
484 

Acta Cryst. (1984). B40, 484 a.92 

The Static Deformation Density of Tetrafluoroterephthalonitrile (TFF) from the Ziirich X-ray 
Data at 98 K 

BY F. L. HIRSHFELD 

Department o f  Structural Chemistry, The Weizmann Institute o f  Science, Rehovot 76100, Israel 

(Received 1 March 1984; accepted 11 May 1984) 

Dedicated to Professor Jack D. Dunitz on the occasion of his 60th birthday 

Abstract 

The low-temperature X-ray data for TFT measured 
by Dunitz and coworkers have led, via multipole 
refinement, to a static deformation density map. In 
support of the data and the model, final discrepancy 
indices are R = 0.036, Rw(F 2) = 0-019, G O F =  1.140, 
the discrepancies AF show negligible systematic 
trends and yield a residual density showing mainly 
random noise, vibration parameters satisfy the rigid- 
bond test, and the total electron density is everywhere 
positive. Results accord well with the high-order 
refinement of Dunitz et al. The deformation density 
closely resembles experimental and theoretical maps 
of related molecules. Both -n--conjugative and or- 
inductive effects seem responsible for unequal aro- 
matic bond lengths and angles. Partitioned atomic 
moments for the C_=N and C-F  fragments approxi- 
mately match corresponding quantities from two 
other X-ray and six SCF studies. The small C -F  bond 
peak does not provide the electrostatic binding 
required by the Hellmann-Feynman theorem; this 
must come mainly from an undetectable forward 
polarization in the core region around F. 

Introduction 

The low-temperature X-ray diffraction data for tetra- 
fluoroterephthalonitrile, C6F4(CN)2, measured by 
Dunitz and coworkers (Dunitz, Schweizer & Seiler, 
1982; Seiler, Schweizer & Dunitz, 1984) [DSS (1982) 
and SSD (1984) hereafter] have been extensively 
tested and appear to be of exceptionally high quality. 
They have led to dynamic deformation density maps 
of more than routine chemical interest. It thus 
appeared likely that a static deformation map derived 
from these data would permit even clearer and more 
decisive chemical interpretation. 

On the strength of a careful analysis by SSD (1984) 
of alternative data-reduction procedures, their revised 
data set DP2 was chosen for the present study. The 
data comprise 2387 net intensities Io, 208 of them 
negative, with their estimated standard deviations, 
measured at 98 K and extending to reciprocal radius 
S = 2 s i n  0/A =2 .30~-~ .  They served as input for 

least-squares refinement, on F 2, with the deformation 
refinement program L S E X P  (Hirshfeld, 1977a). 
In addition to a scale factor, isotropic-extinction 
parameter, and atomic coordinates and anisotropic 
harmonic vibration parameters, effectively e2 charge- 
density parameters were refined. These comprised 
exponential factors aa (for the multipole functions 
with n > 0) for the five independent atoms and 78 
coefficients of the multipole functions 

p,,k(r,,) = N,r",, exp ( -a , ,G)  cos" Ok 

centered on these atoms: 22 for atom C(1), con- 
strained to local symmetry m, and 14 each for the 
other four atoms, constrained to mm symmetry, 
reduced by one neutrality constraint as described by 
Harel & Hirshfeld (1975). The cusp functions p~.o = 
No exp (-an,  or,,) were assigned exponential factors 
aa.o = 2 Z J  ao (Eisenstein, 1979). 

Internal tests of the refinement 

This deformation model has led to discrepancy 
indices R=0 .036  (0.028 excluding negative 
intensities), Rw(F 2) = 0.019, G O F =  1.140;* the first 
and last of these quantities may be compared with 
0.055 and 4.764, respectively, for a spherical-atom 
refinement on the same data (SSD, 1984). Mean dis- 
crepancies A IF] and weighted mean-square dis- 
crepancies w(AF2) 2, averaged over small intervals in 
F or in S, show no conspicuous systematic trends. 
However, a slight tendency to negative differences 
AIF I for the weakest reflections implies that these 
reflections may have been systematically underesti- 
mated (see SSD), especially as the trend persists when 
the reflections are sorted according to Fc rather than 
Fo. The pattern seems to be somewhat clearer in terms 
of I (Fig. 1), i.e. before correction for Lorentz and 
polarization factors. Note that for the first two groups 
in Fig. 1, comprising 194 reflections with Ic < 0.16, 

* Lists of structure factors have been deposited with the British 
Library Lending Division as Supplementary Publication No. 
SUP39455 (7 pp.). Copies may be obtained through The Executive 
Secretary, International Union of Crystallography, 5 Abbey 
Square, Chester CH 1 2HU, England. 

0108-7681/84/050484-09501.50 O 1984 International Union of Crystallography 
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the mean value of Io is negative, i.e. the measured 
reflection intensity is, on average, below background. 
Also, while weak reflections are most numerous at 
high angles, the same bias is evident at all reciprocal 
radii. 

A residual density map (Fig. 2) evaluated from the 
full set of Fourier coefficients AF (except 84 terms 
with l ev i  < Fo/2, omitted because of uncertain signs; 
Fo taken as zero when Io < 0) shows largely random 
noise, whose most prominent features do not exceed 
+0.3 e/~-3. Much of this noise is attributable to a 
minority of imprecisely measured reflections that had 
small weights in the least-squares refinement but that 
contribute fully to the Fourier sum. However, all 
atomic centers are at positions of negative Ap, ranging 
from -0 .07  to -0 .20  e/~-3, evidently a real-space 
expression of the negative bias in Fo for many weak 
reflections. 

The rigid-bond test (Hirshfeld, 1976) shows an 
r.m.s, discrepancy of 0.00013 A2 for the four pairs of 
non-equivalent bonded atoms (Table 1). This is com- 
parable with the estimated standard deviations of the 
diagonal U" components,  which range from 0.00004 
to 0.00021/~,~ (Table 2). For non-bonded pairs, the 
largest differences are 0.00094 A: for C(3) . . .F and 
0.00089 A:  for C(1).- .N, implying some departure 
from rigid-body behavior in the in-plane vibrations 
(Rosenfield, Trueblood & Dunitz, 1978). 

The total static density, i.e. promolecule plus defor- 
mation density, is positive throughout the unit cell. 

A further check on the deformation model and on 
the stability of the solution obtained was provided 
by a test refinement in which the constraint on the 
fluorine deformations was relaxed to symmetry m, in 
accordance with the true symmetry of the isolated 
molecule. With eight additional parameters, conver- 
gence proceeded smoothly but the discrepancy 
indices scarcely decreased, e.g. R~(F  2) dropped from 
0.0189 to 0.0188. Most parameter shifts were entirely 
insignificant and none exceeded 1.8 times its (new) 
estimated standard deviation. All indications thus 
support the mm constraint, which conforms to the 
local symmetry as far as second-nearest neighbors of 
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Fig. 1. ( A I )  = (Io - I<), where Io is scaled by k -2 (but uncorrected 
for Lorentz-polarization factor Lp), I~ = LpF2<, averaged over 
intervals of 0.2 in Itc/2, for the 1705 reflections with 1<<36. 
Note: the number of reflections per interval decreases with 
increasing I< from ~ 100 to ~25 over the range plotted. 

Table 1. Mean-square displacements (x  105,/~2) of  
atom pairs A, B along their internuclear vector 

The first four pairs listed denote covalent bonds. (See Fig. 3 for 
atom numbering.) 

A B z 2 z~ A B Z2A Z~ 

C(1)-C(2) 1025 1020 C(I) N 963 1052 
C(2)-C(3) 768 785 F N 1697 1762 
C(I)-F 859 844 C(l') C(2) 827 852 
C(3)-N 785 796 C(I') C(3) 842 885 
C(I) C(3) 991 1017 C(I') F 991 1017 
C(2) F 1107 1128 C(2') F 911 903 
C(3) F 1474 1569 C(i") F 989 977 

the F atom. 7/he deformations on C(1) also obey mm 
symmetry within 20" although no such constraint was 
ever imposed. 

It is of some interest that stable convergence has 
been achieved despite correlation coefficients ranging 
up to 0.95 between deformation parameters and 
atomic coordinates. (Correlations up to 0.99 between 
deformation coefficients are of far less concern as 
these coefficients have, individually, no physical 
meaning.) Such strong correlations evidently reflect 
the sharpness of some deformation features, as indi- 
cated by the exponential factors aN = 8"4 (8) and 
aF = 9"8 (9) /~-~ (not to mention the cusp exponents 
OtN.O = 26"5, aFo = 34"0/~-~), compared with values 
of 5-2 to 7.0 for the several C atoms. They should 
warn us that appreciable deformation effects persist 
in the X-ray data out to the largest reciprocal radii, 
making even a high-order refinement, with a 
spherical-atom model, subject to likely bias (see 
below). In fact the relative average contribution of 
the deformation terms to the calculated structure fac- 
tors (IF~erl)/(lF<[) declines very gradually from 0.04 
at low reciprocal radii to 0.02 at S = 2 . 3  A-~ (0.01 
without cusp functions). Apparently, there are excep- 
tions to the common supposition that deformation 
scattering is confined to low Bragg angles. 
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Fig. 2. Residual difference density in mean molecular plane, based 
on 2303 Fourier coefficients A F  for which IF<l > Fo/2 (AF = -F< 
when Io < 0). Contour interval 0-05 e A-3. 
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Table 2. Refined atomic coordinates ( x 105) and vibra- 
tion parameters (x 105, A,2), with estimated standard 

deviations in the last digit 

C(l )  C ( 2 )  C(3) F N 

x 15652 (3) 0 0 30591 (5) 0 
y 5912 (2) 11982 (2) 24203 (4) 11510 (2) 34126 (7) 
z 4020 (1) 8086 (2) 16327 (3) 7925 (2) 22944 (5) 
U it 957(4) 1107(8) 1745(11) II11 (10) 2969(21) 
U 22 933 (5) 803 (6) 928 (11) 1642 (10) 1212 (10) 
U 33 1061 (4) 929 (6) 1043 (9) 1796 (10) 1546 (I 1) 
U t2 -86 (4) 0 0 -353 (5) 0 
U 23 -85 (3) -81 (4) -193 (8) -270 (6) -564 (8) 
U 13 -44(3) 0 0 -199(3) 0 

Table 3. Bond lengths ( A,) from SSD (spherical-atom 
model) using all data and high-order ( S >  1.7 ~-~) 

data and from present deformation model 

Last column gives values corrected for vibration (libration only 
for first four  bonds,  libration plus bending for C----N). 

Spherical a tom Deformat ion 
Bond All data  High-order Refined Corrected 

C(I)-C(I') 1-3814 1.3841 1.3839 1-3850 
C(1)-C(2) 1-3918 1.3950 1.3953 1.3973 
C(2)-C(3) 1.4322 1.4270 1.4267 1.4279 
C(1)-F 1.3313 1.3264 1.3244 i .3263 
C(3)-N 1" 1489 1.1538 1.1545 1" 1580 

Molecular dimensions and vibrational motion 

Refined atomic coordinates and vibration parameters 
are listed in Table 2, while Fig. 3 shows the corre- 
sponding molecular dimensions. Table 3 compares 
the uncorrected bond lengths with those derived by 
SSD, with a spherical-atom model, from all 2387 
reflections and from the 1406 reflections at S >  
1.7 A-~. The latter results are seen to agree closely 
with the present bond lengths and to fall, with one 
minor exception, between these and the values from 
the full-data spherical-atom refinement. A plausible 
interpretation is that the multipole deformation 
model has removed somewhat more of the spherical- 
atom bias in atomic positions than has the high-order 
refinement of SSD. 

c(1') 

F 

1.3839(3) </<'~" c(1) 
1.385o \,~ 

%,\v% 
l L - '~'a°"~ 1.426716 ) . . . .  1.1545191 

C ( 2 ) ~ c 1 3 1  . . . . .  N 
119.09(2)° / 1.4279 1.1 btSU 

120.45(1)* 179'71(2) ° 

120.45(1) ° / 
- - C ( 1 " )  119"64(2)° 

119"91(2)° ~ 

Fig. 3. Molecular  dimensions,  with estimated s tandard deviations 
in parentheses. Bond lengths (A,): uncorrected above the bond 
axis, corrected below. 

Table 4. Rigid-body tensor components T ~j ( x 105, A2) 
and L ° (X10 6, rad 2) referred to crystal axes, fitted to 
atoms C(1), C(2), C(3), F and constrained to 2/m site 

symmetry 

/j ! 1 22 33 23 
T ~j 881 (2) 752(2) 816(3) -20(2) 
L ° 461 (8) 1671 (8) 1542 (6) 399 (6) 

The vibration parameters show a rather less con- 
sistent pattern. The present values (Table 2) are 
mostly close to those obtained by SSD from the 
high-order data, with a very slight tendency to smaller 
amplitudes. The largest differences seem consistent 
with a spherical-atom bias in the high-order refine- 
ment but the relation is not unequivocal. 

The vibrational analysis performed by DSS (1982) 
found the benzene ring and atoms directly bonded 
to it to behave as a fairly rigid body but revealed 
in-plane bending vibration of the C ~ N  bonds with 
an r.m.s, amplitude of 2.2 °. This model fitted the 
refined atomic U ij parameters with an r.m.s, deviation 
of 0-00044 A, 2. On the expectation that out-of-plane 
bending should be as free as in-plane bending, we 
have removed the N atom completely from the rigid- 
body constraint. The molecular translation and libra- 
tion parameters were not fitted to the independently 
derived atomic vibration components but were intro- 
duced directly into the least-squares refinement 
against the X-ray data. Thus, the vibration com- 
ponents U ij of atoms C(1), C(2), C(3), and F were 
made dependent on the eight symmetry-allowed com- 
ponents of the rigid-body tensors T and L, while all 
other parameters, including the vibration parameters 
of atom N, were fixed at the values obtained in the 
unconstrained refinement. This procedure caused 
Rw(F 2) to increase from 0-0189 to 0.0244 and yielded 
the rigid-body tensor components listed in Table 4. 
The corresponding vibration parameters for the four 
constrained atoms differ from the respective uncon- 
strained values (Table 2) by an r.m.s, difference of 
0-00034 A, 2, several times the r.m.s, estimated stan- 
dard deviation of 0.00007 A 2. Thus the deviations 
from rigid-body behavior are small but probably real. 
One such deviation, supported by the data in Table 
1, appears to involve in-plane bending of the C - - F  
bond, but a detailed analysis of such internal vibra- 
tions is not possible from the X-ray evidence alone. 
For the N atom, the unconstrained vibration param- 
eters exceed those evaluated from the rigid-body 
parameters of Table 4 by 0.00042 A. 2 along the C = N  
bond, 0-00165 A, 2 in the plane and perpendicular to 
the bond, and 0.00418A 2 perpendicular to the 
molecular plane. The latter two quantities correspond 
to apparent bending motions of the C ~ N  bond with 
r.m.s, amplitudes of 2.02 ° in the plane and 3.21 ° out 
of the plane. 
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The last column of Table 3 lists the corrected bond 
lengths derived from this model. For the C_=N bond, 
the corrections for libration (0.0010 A) and for the 
two bending vibrations (0.0007 and 0.0018 A) have 
been applied additively, assuming these motions to 
be uncorrelated in phase. The total correction of 
0.0035 A may well be an underestimate. From the 
unconstrained vibration parameters of Table 2 we 
may derive a correction of 0.0087 A if we suppose 
atom N to ride on atom C(3), 0.0341 A if the motions 
of the two atoms are totally uncorrelated (Busing & 
Levy, 1964). Even if we take the riding correction as 
a plausible upper limit, it is apparent that the uncer- 
tainty in the vibration correction for this bond length 
far exceeds the likely error in the mean atomic posi- 
tions. Similarly, if we treat atom F as riding on C(1), 
the correction to the C - - F  bond length rises from 
0.0019 to 0.0061 A. 

Deformation density 

Fig. 4 shows the estimated standard deviation o(Sp)  
of the static deformation density in the mean 
molecular plane. Except within 0.2 to 0.3 A of the 
several atomic centers, o-(tSp) is well under 0.1 e A-3; 
near the bond midpoints it is mainly under 0.02 e A-3. 
We therefore expect that features seen in a deforma- 
tion density map contoured at 0.1 e A-3 intervals 
should be highly significant except very close to the 
nuclear positions. Fig. 5 shows such maps in the mean 
molecular plane, in the crystallographic mirror plane 
perpendicular to this, and in perpendicular planes 
through the C(I ' ) -C(1) ,  C(1)-C(2), and C(1)-F 
bonds. 

Fig. 6 displays the corresponding dynamic defor- 
mation density in the mean molecular plane. This 
generally agrees well with Fig. 5 of SSD, comprising 
two X - X  Fourier maps from their high-order refine- 
ment, but differs from these for three main reasons. 

Fig. 4. Estimated standard deviation o-(Sp) of the static deforma- 
tion density in the mean molecular plane, evaluated from the 
covariance matrix of  the refined deformation parameters. 
Contour interval 0.01 e ,~-3, terminated at 0.20 e/~-3. 

Most significantly, the deformation model has greatly 
enhanced several marginal features near the F atom 
that are too small and sharply localized to have sur- 
vived fully the high-order spherical-atom refinement. 
This difference correlates directly with the small but 
systematic changes in atomic parameters noted above, 
especially the 0.002/~ shift in position of the F atom 
(Table 3). Secondly, Fig. 6 has been derived solely 
from calculated structure factors and is thus virtually 
free of noise originating in the measured structure 
amplitudes. Finally, it has been computed with the 
full 2.3 A-~ resolution of the X-ray experiment, com- 
pared to the 1.7 A ~ resolution of the truncated SSD 
maps. Most of these differences are further greatly 
enhanced in the static maps of Fig. 5. 

The major peaks and valleys in Fig. 5 (apart from 
the nuclear regions) show pleasingly detailed agree- 
ment in magnitude, position, and shape with similar 
features found in previous experimental and theoreti- 
cal studies of other molecules containing analogous 
chemical fragments. Thus, the overall appearance of 
the benzene ring closely matches the map derived by 
Baert, Coppens, Stevens & Devos (1982), using a 
similar deformation model, for the aromatic ring in 
pyridinium dicyanomethylide. The C - C ~ N  chain 
also resembles the corresponding portion of the same 
molecule studied by Baert et al. (1982) as well as the 
Hartree-Fock deformation density of cyanogen 
(Hirshfeld, 1971). The C-F  bond region, where, as 
we have seen, the features found in Fig. 5 depend 
crucially on the multipole model, is reassuringly 
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Fig. 5. Static deformation density ~p from the multipole refine- 
ment. Contour interval 0.1 e A-3, terminated at 1.5 e A-3. (a) 
Mean molecular plane. (b) Section at x = 0  through C-C------N 
group. 
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Fig. 5. ( c o n t . ) .  ( c )  Perpendicular section through C( l ' )-C( l ) bond. (d) Perpendicular section through C( 1 )-C(2) bond. (e) Perpendicular 
section through C-F  bond. 

similar to the corresponding region of formyl fluoride 
as mapped by an extended-basis SCF calculation 
(Eisenstein & Hirshfeld, 1983). These fairly detailed 
comparisons provide strong simultaneous support for 
the accuracy of the X-ray data of Dunitz et  al.,  for 
the validity of the refinement model used in this study, 
for the adequacy of the SCF calculations, and for the 
transferability of deformation density features in the 
several chemical fragments forming the TFT 
molecule. 

For a more quantitative description of the charge 
distribution, the molecular deformation density has 
been partitioned, according to the stockholder recipe 
(Hirshfeld, 1977b), into atomic fragments, which 
have been integrated numerically to yield atomic net 
charges and dipole and second moments (Table 5). 
The integration used an orthogonal 0.1 ~ grid extend- 
ing in each direction 3.0 ,~ beyond the nearest atom 
of the asymmetric unit. The last two lines of Table 5 
give the moments of the complete molecule. The 
apparent net charge of +0.003 or +0.009e is a 
measure of the error in the numerical integration. 

The two sets of moments in Table 5 correspond to 
alternative definitions of the molecular deformation 
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Fig. 6. Dynamic deformation density in mean molecular plane, 
based on 2387 Fourier coefficients Fde f calculated from refined 
multipole parameters. Contour interval 0.1 e/~-3. 

density. The conventional prescription simply assigns 
to each molecule the sum of deformation functions 
centered on the atoms comprising the molecule. This 
corresponds to what Coppens (1982) has called the 
pseudomolecule. The alternative definition uses the 
stockholder recipe for partitioning the crystal into 
separate molecules (Eisenstein, 1979). This partition- 
ing reassigns some of the deformation density in the 
region of intermolecular overlap and leads to an 
overall moderation of the intramolecular charge 
separation. Thus, the atomic charges all decrease 
slightly in magnitude, by about 0-01 e. At the same 
time, the deviations from m m m  molecular symmetry 
increase slightly (non-zero atomic moments/x,, /~z,,  
and p,,,,). But the effects on the individual atomic 
moments are mainly confined to the last digit given 
in Table 5 and have no real significance. The largest 
changes in the second moments are a uniform 
decrease by 0.021 to 0.025 e/~2 in /~,, on the three 
C atoms and smaller positive increments in all three 
diagonal moments ~ii on N. All these minor changes, 
however, add up to an appreciable decrease in the 
magnitudes of the second moments of the molecular 
deformation density, analogous to the general ten- 
dency previously noted in cyanoguanidine (Hirshfeld 
& Hope, 1980). This ambiguity of definition is 
evidently a fundamental obstacle to any quantitative 
derivation of molecular dipole and quadrupole 
moments by crystallographic methods. 

Estimated standard deviations for the first defini- 
tion only (Table 5) have been evaluated from the 
covariance matrix of the 83 deformation parameters 
(including the exponents aa) as outlined by Rees 
(1977). The requisite integrations were performed on 
an orthogonal 0.2 A, grid far from the atomic positions 
and on four interpenetrating 0.2 A, grids, forming a 
face-centered lattice, within 2 A, of the atomic centers. 
Comparison of results from the several grids showed 
this procedure to be adequate for the atomic charges, 
more than adequate for the outer moments. The 
largest atomic moments listed in Table 5 are seen to 
be typically over ten times their respective estimated 
standard deviations. 
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Table 5. Net  charges q (×10 3, e), dipole moments P,i ( X103, e/~), and second moments  tz o (X10 3, e/~2) of  
partitioned atomic deformation densities, referred to orthogonal axes on each atom parallel to molecular inertial 

axes L, M,  N (see Fig. 3) 

For  each  a tom,  first row is based  on sum o f  de fo rma t ion  funct ions  centered on a single molecule  (es t imated  s tandard  devia t ions  in 
paren theses) ,  second row is based  on s tockholder  par t i t ioning o f  crystal  density.  Last two lines give m o m e n t s  o f  molecu la r  de fo rma t ion  
density.  Omi t t ed  c o m p o n e n t s  are exact ly or  nearly zero by symmetry .  

q 

C(I) 126 (9) 
ll8 

C(2) 47 (11) 
39 

C(3) 113 (16) 
107 

F -129 (12) 
-122 

N -151 (19) 
-135 

Mol. 3 
9 

~ l  ~m I'£11 ['£mm I'~nn ['glm 

40(5) 55 (7) 93 (6) 104 (7) 200(16) -10 (3) 
41 56 89 99 177 -12 

34 (6) 0 110(7) 95 (7) 189 (18) 0 
34 0 105 90 164 0 

-102 (6) 0 15 (4) 174 (13) 185 (15) 0 
-96 0 18 173 164 0 

-28 (5) -53 (4) 7 (5) 11 (5) 11 (4) -3  (1) 
-22 -48 12 15 17 - 6  

-12 ( l l )  0 -51 (8) 12 (9) 22 (8) 0 
5 0 -31 28 33 0 

0 0 -3573 -1340 1637 0 
0 0 -2901 -1148 1499 0 

Chemical significance 

The benzene ring 

The two non-equivalent aromatic bonds C( I ')-C( 1 ) 
and C(1)-C(2) differ in length by over 0.01 A (Table 
3). The room-temperature study of van Rij & Britton 
( 1981 ) showed a slightly smaller difference of 0.007/~ 
in the same sense. The obvious explanation is that 
conjugation with the cyano substituents induces a 
quinonoid structure such as 

" N = C - - / ~ - - - C = N  ", N----C - + / ~ = C - - - N - ,  etc., \ _ /  \ - /  

which implies greater ¢r bonding in C(I ')-C(1) than 
in C(1)-C(2). In agreement with this interpretation, 
the width of the 0.1 e A-3 contour perpendicular to 
the ring is 1.41 A at the C(I ')-C(1) peak vs 1.28 
for C(1)-C(2) (Fig. 5c, d).  That this is a reasonable 
way to estimate the strength of 7r bonding is supported 
by the in-plane width of the same 0.1 e A-3 contour, 
which should not be affected by ¢r bonding and is 
found to be 0.89 A for both bonds. 

Further corroboration is provided by the shapes of 
the several peaks in the C-C----N region of the 
molecule. In the exocyclic C(2)-C(3) bond, the 
0.1 e/~ -3 contour has an out-of-plane width of 
1.02 A, compared with 0.93 A in the plane, support- 
ing the suggestion of a partial ~" component in this 
bond. Conversely, the C----N peak is wider in the 
plane than in the perpendicular direction, 1.30 vs 
1.23 A, as expected for a partially allenic ( C = C = N )  
structure. Finally, the nitrogen lone-pair peak is, 
again, broader out-of-plane than in-plane, 0.95 
vs 0.91 A. Thus the contour maps fully support the 
proposed quinonoid bonding in this molecule. 

But the inequality of bond lengths in the benzene 
ring could be simply a manifestation of the 'ipso' 
effect described by Domenicano, Vaciago & Coulson 
(1975) and more quantitatively by Domenicano, Mur- 
ray-Rust & Vaciago (1983). This causes the two bonds 
adjacent to a tr-electronegative substituent to be 
shortened and the angle between them widened. The 
atomic charges in Table 5 leave no doubt that F is 
the more electronegative of the two substituents. 
Assuming additivity of the effects of the several sub- 
stituents, we expect that bond C(I ')-C(1),  adjacent 
to two F substituents, should be shorter than C(1)- 
C(2), which lies between F and CN substituents, also 
that the ring angle at C(1 ) should be greater than that 
at C(2). Fig. 3 shows both these expectations to be 
fulfilled. However, if this were the main explanation 
for these effects, they should be reversed in tere- 
phthalonitrile (p-dicyanobenzene), which lacks the 
fluoro substituents. The structural evidence is clear 
but equivocal. Four crystallographic studies of 
terephthalonitrile (van Rij & Britton, 1977; Drfick & 
Littke, 1979; Guth, Heger & Drfick, 1982; Colapietro, 
Domenicano, Portalone, Schultz & Hargittai, 
1984) and a gas-phase electron-diffraction study 
(Colapietro et al., 1984) all agree that the ring angles 
at the substituted C atoms are, indeed, slightly larger 
than the others but that the bonds adjacent to the 
cyano substituents are, as in TFT, longer than the 
other two. It seems that the angular variation in 
terephthalonitrile is dominated by the ipso effect 
while the bond lengths are mainly sensitive to conju- 
gation effects. In agreement with this interpretation, 
the angles opposite the F substituents in 2,3,5,6-tetra- 
fluorobiphenyl (Goodhand & Hamor, 1978) average 
121.7 ° , 1.2 ° greater than the corresponding angles in 
TFT, while the bond lengths show no clear sign of 
the ipso effect (but may perhaps have been 
inadequately corrected for libration). 
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A favored explanation for the ipso effect (Bent, 
1961; Domenicano et al., 1975) holds that the 
hybridization of a C atom bearing an electron-with- 
drawing substituent is altered so as to strengthen the 
adjacent o- bonds in the ring. This effect should, then, 
be revealed by enhanced bonding density, in the 
relevant bonds, in the plane of the ring. Fig. 5(a) 
indeed shows the deformation density in the 
C(I ' ) -C(1)  bond to reach a peak of 0.76 e A-3, com- 
pared with 0-68 e A-3 for C(1)-C(2). Thus it appears 
from the deformation density as well as from the 
structural evidence that quinonoid conjugation with 
the cyano groups and the cr-electronegativity of the 
F substituents both contribute to the observed 
inequality of bond lengths and angles in the benzene 
ring of TFT. 

The net charges on C(1) and C(2) balance almost 
exactly the negative charges on the respective sub- 
stituents F and CN (Table 5); i.e. the electron-with- 
drawing effect of the substituents is highly localized, 
with almost no sign of charge flow within the aromatic 
ring to equalize the charges on the ring atoms. This 
seems contrary to the accepted notion that inductive 
effects are readily transmitted through the delocalized 
rr system. 

The  cyano  group 

The atomic moments in the CN fragment may be 
compared with values found in cyanoguanidine, 
(NH2)2CNCN (Hirshfeld & Hope, 1980), and in 
pyridinium dicyanomethylide, CsHsNC(CN)z (Baert, 
1979; Baert et al., 1982) as well as with theoretical 
values in the molecules HCN, HCCCN, NCCN 
(Hirshfeld, 1977b), N3CN and HCOCN (Eisenstein, 
1981). Table 6 lists the atomic charges and moments 
in all eight CN groups. This extends and updates a 
more limited comparison by Moss (1982). For the 
three X-ray studies, the tabulated moments are based 
on the formal definition of the pseudomolecule in 
terms of the multipoles centered on the atoms of one 
molecule. In cyanoguanidine, the alternative defini- 
tion based on the stockholder partitioning of the 
crystal density leads to a greatly reduced charge on 
the cyano N atom, -0 .286 instead o f - 0 . 4 1 7  e. The 
large negative dipole and second moments on this 
atom are also drastically modified (to /z½= 
+0.016 e ~ ,  /zu = -0.022,  /x,,,,, =/z,,, = 0.016 e 
The somewhat exaggerated sensitivity of these values 
to the crystal partitioning is attributable to the close 
interaction between N- H . . .N  hydrogen-bonded 
molecules in this structure. 

In six of the molecules listed in Table 6, the polarity 
of the C_=N bond, as measured by the difference 
q c - q N ,  is remarkably constant at 0.26+0.01 e even 
though the total charge on the CN group, qc +qN, 
varies from 0 to -0 .14  e. The only exceptions are the 
two molecules cyanogen azide and cyanoguanidine, 

in which the cyano group is linked to N, where qc - qN 
rises to 0"35 or 0.47 e (the latter value dropping to 
0.36 e with the stockholder partitioning). This greater 
polarity may be related to resonance, in these 
molecules, with structures containing an allenic 
- N = C = N -  unit. In all cases examined the cyano C 
is characterized by a highly negative /zt, due to 
polarization into the triple bond, more pronounced 
in the theoretical than in the experimental studies, 
and by positive/x,,,,,, and /z , , ,  indicating a transverse 
charge contraction or loss of rr density. On N, the 
major feature is a negative/x,,  implying longitudinal 
expansion; the tabulated moments also imply a mod- 
erate polarization into the lone-pair region and, in 
most cases, a slight transverse expansion, or gain of 
zr density. An exceptional feature of the moments 
observed in pyridinium dicyanomethylide (Baert, 
1979) is the extreme anisotropy in directions perpen- 
dicular to the C ~ N  bond; unlike all other molecules 
studied, where the in-plane and out-of-plane second 
moments /z,,,,, and /z,,, are nearly equal on both C 
and N atoms, here ~,,,,, is more positive than/.t,,, by 
0-13 and 0.10 e/~2, respectively, on C and N. This 
anisotropy shows itself, in the static deformation 
maps of Baert et al. (1982), mainly in the zero con- 
tours. 

On the whole, the three X-ray studies display a 
rather wider diversity in corresponding moments than 
the five SCF studies. This may arise from a greater 
uncertainty in the experimental values as well as an 
additional variability due to crystal effects. Before 
ascribing such differences to experimental aberra- 
tions, however, we should remind ourselves that these 
outer moments, in contrast to the contour maps, 
primarily emphasize diffuse features in peripheral 
regions where the nuclear attraction is weak, and 
these may be especially sensitive to mutual perturba- 
tion by neighboring groups in the same molecule as 
well as by intermolecular influences. 

The C - F  bond  

For the C-F  bond the only relevant comparison 
appears to be with the SCF calculation for formyl 
fluoride, HCOF (Eisenstein, 1981). The net charge 
on F is found to be virtually identical in the two 
molecules while the bond polarity q c -  qv varies from 
0.255 to 0.433 e (Table 6). The two F atoms have very 
similar dipole moments, reflecting a backward 
polarization of their o- density (see below), and their 
second moments are uniformly small. On C, the 
obvious difference in molecular environments 
appears to express itself only in the rr density. Thus, 
the greater positive charge in HCOF, 0.307 vs O. 126 e, 
is paralleled by a larger out-of-plane second moment 
/x,,,, 0.307 vs 0 . 2 0 0 e ~  2, evidence of a loss of 7r 
density to the carbonyl O atom; all in-plane moments 
are closely equal in the two molecules. 
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Table 6. Net charges (×103, e), dipole m o m e n t s  (×103, et~), and second m o m e n t s  (×103, e/~k 2) of  atomic 
deformation densities in several cyano groups, listed in order of  increasingly negative group charge qc + qN, and 

in two C-F  bonds 

On each a tom the I axis is directed from C to N or F, m lies (in non-l inear  molecules) in or near mean molecular  plane, n is perpendicular  
to both. 

C N o r F  

Molecule  Method  Ref.* q /zs P-u /-~,~,~ /z. .  q /x t /x u /zmm /z. .  

NCCN SCF (a) 126 -143 11 164 164 -126 -33 -104 -2  -2  
C6F4(CN)2 X-ray 113 -102 15 174 185 -151 -12 -51 12 22 
HCCCN SCF (a) 96 -127 -18 117 117 -176 -35 -101 -30 -30 
HCOCN SCF (b) 79 -141 5 161 152 -165 -34 -112 -30 -13 
HCN SCF (a) 66 -161 46 149 149 -201 -45 -134 -37 -37 
CsHsNC(CN)2 X-ray (c) 68 -87 -35 146 15 -205 -36 -72 -7  -103 
N3CN SCF (b) 100 -144 -41 142 127 -245 -47 -128 -44 -66 
(NH2)2CNCN X-ray (d) 51 -92 -64 159 155 -417 -71 -105 -82 -89 

HCOF SCF (b) 307 63 120 96 307 -126 -51 37 -8  0 
C6Fa(CN)2 X-ray 126 67 !10 87 200 -129 -60 13 5 11 

* References: (a) Hirshfeld (1977b); (b) Eisenstein (1981); (c) Baert (1979); (d) Hirshfeld & Hope (1980). 

A notable feature of the TFT deformation density, 
particularly emphasized by DSS, is the near absence 
of observable bonding density in the C-F  bond. In 
the promolecule, composed of undeformed spherical 
atomic densities, the F nucleus would encounter an 
anti-binding or repulsive electric field of 0.322 e/~-2, 
equal to the effect of a net positive charge of 0.57 e 
at the position of atom C(1). (1 e A-2, the field pro- 
duced by a unit electronic charge at a distance of 
1 A, is 1.4400 x l0 Ix V m-I.) Evidently, the diminutive 
peak of deformation density near the midpoint of the 
C-F  bond (Fig. 5a, e), nothing like the size of the 
other bond peaks in this molecule, is hardly enough 
to provide the electrostatic balance demanded by the 
Hel lmann-Feynman theorem. So what holds the F 
atom from flying off into space? 

The shape of the observed deformation density 
near the F nucleus offers no hint of the answer. The 
major features are a pair of troughs on the bond axis, 
one in front of the nucleus and a smaller and shal- 
lower one behind, and a roughly disc-shaped peak 
perpendicular to the bond and centered on the 
nucleus. The overall effect suggests a depletion of a 
2p~ orbital along the bond axis and an enhancement 
of the two perpendicular 2p orbitals, as required 
formally to prepare the initially spherical atom for 
covalent bonding. Such a redistribution of charge 
among the atomic 2p orbitals would yield a totally 
centrosymmetric deformation density, producing no 
net field at the F nucleus. But Fig. 5 shows that the 
depleted tr function is far from a pure p orbital; 
rather it is strongly polarized into the bond as by s-p 
hybridization. The net effect is a removal of o- density 
mainly from the region in front of the nucleus and 
this is just the opposite of what is required to provide 
the binding field we are seeking. It seems the de- 
formation density near the F nucleus reinforces the 
repulsive field due to the promolecule rather than 
countering it. 

If we cannot recognize distinct features in the con- 
tour maps that might provide the required binding, 
we may look for a more diffuse migration of charge 
in the region surrounding the F nucleus. Thus, we 
have integrated the deformation density in a cylin- 
drical region of 2.0 A length and 1.5 ~ radius cen- 
tered on the nucleus with its axis along the C-F  bond. 
The result is another disappointment. We find the 
forward half of this cylinder depleted of charge, by 
0.21 e, while the region behind the nucleus contains 
a net excess of 0.15 e. The field at the nucleus pro- 
duced by this charge displacement is anti-binding, 
with a value, derived by numerical integration, of 
1.63 e ,~-2, i.e. five times the promolecule field and 
in the same direction. An almost identical result is 
obtained more simply by direct summation of the 
fields due to the polar (odd n) multipole functions 
centered on F, whose contribution far exceeds that 
of all functions on neighboring atoms. Each such 
function contributes a field, directed along its sym- 
metry axis, equal to a2/9 for n = 1 or a~/25 for n = 3, 
multiplied by its experimentally determined 
coefficient. Vectorial summation of the appropriate 
terms leads to a net repulsive field of 1.59 e/~-2, 
close to the value obtained by numerical integration. 
The experimentally derived deformation density 
simply does not satisfy the Hel lmann-Feynman 
theorem. 

The explanation of this result may be found in the 
theoretically calculated deformation density for for- 
myl fluoride (Eisenstein & Hirshfeld, 1983). The con- 
tour maps in the neighborhood of the C-F  bond are, 
as noted above, closely similar to those in Fig. 5. And 
a similar backward polarization of charge is found 
around the F atom, adding up to a net depletion of 
0.17 e from a cylindrical region 1-0 ~ long and 1-5 ,~ 
in radius surrounding the C-F  bond, balanced by an 
excess of 0.15 e in a corresponding volume behind 
the F nucleus. Nevertheless, integration over the 
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deformation density in this cylindrical region yields 
an at tract ive  field of about 0.034 e A-2. The source 
of this attraction is an extremely sharp forward 
polarization of charge in the immediate vicinity of 
the F nucleus, so sharp that the numerical integration 
is rather imprecise even on a grid of 0.005 A, near the 
nucleus. (This inner polarization is also poorly rep- 
resented by the Gaussian basis, which helps to explain 
why the SCF calculation produces a severely non-zero 
value for the net Hel lmann-Feynman field at the F 
nucleus : 0.300 in the promolecule minus 0.034 e ~ -2  
from the deformation density.) The field arising in 
this core region, within about 0.13 A, of the nucleus, 
is several times larger than that required to cancel 
the repulsion due to the promolecule but is largely 
offset by the repulsive field from more distant portions 
of the deformation density. This pattern is very similar 
to that found in the diatomic molecules HF and F2, 
among others, where forward polarization of the near- 
in density was shown to be crucial for electrostatic 
binding (Hirshfeld & Rzotkiewicz, 1974). If we sup- 
pose that the situation in TFT is similar, it is obvious 
why we cannot obtain a sensible estimate of the 
Hel lmann-Feynman field; the predominant contribu- 
tion to this field arises in that very small region around 
the nucleus where our deformation density is com- 
pletely unreliable. 

An alternative and equally valid description of the 
C - F  bond in formyl fluoride emerges from an orbital 
decomposition of the SCF deformation density into 
tr and 7r components. The 7r contribution to the field 
at the F nucleus, from the occupied 7r molecular 
orbitals minus corresponding 7r atomic orbitals, is 
found to be strongly attractive, with a value of 
0.189 e A, -2. This is opposed by a net repulsive o- 
contribution, in which the binding field from the core 
region is outweighed by a larger repulsion arising 
from the outer parts of the o- density. So the net 
binding can be attributed to forward polarization of 
the 7r density, partly offset by an anti-binding effect 
of the o- density. This, again, is analogous to the 
behavior in HF and F2 (Hirshfeld & Rzotkiewicz, 
1974). Unfortunately, no evidence for these opposing 
o- and rr effects can be found in the overall deforma- 
tion density. Even where the 7r density is greatest it 
is masked by a much larger or density and cannot be 
separately d i s t i ngu i shed .  So  this orbi tal  analysis of  
the C - F  bond is entirely theoretical and not subject 
to confirmation by an experimental deformation 
density. 

The electrostatic equilibrium that maintains the 
stability of the C - F  bond in TFT is, therefore, well 

understood from theoretical calculations on 
analogous molecules but completely unverifiable by 
X-ray diffraction. 
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