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The microwave spectra of cyano-pentafluorobenzene, C 6 F 5 C N , and isocyano-pentafluoro-
benzene, C ^ N C , have been assigned by molecular beam microwave Fourier transform spectros-
copy. The N nuclear quadrupole coupling constants have been determined for both isomers. 

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 / > 1/2) [1]. The 1 4N nucleus with 7 = 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 
(C6H5NC) [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], l-cyano-2-fluorobenzene [10-12], l-cyano-3-
fluorobenzene [12, 13], l-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-
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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 1 4N 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 1 4N 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 1 4N 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; vobs: 
experimental line frequency or calculated centerfrequency of 
a hyperfine multiplett (GHz); vhfs: observed frequency of 
hyperfine components (GHz); <5v: difference between calcu-
lated and observed frequency of the hyperfine component 
(kHz); 5: difference between observed and calculated rigid 
rotor frequency (kHz). 

J'KL K'+*-J K_ F' F vhfs 
<5v Vobs <5 

8 0 8 - 7 0 7 7.458 541 7 - 1 1 
8 1 8 — 7 1 7 7.458 508 1 - 2 2 
9 1 8 - 8 1 7 9.215 724 7 - 1 

8 - 7 9.215 731 8 - 1 
9 - 8 9.215 697 1 - 1 

1 0 - 9 9.215 742 3 - 1 
9 2 8 <- 8 2 7 9.215 110 2 - 1 

8 - 7 9.215 117 6 - 1 
9 - 8 9.215 082 3 0 

1 0 - 9 9.215 127 9 1 
9 3 7 — 8 3 6 10.095 467 1 5 

8 - 7 10.095 480 9 - 1 
9 - 8 10.095 431 1 1 

1 0 - 9 10.095 487 3 0 
10 0 10 4- 9 0 9 9.213 293 5 - 2 
10 1 1 0 - 9 1 9 9.213 293 5 - 2 

9 - 8 9.213 293 1 3 
1 0 - 9 9.213 283 6 - 1 
11 - 10 9.213 301 9 - 1 

10 4 7 <- 9 4 6 11.848 449 8 - 1 
11 0 1 1 - 1 0 0 10 10.090 706 1 - 1 
11 1 11 - 10 1 10 10.090 706 1 - 1 

l O - 9 10.090 706 0 2 
l l - 10 10.090 697 9 - 1 
1 2 - 11 10.090 713 0 - 1 

12 0 1 2 - 1 1 0 11 10.968 121 2 6 
12 1 1 2 - 1 1 1 11 10.968 121 2 6 
13 0 1 3 - 1 2 0 12 11.845 540 2 15 
13 1 1 3 - 1 2 1 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 

Table 2. Rotational transitions of isocyano-pentafluoro-
benzene and 1 4 N nuclear hyperfine structure. Explanation of 
symbols see Table 1. 

J'K_K:<-JK_K+ F' F vhfs Sv vobs <5 

7 1 6 - 6 1 5 7.618 678 3 - 7 
6 - 5 7.618 682 6 0 
7 - 6 7.618 674 6 0 
8 - 7 7.618 678 8 0 

7 2 6 - 6 2 5 7.611 875 6 - 8 
8 0 8 - 7 0 7 7.611 590 7 - 5 
8 1 7 - 7 1 6 8.510 090 2 - 6 
8 1 8 - 7 1 7 7.611 570 0 - 4 
8 2 6 - 7 2 5 9.436 502 5 - 3 

7 - 6 9.436 511 6 0 
8 - 7 9.436 490 9 0 
9 - 8 9.436 506 2 0 

8 2 7 — 7 2 6 8.508 670 3 - 7 
8 3 6 - 7 3 5 9.400 566 1 - 9 
9 0 9 - 8 0 8 8.506 987 4 - 3 
9 1 9 - 8 1 8 8.506 987 4 - 3 
9 1 8 - 8 1 7 9.404 229 8 - 5 
9 2 7 - 8 2 6 10.312 647 7 - 3 

8 - 7 10.312 650 4 - 1 
9 - 8 10.312 642 3 0 

1 0 - 9 10.312 650 4 1 
9 2 8 - 8 2 7 9.403 955 1 - 5 
9 3 7 - 8 3 6 10.303 626 8 - 6 

10 0 1 0 - 9 0 9 9.402 409 0 - 3 
10 1 1 0 - 9 1 9 9.402 409 0 - 3 
10 1 9 - 9 1 8 10.299 117 7 - 3 
10 2 8 - 9 2 7 11.201 440 8 - 2 
10 2 9 - 9 2 8 10.299 068 0 - 4 
10 3 8 - 9 3 7 11.199 411 5 - 2 
10 4 7 - 9 4 6 12.098 563 5 - 2 
11 0 11 - 10 0 10 10.297 840 4 - 1 
11 1 11 - 10 1 10 10.297 840 4 — 1 
11 1 1 0 - 10 1 9 11.194 254 5 - 3 
11 2 9 - 10 2 8 12.094 203 7 1 
11 2 1 0 - 10 2 9 11.194 243 6 — 1 
11 3 9 - 10 3 8 12.093 780 6 
12 0 1 2 - 11 0 11 11.193 277 4 1 
12 1 12 — i i i l i 11.193 277 4 1 
12 1 11 - 11 1 10 12.089 494 8 2 
12 2 11 - 11 2 10 12.089 494 8 2 
12 2 1 0 - 11 2 9 12.988 264 2 5 
12 3 1 0 - 11 3 9 12.988 181 1 5 
13 0 1 3 - 12 0 12 12.088 718 5 3 
13 1 1 3 - 12 1 12 12.088 718 5 3 
13 1 1 2 - 12 1 11 12.984 798 3 4 
13 2 1 2 - 12 2 11 12.984 798 3 4 
14 0 1 4 - 13 0 13 12.984 161 8 6 
14 1 1 4 - 13 1 13 12.984 161 8 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. A, B, C: Rotational constants [GHz]; x: param-
eter of asymmetry; A: inertial defect [amuÄ 2 ] ; <r: standard 
deviation of the fit [MHz]; n: number of transitions. 

a b c d 
C 6 F 5 - N C C 6 F 5 - C N C 6 F 5 - C N C 6 F 5 - C N 

A 1.029 686 8(47) 1.029 351(44) 1.026 787(64) 1.026 82(30) 
B 0.792 206 9(29) 0.764 603(21) 0.776 326(17) 0.776 34(10) 
C 0.447 727 65(7) 0.438 721 5(33) 0.442 058(18) 0.442 06(10) 
X 0.183 9 0.103 5 0.143 3 0.143 3 
A 0.0177 - .0019 0.0587 0.0811 
cr 0.004 0.011 1.5 -

n 31 10 42 42 

Table 4. 1 4 N nuclear quadrupole coupling constants xgg 
(;g = a,bc) in MHz of cyano- and isocyano-pentafluoro-
benzene, compared to the constants of cyano- and isocyano-
benzene. 

Xaa Xbb Ref. 

C6F5 
C.H, 

C N - 4 . 5 1 ( 4 1 ) 
- C N - 4 . 2 4 4 ( 4 ) 

2.50(23) 
2.280(5) 

2.01 (23) This work 
1.954(5) [8] 

C 6 F 5 - N C 0.96(11) - 0 . 7 9 ( 6 ) - 0 .17 (6 ) This work 
C 6 H , - N C 0.4115(70) -0 .3858(79) -0 .0257(79) [3] 

ing different effects of the functional groups on the 
structure of the C6F5-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 1 4N nuclear quadrupole coupling, and in no 
incident was a theoretically expected and experimen-
tally resolvable splitting not observed. 

Quadrupole Coupling 

The 1 4N nuclear quadrupole coupling constants xgg 

(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 
Xaa (and thus the efg in R - C N bond direction) is large 
and dominated by the nitrogen lone pair. The efg at 
the 1 4N nucleus has almost cylindrical symmetry, as 
seen from the constants xbb (in plane) and xcc (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 xaa 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 1 4N 
nucleus perpendicular to the ring plane (xcc, see Fig. 1) 
is very much smaller than Xbb i n the ring plane and 
perpendicular to the R - N C bond direction, resulting 
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in a s ignif icant d e v i a t i o n of t he c o u p l i n g t e n s o r f r o m 
near -cy l indr ica l s y m m e t r y expec ted in s imple alkyl 
i socyanides such as e thyl i socyan ide [18]. H o w e v e r , 
d i rect c o m p a r i s o n is difficult s ince the q u a d r u p o l e 
c o u p l i n g t ensor s a r e n o r m a l l y d e t e r m i n e d in the p r in -
c ipal axes sys tem of the mo lecu l e a n d a re t h u s n o t 
necessar i ly d i a g o n a l . 

Acknowledgement 

T h i s w o r k was s u p p o r t e d by the D e u t s c h e F o r -
schungsgeme inscha f t , t he L a n d Sch le swig -Hol s t e in 
a n d the F o n d s de r C h e m i s c h e n Indus t r i e . W e w o u l d 
like t o t h a n k J.-U. G r a b o w a n d D r . W. S t a h l fo r assis-
t a n c e wi th the s p e c t r o m e t e r a n d D . P r e u g s c h a t a n d 
D r . D . Len tz of the Fre ie Un ive r s i t ä t Ber l in ( F R G ) fo r 
a g e n e r o u s supply of i s o c y a n o - p e n t a f l u o r o b e n z e n e . 

[1] W. Gordy and R. L. Cook, Microwave Molecular Spec-
tra, J. Wiley & Sons, New York 1984, Chapter IX. 

[2] B. Bäk, B. P. van Eijck, and C. Kierkegaard, J. Mol. 
Struct. 18, 429 (1973). 

[3] W. Kasten, H. Dreizler, and U. Andresen, Z. Natur-
forsch. 41a, 1302 (1986). 

[4] R. E. Banks, R. N. Haszeldine, and B. G. Willoughby, 
J. Chem. Soc. Perkin Trans. 1, 2451 (1975). 

[5] D. Lentz, Ann. Chim. Fr. 1984, 665. 
[6] D. Lentz, K. Graske, and D. Preugschat, Chem. Ber. 

121, 1445 (1988). 
[7] E. Fliege, B. Bestmann, R. Schwarz, and H. Dreizler, 

Z. Naturforsch. 36 a, 1124 (1981). 
[8] K. Vormann, U. Andresen, N. Heineking, and H. Dreiz-

ler, Z. Naturforsch. 43a, 283 (1988). 
[9] G. Wlodarczak, J. Burie, J. Demaison, K. Vormann, and 

A. G. Csäszär, J. Mol. Spectrosc. 134, 297 (1989). 
[10] O. Böttcher and D. H. Sutter, Z. Naturforsch. 41a, 955 

(1986). 

[11] A. Dutta, A. I. Jaman, and R. N. Nandi, J. Mol. Spec-
trosc. 124, 486 (1987). 

[12] O. Böttcher and D. H. Sutter, Z. Naturforsch. 43 a, 47 
(1988). 

[13] A. Dutta, A. I. Jaman, D. K. Ghosh, and R. N. Nandi, 
J. Mol. Spectrosc. 118, 232 (1986). 

[14] B. Bäk, D. H. Christensen, N. A. Kristiansen, F. Nico-
laisen, and O. F. Nielsen, Acta Chem. Scand. 37 a, 601 
(1983). 

[15] S. D. Sharma and S. Doraiswamy, Proc. Ind. Acad. Sei. 
67 A, 12 (1968). 

[16] U. Andresen, H. Dreizler, J.-U. Grabow, and W. Stahl, 
Rev. Sei. Instrum. 61, 3694 (1990). 

[17] J.-U- Grabow and W. Stahl, Z. Naturforsch. 45 a, 1043 
(1990). 

[18] E. Fliege and H. Dreizler, Z. Naturforsch. 40a, 43 
(1985). 


