
we decided to investigate isocyano-pentafluorobenzene
which has recently become available [4—6]. Among
the aromatic cyanides so far investigated with micro-
wave spectroscopy are cyanobenzene (benzonitrile)
[7-9], 1-cyano-2-fluorobenzene [10-12], 1-cyano-3-
fluorobenzene [12, 13], 1-cyano-4-fluorobenzene [10,
12, 14] and cyano-pentafluorobenzene [15]. For com-
parison, we reinvestigated the microwave spectrum of
the latter compound to resolve the quadrupole hyper-
fine splittings.

Experimental

The molecular beam microwave Fourier transform
spectrometer used in this investigation has been de-

Reprint requests to Prof. Dr. H. Dreizler, Abteilung Chemi-
sche Physik, Institut fiir Physikalische Chemie, Universitit
Kiel, Olshausenstr. 40—60, 2300 Kiel 1, FRG.

N nuclear quadrupole coupling constants have been determined for both isomers.

scribed elsewhere [16, 17]. The liquid sample was
placed directly in front of the pulsed valve and helium
at a pressure of 1.2 bar was used as carrier gas for the
supersonic jet expansion. Cyano-pentafluorobenzene
was obtained commercially and used without further
purification. A pure sample of isocyano-pentafluoro-
benzene was kindly provided by D. Preugschat and
D. Lentz of the Free University of Berlin.

Assignment
Cyano-pentafluorobenzene

No rotational transitions of cyano-pentafluoroben-
zene could be detected at frequencies calculated from
the rotational constants of Sharma and Doraiswamy
[15]. A subsequent frequency sweep resulted in a re-
assignment of the rotational spectrum. We succeeded
in measuring 14 rotational transitions, of which five
showed a fine structure attributed to '*N nuclear
quadrupole coupling (Table 1). The derived rotational
constants within the rigid rotor approximation are
listed in Table 3 (column b), the quadrupole coupling
constants are given in Table 4.

Isocyano-pentafluorobenzene

A guess on the structure of isocyano-pentafluoro-
benzene yielded preliminary rotational constants and
a calculated spectrum. After the first few lines had
been found and assigned, a total of 39 rotational tran-
sitions were measured. Three lines showed a hyperfine
structure due to the '*N nucleus. The line frequencies
are listed in Table 2, the rigid rotor rotational con-
stants are given in Table 3 (column a) and the quadru-
pole coupling constants in Table 4.
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Table 1. Rotational transitions of cyano-pentafluorobenzene
and '*N nuclear hyperfine structure. J, K_, K,,and J’, K,
K'’,: quantum numbers of the lower and upper energy level;
F, F': quantum numbers for the hyperfine component; v, :
experimental line frequency or calculated centerfrequency of
a hyperfine multiplett (GHz); v,,: observed frequency of
hyperfine components (GHz); dv: difference between calcu-
lated and observed frequency of the hyperfine component
(kHz); o: difference between observed and calculated rigid
rotor frequency (kHz).

J'K_.K,«JK_K, F'F vy oV Vo, o
80 8« 70 7 74585417 —11
81 8« 71 7 7.458 5081 —22
91 8« 81 7 92157247 -1
8« 7 92157318 —1
9« 8 92156971 —1
10~ 9 92157423 -1
92 8« 82 7 92151102 -1
8« 7 92151176 —1
9« 8 9.2150823
10 9 92151279 1

10.095 467 1 5
8« 7 10.0954809 —1
9« 10.095 431 1 1
10 9 10.0954873 0

oo

100 10« 90 9 9.2132935 -2
10110« 91 9 9.2132935 -2
9« 8 92132931 3
10 9 92132836 —1
11«10 9.2133019 -1
104 7« 94 6 11.8484498 —1

11 0 11«10 0 10
11111101 10

10.090 706 1 —1
10.090 706 1 —1
10~ 9 10.0907060 2
1110 10.0906979 —1

1211 10.090 7130 —1
120 12«11 0 11 10.968 121 2 6
121 12«11 1 11 10.968 121 2 6
13013120 12 11.845 540 2 15
13113121 12 11.845 540 2 15
Results
Spectra

In Table 3 the rotational constants of cyano- and
isocyano-pentafluorobenzene are compared to the
data of Sharma and Doraiswamy [15]. Column d lists
their values, column c gives the results when their line
frequencies are analyzed with the computer program
used in this investigation, whereas in columns a and b
the results of the present assignment and analysis are
listed. The correctness of our assignment can be as-
certed as follows: 1. The standard deviation in
columns a and b is of the order of the experimental
accuracy, whereas the previous data show a standard
deviation of 1.5 MHz — much larger than the experi-
mental accuracy of a continuous wave spectrometer
used in the earlier study. 2. The rotational constant A
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Table 2. Rotational transitions of isocyano-pentafluoro-
benzene and '*N nuclear hyperfine structure. Explanation of
symbols see Table 1.

JK.K,«JK_K, F F vy v vy, 5
71 6« 61 5 76186783 —7
65 76186826 0
76 76186746 0
87 76186788 0
72 6625 76118756 —8
80 8« 70 7 76115907 -5
81 7« 71 6 85100902 —6
81 8« 71 7 76115700 —4
82 6« 72 5 94365025 —3
76 94365116 0
87 94364909 0
98 94365062 0
82 7« 72 6 8.5086703 —7
83 6< 73 5 9.4005661 —9
90 9« 80 8 8.5069874 —3
91 9« 81 8 85069874 —3
91 8« 81 7 94042298 —5
92 782 6 103126477 -3
8«7 103126504 —1

98 103126423
109 103126504 1
92 8« 82 7 94039551 —5
93 7« 83 6 103036268 —6
10010« 90 9 94024090 —3
10110« 91 9 94024090 —3
101 9« 91 8 102991177 -3
102 8« 92 7 112014408 —2
102 9« 92 8 102990680 —4
103 8« 93 7 111994115 -2
104 7« 94 6 12098 5635 —2
11 0 1110 0 10 102978404 —1
111 1110 1 10 102978404 —1
11110101 9 111942545 -3
112 9<102 8 120942037 1
11210<102 9 111942436 —1
113 9<103 8 120937806 2
120 1211 0 11 111932774 1
121 1210 1 1i 111932774 1
1211111 1 10 120894948 2
122 1111 2 10 120894948 2
12210112 9 129882642 S
12310113 9 129881811 5
13 0 1312 0 12 120887185 3
13113121 12 120887185 3
1311212111 129847983 4
13 2 1212 2 11 129847983 4
14 0 1413 0 13 129841618 6
141 14131 13 129841618 6

is similar for both the cyanide and the isocyanide. As
the change from the cyanide to the isocyanide is equiv-
alent to an exchange of two nuclei on the principal
axis a (see Fig. 1), a good approximation is that no
change of the moment of inertia around this axis will
occur. The deviation of the rotational constants A of
the two isomers (Table 3, columns a and b) of the
order of 350 kHz can be rationalized when consider-
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Table 3. Comparison of the rigid rotor rotational constants
of isocyano- and cyano-pentafluorobenzene. a, b: Results of
this work, c results from transition frequencies as given by
Sharma and Doraiswamy [15], analyzed with the same
program as in column a and b; d results of Sharma and
Doraiswamy. 4, B, C: Rotational constants [GHz]; x: param-
eter of asymmetry; 4: inertial defect [amu A?]; ¢: standard
deviation of the fit [MHz]; n: number of transitions.

a b c d
C4F~NC C4F~CN C4F,~CN C4F,~CN
A 1.029 686 8(47) 1.029 351(44) 1.026 787(64)  1.026 82(30)
B 0.7922069(29) 0.764603(21) 0.776 326(17)  0.776 34(10)
C 0.44772765(7) 0.4387215(33) 0.442058(18)  0.44206(10)
» 01839 0.103 5 0.1433 0.1433
4 0.0177 —-0019 0.0587 0.0811
o 0.004 0.011 1.5 -
n 31 10 42 42

Table 4. '*N nuclear quadrupole coupling constants x,,
(g=a,bc) in MHz of cyano- and isocyano-pentafluoro-
benzene, compared to the constants of cyano- and isocyano-
benzene.

Xaa Xbb Xee Ref.
C¢Fs—CN —4.51(41) 2.50(23) 2.01(23) This work
CH,-CN —4244(4) 2.280(5) 1954(5)  [8]
C,F-~NC  096(11)  —0.79(6) —0.17(6)  This work
CeH,—NC  04115(70) —0.3858(79) —0.0257(79) [3]

ing different effects of the functional groups on the
structure of the C¢F;-frame and possibly slightly dif-
ferent vibrational contributions. 3. The hyperfine
splittings in the spectra of the title compounds (see
also below) further corroborate our assignment. All
observed splittings could be interpreted as originating
from N nuclear quadrupole coupling, and in no
incident was a theoretically expected and experimen-
tally resolvable splitting not observed.

Quadrupole Coupling

The '*N nuclear quadrupole coupling constants y,,,
(g=a, b, c) of the title compounds are given in Table 4,
together with literature data of cyano- and isocyano-
benzene. The rather large uncertainties in the values
presented in this work are due to the fact that split-
tings smaller than 50 kHz with a high relative uncer-
tainty had to be analyzed.

The quadrupole coupling tensor for the molecules
in Table 4 is diagonal when evaluated in the principal
axis system of inertia, i.e. the principal axes of inertia
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Fig. 1. Cyano- and isocyano-pentafluorobenzene in their
principal axis systems. The bond lengths have been set to
plausible values, all angles are 120°.

and the principal axes of the coupling tensor coincide.
For both cyanides, the quadrupole coupling constant
Xaq (and thus the efg in R—CN bond direction) is large
and dominated by the nitrogen lone pair. The efg at
the '*N nucleus has almost cylindrical symmetry, as
seen from the constants y,, (in plane) and y_ . (perpen-
dicular to the plane) of nearly equal magnitude. Effects
of conjugation are small and relatively insensitive to
ring substitution. The isocyanides exhibit coupling
constants in the range typical for these compounds, i.e.
generally smaller than 1 MHz with y,, positive. Fluo-
rine substitution of the aromatic ring has a significant
effect on the coupling constants (see Table 4): the con-
stants increase by more than a factor of two. The
conjugation of the isocyanide group with the aromatic
ring is seen in the large asymmetry of the coupling
tensor. The coupling constant and the efg at the *N
nucleus perpendicular to the ring plane (., see Fig. 1)
is very much smaller than y,, in the ring plane and
perpendicular to the R—NC bond direction, resulting
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in a significant deviation of the coupling tensor from
near-cylindrical symmetry expected in simple alkyl
isocyanides such as ethyl isocyanide [18]. However,
direct comparison is difficult since the quadrupole
coupling tensors are normally determined in the prin-
cipal axes system of the molecule and are thus not
necessarily diagonal.
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