CYANODIFLUOROPHOSPHINE

in a one-electron-transfer process whereas oxygen bond-
ing is a necessary and sufficient condition for two-
electron transfer. Since each vanadium(lV) can
transfer only one electron, we suggest that only the
chlorine-bonded species would result in the formation of
vanadium(V). We also wish to suggest that at high
vanadium concentrations an additional term second
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order .in vanadium(IV) would become important and
this species would involve the oxygen-bonded complex.

- Acknowledgments.—The authors wish to express
their appreciation to the Atomic Energy Commission
for support of this research under AEC Contract
AT-(11-1)-1780.

] CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY,
MICHIGAN STATE UNIVERSITY, EAST LANSING, MICHIGAN 48823

Microwave Spectrum, Structure, Dipole Moment, and
Nuclear Quadrupole Coupling Constants of Cyanodifluorophosphine!

By P. L. LEE, K. COHN, anp R. H. SCHWENDEMAN*

Received January 17, 1972

The microwave spectra of the ground and some excited vibrational states of PF:CN, PFy12CN, and PF:C!°N have been ana-
lyzed. From the moments of inertia, structural parameters have been derived as follows: &(PF) = 1.566 =+ 0.007 A,
d(PC) = 1.815 £ 0.005 &, d(CN) = 1.157 £ 0.003 A, ZFPF = 99.2 & 0.2°, ZFPC = 96.9 = 0.2°, and ZPCN = 171.2 %+

0.8°. The tilt of the CN group is away from the fluorine atoms.
—4.66 & 0.12 MHz, xe = 5.08 &= 1.0 MHz, and x.c = —0.42 &= 1.0 MHz.

pe = 1.27 £ 0.08 D, and p = 2.39 &= 0.02 D.

Introduction

An investigation of the microwave spectrum of cy-
anodifluorophosphine, PF,CN, was undertaken as a re-
sult of the current interest inthe structure and bonding
in substituted fluorophosphines.? Of particular in-
terest in this study were the PC bond distance and the
PCN angle. The results of a determination of the
crystal structure of phosphorus tricyanide, P(CN);, by
X-ray diffraction?® indicated that the average PCN
angle is about 171 =+ 3°, rather than the 180° that
would be predicted by simple bonding theory. It has
been suggested that this nonlinearity is due to the close
packing in the crystal lattice and that it would not
occur in the free molecule.

Experimental Section

Samples of PF,CN, PF;!*CN, and PF,CY¥N were prepared by
the interaction of PF,I with CuCN as reported by Rudolph,
et al.® For the 3C and N species, the corresponding cuprous
cyanides were obtained from appropriately enriched KCN by the
use of the procedure of Barber.! The enriched samples con-
tained 159, PFy8CN and 259, PF,CHN, respectively. Allsamples
were purified by trap-to-trap distillation, and their presence was
confirmed by mass spectroscopy. In each case, the mass spec-
trum also revealed the presence of PF;l as the major impurity, ap-
parently because PF:CN and PF.:Il have about the same vola-
tility.> Although PF,I has a fairly rich spectrum, its interference
in the study of the spectrum of PF;CN has been minimal.
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. 3a — 4m 28,506.02 (—0.17)

The nitrogen quadrupole coupling constants are x,, =
The dipole moments are u, = 2.03 &= 0.01 D,

The spectra, all taken at Dry Ice temperature, were obtained
with conventional Stark-modulated spectrometers of our own
construction and a Hewlett-Packard R8460A MRR spectrometer.
The uncertainty in the observed frequencies reported here is
+0.10 MHz.

Spectra.—The spectrum of PF;CN was initially calculated by
assuming a pyramidal structure and a plane of symmetry.
The assignment of the normal species was based on the character-
istic Stark effect of the three g-type J = 1 — 2 transitions.
Spectra for the isotopic species were assigned in the same fashion.
The frequencies of the observed transitions in the ground vibra-
tional state of the three isotopic species are listed in Table I, and
the corresponding rotational parameters are given in Table II.
Transitions belonging to excited states of the lowest frequency
vibrational mode of the three isotopic species were also observed
and fit and are given in Table III; the corresponding rotational
parameters are in Table IV. At Dry Ice temperature the ratio
of the intensity of a transition in the first excited state to that of a
corresponding transition in the ground state is approximately

TaBLE I

FREQUENCIES® OF GROUND STATE ROTATIONAL

TRANSITIONS FOR ISOTOPIC SPECIES OF PF;CN
Transi-

tion PF:CN

log — 202 11,613.94 (0.14)0
lu — 212 11,024.66 (0.24)
li—2u 12,349.86 (0.37)
202 — 303 17,243,598 (0.04)
212 ~ 313 16,493, 14 (—0.04)
2y ~» 322 17,530.81 (0.38)
21 — 313 18,475.52 (—0.19)
29 — 3u1 17,817.57 (0.25)
303 — 4o 22,690.52 (0.11)
318 — 41 21,016.52 (—0.04)

PF13CN

11,508. 42 (~0.35)
10,926.68 (0.16)
12,227.12 (—0.01)
17,090. 54 (0.27)
16,348.22 (0.09)
17,365.71 (0. 49)
18,204, 43 (0.14)
17,640.21 (0.01)
22,497.01 (—0.16)
21,726.45 (0.37)
23,279.85 (—0.76)
24,209,382 (0.31)
27,733.79 (—0.27)
29,992.32 (—0.10)
27,055.18 (—0.16)
30,209.53 (0.05)

PF.CIN
11,239.05 (—0.18)
10,682.31 (0.07)
11,921.86 (0.15)
16,706.15 (0.03)
15,985.41 (—0.54)
16,953,086 (0.10)
17,841.27 (0.11)
17,200.09 (0.29)
22,011.64 (—0.08)
21,250.61 (0.52)
22,717.95 (—0.39)
23,704.95 (—0.28)
27,156.52 (—0.02)
29,212.32 (—0.02)

312 — 413 24,536.53 (0.09)

494 = 505 27,963.57 (—~0.25)
495 — 52 30,305.97 (—0.27)
414 ~ 515 27,289.35 (—0.28)
415 — 512 30,498.12 (~0.02)
Ogo ~ 110 10,656.72 (0.08)

log ~» 211 17,162.57 (—0.08)

@ Uncertainty in observed frequencies is #=0.10 MHz. ® Num-
bers in parentheses are differences between observed and calcu-

lated values of the frequencies. Rotational parameters are in
Table II.

29,486.35 (0.22)



1918 Imorganic Chemistry, Vol. 11, No. 8, 1972

TasLE II

GROUND STATE ROTATIONAL PARAMETERS OF
PF,CN, PF,1*CN, anD PF,C5N

Param-
eter PF:CN PF:13CN PF:CISN
Ae 7403.63 &= 0.27 7404.41 = 2.8 7400.31 = 2.5

B 3253.01 = 0.04
C 2590.47 £ 0.04

3219.36 = 0.07
2569.06 = 0.07

3135.36 = 0.06
2515.63 £ 0.06

b 68.2606 68.2534 68.2911
1y 155.3565 156.9804 161.1858
I 195.0905 196.7167 200.8948
Pt 141.0932 142.7219 146.8947
Py 53.9973 53.9948 54.0000
P 14.2633 14.2586 (14.2911
K —0.724697 -0.731022 —0.746253

¢ In MHz. bInu .&2; conversion factor: 505,376 MHz u A,
cInu A2, Pgo = Iy + I. — 1.)/2, etc.

P. L. Leg, K. CorN, aND R. H. SCHWENDEMAN

and the product-of-inertia relation, Zm,z;c; = 0. Thus, there
are ten pieces of information from which to determine nine co-
ordinates.

The nine coordinates were determined in two ways. An ap-
proximate ‘‘ry’’ structure was obtained by the method of least
squares by fitting the seven moments of inertia of the three
species, the first-moment relations, and the product of inertia.
A Kraitchman (Kr) structure was obtained by using the Kraitch-
man equations? to obtain the ¢ and ¢ coordinates of the C and N
atoms, followed by fitting the remaining coordinates to the second
moments of the normal species, the first-moment relations, and
the product of inertia, The Kraitchman equations used were
those which assttme an ac plane of symmetry and do not require a
value for the moment of inertia, I,. The ¢ moments were
omitted because they are less precise than the b and ¢ moments.
Solution of the Kraitchman equation gave an imaginary value for
the ¢ coordinate of the carbon atom. Therefore, this coordinate
was set equal to zero in the Kr structure. The coordinates for the

TasLE III
FREQUENCIES? OF TRANSITIONS IN VIBRATIONALLY EXCITED STATES FOR [SOTOPIC SPECIES OF PF,CN

PF:CN PF:1:CN PF:CHN
Transition vy =1 v =2 p =1 v =1
1 — 252 11,042.56 (0.12) 11,060.01 (0.02)
29 — 313 16,519.15 (—0.25) 16,543.55 (—0.02)
440 — Bos 27,994.15 (0.08) 28,024.25 (0.00) 27,763.05 (—0,01) 27,189.44
413 — 5y 30,580.61 (0.30) 30,289.70 (—0.07) 29,569.60
49y — B 29,120.48 (—0.14) 28,180.40
4y — By5 27,325.53 (0.00) 27,361.33 (0.00)
4oy — Byg 30,413.52 (0.06) 30,099.39 (0.01)
514 — 615 36,070.49 (0.05)

¢ Uncertainties in the observed frequencies are =0.10 MHz.
Rotational parameters are in Table IV,

TABLE IV

ROTATIONAL PARAMETERS FOR THE VIBRATIONALLY
ExcITED STATES oF PF,CN, PF;13CN, aAND PF,CI5N

Pa-
ram- PF:CN: PFLICN PF.CISN
eter y =1 9 =2 v =1 v =1
4e 7377.22 7351.27 7367.08 7387.22
B 3265.50 3275.45 3231.60 3147.72
C 2592.40 2594 .85 2571.04 2517.31
1.2 68.5049 68.7467 68.5992 68.4122
Iy 154.7624 154.2919 156.3856 160. 5528
I, 1940455 194.7614 196. 5648 200.7603
Pi.t  140.6015 140.1533 142.1756 146.4505
Py 54.3440 54.6087 54.3892 54,3098
P 14.1609 14.1386 14.2101 14.1023
K —0.7186563 —0.713815 —0.724539  —0.741098
¢In MHz. Uncertainty in rotational constants is =5 MHz

for 4; =0.10 MHz for B and C. *In u A?%; conversion factor:
505,376 MHz u A% °¢Inu A% Pa = (Is + I. — [,)/2, etc.

0.4. Thus, the energy separation is about 125 cm™!, The as~
signment of the infrared spectrum of this compound is incomplete
The frequencies of two modes (the rocking and out-of-plane wag-
ging motion of the PF, group) are believed tolie below 200 cm ™.
By analogy with PF.NH,,?* PEF;Cl, and PF;Br? the lowest fre-
quency mode observed in the microwave spectrum is probably the
out-of-plane wagging motion of the PF; group. In addition, ro-
tational transitions arising from molecules in the first excited
state of a second mode were also observed in the microwave spec-
trum but not assigned. The relative intensity of these transi-

tions is intermediate between those of the first and the second

excited states of the Jowest fundamental.

Molecular Structure.—In PF:CN there are five atoms, and
hence a total of 15 atomic coordinates is needed to fix the struc-
ture. As a result of the plane of symmetry, the b coordinates of
the P, C, and N atoms are zero and the b coordinate of one fluorine
atom is the negative of that of the other. Also, the ¢ and ¢ co-
ordinates of the two fluorine atoms are the same. To fix the
nine nonzero coordinates there are three moments of inertia of the
normal species, two moments of inertia for each of the labeled
species, two first-moment relations, Zma; = 0 and Zmqc; = 0,

(7) A. Muller, B. Krebs, B. Vizi, and S. J. Cyvin, J. Mol. Struct., 2, 149
(1968), and references therein.

® Numbers in parentheses are observed minus calculated frequencies.

TABLE V

CARTESIAN COORDINATES? IN THE PRINCIPAL
AXxi1s SvsTEM OF PF,CN

Meth-
Atom od a b 14
P n —0.4532 = 0.0034 0.00 0.5288 = 0.0029
Kr —0.4565 = 0,0034 0.00 0.5290 = 0.0029
F 1o —0.9283 = 0.0017 =1.1921 & 0.0013 —0.3703 = 0.0041
Kr —0.9265 = 0.0016 =:1.1921 =% 0.0013 —0.3707 = 0.0041
C ro 1.2793 =& 0.0012 0.00 0.0023 + 0.0079%
Kr 1.2798 &= 0.0012 0.00 0.0000 % 0.0076°
N n 2.4250 = 0.0006 0.00 ~0.1670 &= 0.0098
Kr 2.4252 + 0.0006 0.00 —0.1634 = 0.0093
«In A, The uncertainties in the coordinates include an experi-

mental contribution and a vibration-rotation contribution
estimated to be 8¢ = 0.0015/¢. ® The uncertainty in this co-
ordinate was estimated from &ccarvon = 2{Z (1:8¢:)?} 2/ Mcarbon.

TaBLE VI
STRUCTURAL PARAMETERS OF PF.CN
Parameter® 10 Kr
P—F 1.567 = 0.007 1.566 = 0.007
P—C 1.811 &= 0.005 1.815 = 0.005
C=N 1.158 &= 0.003 1.157 £ 0.003
£ FPF 99.1 =0.2 99.2 = 0.2
ZFPC 97.1 £ 0.2 96.9 = 0.2
ZPCN 171.5 = 0.8 171.2 = 0.8

e Bond distances in dngstréms and bond angles in degrees.

roand Kr structures are compared in Table V and the correspond-
ing bond distances and bond angles are shown in Table VI. Ex-
cept for the ¢ coordinates of the carbon and nitrogen atoms, which
have a large uncertainty in both cases, the two structures are
quite comparable.

To examine the effect of the large uncertainty in the ¢ coordi-
nates of the carbon and nitrogen atoms on the overall structural
parameters, a series of r structures were calculated by fixing the
carbon ¢ coordinate at values from —0.006 to 0.010 and fitting the
remaining coordinates. The resulting variations in the struc-
tural parameters were within the uncertainties listed. Thus, for

(8) J. Kraitchman, Amer. J. Phys., 21, 17 (1953).
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example, the nonlinear PCN angle does not appear to be merely
a result of uncertainty in the coordinates.

In comparison with other substituted difluorophosphines, the
P-F distance and FPF angle appear to be normal, whereas the
P-C bond length and PCN angle were unexpected. The P-C
bond length (1.810 A) is significantly shorter than the sum of the
covalent bond radii (1.87 A), and the nonlinearity of the PCN
angleis apparently independent of physical state.

Recently, the structure of PF;CN has been determined by elec-
tron diffraction.® Two of the bond distances reported (PF =
1.568 = 0.003 A and CN = 1.165 = 0.005 A) agree within ex-
perimental error with the values reported here. The third dis-
tance reported (PC = 1.792 = 0.009 &) and the two angles (FPC
98.3 & 0.3° and FPF = 97.9 = 0.3°) differ from the microwave
results by more than the sum of the uncertainties. 'Part of the
difference may be due to the different definitions of the param-
eters and part may be due to the fact that the PCN angle was
assumed to be 180° in the analysis of the electron diffraction data,
whereas we have shown the angle to be 171°. It is difficult to
estimate the effect of this assumption on the electron diffraction
results, but it is certain to have a larger effect on the angles than
on the distances.

Nuclear Quadrupole Coupling Constants.—The interaction of
the quadrupole moment of the nitrogen niicleus with the electric
field gradient of the electronic charge distribution at the 4N
nucleus gives rise to hyperfine structure in certain transitions.
An analysis of the hyperfine splittings affords a means’ of deter-
mining the nuclear quadrupole coupling constants. In molecules
containing N, the splittings are of the order of only 1 or 2
MHz; hence, a first-order correction to the rigid-rotor Hamil-
tonian should be quite adequate. For any transition this cor-
rection may be written as

= Aax,w -+ AB(Xbb - Xcu)

where Aa and A3 depend only on the inertial asymmetry param-
eter. The experimental splittings were fit by least squares to
give values of xq.c and xm — xcce A comparison of observed and

. calculated frequencies of the hyperfine components is shown in
Table VII, and the resulting quadrupole parameters appear in
Table VIII.

Aunad

TaBLE VII
FREQUENCIES® OF THE TRANSITIONS USED IN THE
DETERMINATION OF THE NUCLEAR QUADRUPOLE
ConsTtanTts OF PF,CN

Transition F — F’/ Vobsd »hyp?

1ot — 202 2—->3 11,613.94 (0.06)° 11,613.87 (0.08)¢
1—2 11,813.94 (0.02) 11,613.81 (0.02)
0—1 11,612.52 (—0.01) 11,813.79 (—~0.02)

11 — 212 2—3 11,024.66 (0.01) 11,024.44 (0.01)
1—2 11,023.20 (—0.06) 11,024.36 (—0.08)

lig — 211 2—+3 12,349.86 (0.01) 12,349.52 (0.01)
1—2 12,348.53 (0.18) 12,349.69 (0.18)

201 — 322 3—4 17,530.81 (0.03) 17,530.48 (0.03)
2—3 17,529.31 (0.02) 17,530.47 (0.02)

8z — 8 9—9 10,148.67 (—0.07) 10,148.28 (0.09)
8—8 10,147.36 (0.09) 10,148.28 (0.09)

@ In MHz. ? sy, = the hypothetical unsplit frequency derived
by subtracting the calculated quadrupole contribution from the
observed frequency. ¢ Numbers in parentheses are (vopsa —

Pealed). ¢ Numbers in parentheses are (vuyp — Poaled)-
TABLE VIII
QUADRUPOLE COUPLING CONSTANTS® OF PF.:CN

Principal axis system ==N bond-axis system
Xea = —4.66 = 0.12 MHz Xz = —4.75 = 1.0 MHz
x = 5.08 =1.0 MHz 9.c = 8.2°
xee = —0.42 = 1.0 MHz bona®’ = 1.14 &= 0.22
7 = 1.18 =0.22

Xea = eQ(OV/0a%), etc. ¥n = (xtp — xXco)/Xaa; Tbond =
(Xzz — Xyy)/Xx22; the b and y axes are parallel. ° 6, was calculated
from the Kr structure, Table V.

The coupling constants in the principal quadrupolar axis sys-
tem can be obtained from those in the principal inertial axis sys-
tem by the following simple transformation.

(9) G. C. Holywell and D. W. H. Rankin, J. Mol. Struct., 9, 11 (1971).
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Xzz = (Xaq COS% 8, — x sin? 6,)/(cos? §, — sin? 4,)
Xzz = (Xaa sin? 02 - Xece cos? 02)/(Sin2 0; — cos? 0;)

In these equations 8. is the angle between the z axis of the quadru-
polar system and the ¢ inertial axis, and an ac plane of symmetry
is assumed. Then, x,, is equal to xw, the otit-of-plane compo-
nent. By comparison with HCN* and CH,CN! it is apparent
that xbona of the CN bond of PF.CN is essentially that expected
for a CN triple bond. However, the observed asymmetry,
(xyy — x22) = 5.44 MHz, strongly suggests the presence of some
perturbation to the bonding.

Dipole Moment.—The results of an analysis of Stark effect
measurements on PI;CN are shown in Table IX. As expected,

TaBLE IX

COMPARISON OF OBSERVED AND CALCULATED STARK
SHIFT SLOPES FOR PF,CN

Transition : M (dv/dE?)obsq® (dv/dE? ¢pled®
101 - 202 0 —22.67 —23.29
lop = 2¢2 1 40.03 39.89
211—> 312 1 —10.61 —10.35
2y — 312 2 —40.33 —39.78
213 — 313 1 13.15 13.15
210 = 313 2 48.53 48.40
pe? = 4.109 = 0.046 D2 e = 2.027 = 0.011 D
mp? = 0 (assumed) ue = 1,272 =0.028 D
et = 1.619 = 0.070 D2 uw = 2.393 £ 0.018 D

e In MHz (kV/em)™?; wocs = 0.7152 D assumed.

the total dipole moment (2.39 D) is considerably smaller than
the ~4.0 D typically obtained for organic cyanides.’? This de-
crease may be attributed to partial cancellation of the CN bond
moment by the PF, group. The dipole moment vector in PF,CN
makes an angle of abott 32° with the ¢ axis and the probable ori-
entation is shown in Figure 1.

Discussion

As mentioned previously, the outstanding character-
istics of the structure of PF,CN are the short PC bond
length and the nonlinear PCN arrangement. There
are several electronic effects which could be used to
rationalize these characteristics. The shortened PC
bond is most easily explained by a delocalization of the
CN 7 system to include the phosphorus atom. Such
a delocalization could be of two types, an n-r inter-
action involving the lone pair of the phosphorus atom
or a d-r interaction which uses the phosphorus d
orbitals. Either type of interaction would give some
ionic character to the PC bond (although the polarities
would be different) and hence shorten it. The n-7
interaction has been used before to explain the SC bond
length in S(CN),. 1

The bend of the PCN angle may be the result of the
n-r interaction or a result of an electrostatic repulsion
between the fluorines and the CN = system or some
combination of both effects. If the n—r interaction is
bonding, a bend of the = system toward the lone pair
would be favored since such a bend would increase the
interaction. An F-r steric repulsion would also lead to
a tilt in the direction observed. Detailed quantum
mechanical calculations will probably be required to
quantitatively characterize the contributions of these
interactions.

(10) J. W. Simmons, W. E. Anderson, and W. Gordy, Phys. Rev., 77, 77
(1950).

(11) H. Ring, H. Edwards, M. Kessler, and W. Gordy, ibid., 72, 1262
(1947); W. Kessler, H, Ring, R. Trambarulo, and W. Gordy, ibid., 79, 54
(1950).

(12) V. W. Laurie, J. Chem. Phys., 81, 1500 (1959); C. C. Costain and
B. P. Stoichefi, bid., 80, 777 (1959).

(13) L. Pierce, R. Nelson, and C. Thomas, ¢bid., 48, 3423 (1965).
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<N

Figure 1.—A projection of PF:CN in its ac plane of symmetry.
The probable direction of the dipole moment is shown.

The PF, geometry in PF,CN adds further confirma-
tion to an apparent positive correlation between the PF
bond length and the FPF bond angle in compotinds in
which the phosphorus atom is three- or four-coordinate.
The correlation, shown in Figure 2, can be rationalized
by considering the interactions between bonded and
nonbonded pairs of electrons. In every case involving
a quadruply connected phosphorus atom, the FPF
bond angle is larger and the PF bond distance is shorter
than in compounds of trivalent phosphorus. This sug-
gests that in the quadruply connected compounds the
electron pairs are all effectively localized in bonds and
do not repel one another as strongly as they are re-
pelled by the nonbonded electron pair in the phos-
phines.

Another interesting correlation is that the longest PF
bonds and smallest FPF bond angles are found in com-
pounds in which a (p = d)= bond has been proposed.?®
An electronic interaction of this type would increase the
electron density on phosphorus which, on the basis of a
simple electrostatic repulsion model, would increase the
PF bond lengths and decrease the FPF angles. Where
the (p — d)r interaction is less likely to occur (in

P. L. Leg, K. ConN, AND R. H. SCHWENDEMAN
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Figure 2.—Plot of PF bond distance vs. FPF bond angle for
three- and four-coordinate difluorophosphines. The solid line
joins points of constant FF distance = 2.355 A. Data are from
the papers cited in ref 2 and T. Moritani, K. Kuchitsu, and Y.
Morino, Inorg. Chem., 10, 344 (1971); R. L. Kuczkowski and D.
R. Lide, J. Chem. Phys., 46, 357 (1967); L. F. Centofanti and R.
L. Kuczkowski, Inorg. Chem., 7, 2582 (1968); E. Codding, Ph.D.
Thesis, Michigan State University, 1971,

PF:;H and PF;, for example), the PF bond lengths are
smaller and FPF angles are larger.2»¢ On this basis,
the fact that PF:CN has the shortest PF bond length of
any triply connected PF, derivative suggests that in
this molecule the electronic interaction which reduces
electron density on phosphorus, the p — = interaction,
is more important than the = — d interaction.

There is another correlation between the PF bond
distance and FPF bond angle in Figure 2. The solid
line in the figure joins points for which the FF distance
is constant (2.355 A). It is apparent that, whatever
the electronic interactions which are responsible for
altering the PF bond distance and FPF bond angle in
these compounds, the parameters are altered in such a
way as to keep the FF distance nearly constant. No
attempt was made to select a “‘best” FF distance in
Figure 2; no single “‘best’” FF distance is likely in these
compounds.
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Rotational transitions in the microwave spectrum of the ground and three excited vibrational states of NF.CN and in t_he
ground states of BNF;CN, NF:B¥CN, and NF,C¥N have been assigned. By analysis of the moments of inertia, bond dis-
tances and bond angles have been derived as follows: d(CN) = 1.158 == 0.004 A, d(NC) = 1.388 == 0.009 A, d(NF) =

1.399 =+ 0.008 A, ZNCN = 173.9 = 2.2°, ZCNF = 1054 = 0.7°, and £ZFNF
The dipole moments are uo = 1.03 == 0.02 D, ue

is away from the fluorine atoms.

Introduction

The question of multiple bonding in organic and
inorganic chemistry is still a topic for discussion.? In

(1) (a) Supported in part by grants from the National Science Foundation.
(b) Presented at the 162nd National Meeting of the American Chemical
Society, Washington, D. C., Sept 1971,
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102.8 == 0.5°. The tilt of the CN group
0.839 == 0.10 D, and » = 1.10 &= 0.02 D.

/]

H,NCN it has been suggested that delocalization of
the lone pair of electrons on the NH, group into the
w-bonding system of the CN group leads to an increase
in the bond angles about the NH, group and a shortened
N-C bond. Although there has been considerable
controversy about the exact geometry of the NH,
group in NH.CN, it is now generally accepted that in



