A.R.PATEL AND K. N. GOSWAMI

PaTeL, A. R. & Goswawmr, K. N. (1962b). Proc. Phys. Soc.
79, Part 4.

PATEL, A. R. & Toransky, S. (1957). Proc. Roy. Soc.
A, 243, 41.

Acta Cryst. (1964). 17, 573

573

Toransky, S. (1948). Multiple Beam Interferometry of
Surfaces and Films. Oxford: Clarendon Press.
Toransky, S. (1952). Z. Electrochem. 56, 263.

A Neutron Diffraction Study of 2-Nitrobenzaldehyde and the C-H - - - O Interaction*
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The structure of the stable modification of 2-nitrobenzaldehyde has been redetermined by means
of neutron diffraction. Non-hydrogen atom parameters agree with values from the X-ray determina-
tion. The parameters of the hydrogen atoms are obtained. C—-H - - - O interactions are discussed and
it is concluded that the observed geometry of the molecule indicates the absence of an internal

hydrogen bond in 2-nitrobenzaldehyde.

Introduction

The previously reported X-ray analysis of the stable
modification of o-nitrobenzaldehyde (Coppens &
Schmidt, 1964) has shown that the two substituents
in this compound are not coplanar with the aromatic
ring. This suggested that no hydrogen bond exists
between the C-H of the aldehyde group and the
oxygen of the nitro group, though various authors
have interpreted their experimental results as provid-
ing evidence for the existence of such a bond. Since
the X-ray analysis did not produce a reliable position
for the aldehydic hydrogen atom, no definite con-
clusion could be drawn. In addition the aldehydic
hydrogen atom plays a part in the photochemical
rearrangement of o-nitrobenzaldehyde to nitrosoben-
zoic acid and its position will throw light on the
mechanism of this reaction. Therefore a single-crystal
neutron diffraction investigation was undertaken.

Experimental

Small crystals of o-nitrobenzaldehyde can be grown
from alcohol-water mixtures. When such a crystal is
immersed, at the end of a silk thread, in the slightly
undercooled melt of o-nitrobenzaldehyde it grows
slowly. When the melt is kept at 42-5°C (melting
point 43 °C) for about three weeks crystals are ob-
tained of dimensions suitable for neutron diffraction
with the flux available at the Brookhaven Graphite
reactor (in-pile flux about 2-1013 cm—2 sec—1).

Two crystals with dimensions 0-9x0:5x 120 mm
and 1-1x2-1x12-56 mm were used to collect A0l data,
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the weaker reflections being collected from the larger
crystal. (Both crystals were elongated in the direction
of the b axis, but the smaller one showed the form
{101}, while on the larger one the forms {001} and {100}
were developed. The first two of the dimensions
describing the crystals refer to directions perpendicu-
lar to the planes of these forms.) The larger crystal
was then cut and a fragment with dimensions
1:1x2:1 x40 mm was used to collect Ak0 and Okl
intensities.

The crystals are photosensitive and have a high
vapor pressure at room temperature, therefore they
were inserted in silica tubes blackened with carbon
black. (Both silica and carbon black are sufficiently
transparent to neutrons.)

The crystallographic constants as determined by
X-rays were used throughout, they are:

a=11-37, b=3-960,
c=T757T4;.=90°11",
space group P2;. In the 20!, Ak0 and Okl zones reflec-
tions were observable up to 26 values of 110°, 90° and
80° respectively (A=1:07 A). Within these three ranges
there are 319, 69, and 38 non-symmetry-related
reciprocal lattice points; 136 20l, 40 hk0O and 20 Okl
reflections were strong enough to be observed.

Data reduction and refinement

The data were corrected for absorption with Hamil-
ton’s program for the IBM 704 (Hamilton, 1957)
(u=1-13 em™1). Standard deviations of the intensities
were calculated with the formula:

0'2(Icorr) = Atat +C%12 + Cg(Icorr - I)2

in which Astat is the error due to counting statistics,
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while I and Iorr are respectively the observed inten-
sity and the intensity after correction for absorption.
The constant ¢; was evaluated by measuring a group
of 24 ROl reflections in the medium intensity range
once on each of the two crystals used for collecting
k0! data. From the 24 ratios thus obtained c¢i was
estimated to be 0-04. The constant cz was taken to
be 0-05, but the influence of this last term is small
since the absorption correction fluctuated around
0-15 I and never exceeded 0-3 I.

Refinement on the F?’s was carried out with the
Busing & Levy least-squares program (1959). Initi-
ally, only those observed %0l reflections were refined
for which starting coordinates were derived from the
X-ray results. All z and z parameters as well as the
individual isotropic temperature parameters were
varied. After two cycles the information contained
in the unobserved reflections was utilized by including
them with intensities equal to the theoretical mean
value of the intensity in the unobserved intensity
range (Hamilton, 1955). After three more cycles, the
z and z parameters of the non-hydrogen atoms were
compared with the values obtained from the X-ray
data. The average of the differences was 0012 A,
while the average of the ratios of the differences and
their standard deviations is 1-2; thus the two sets of
positional parameters are essentially equal and hence-
forth the more accurate X-ray values were used in
the calculations. When subsequently the 2k0 and Okl
reflections were added (including those not observed)
the X-ray y parameters were used for the heavy
atoms, which considerably reduced the amount of
information to be extracted from these reflections.
In this way it became possible to introduce some
anisotropy in the temperature factors; after three
isotropic cycles it was decided to refine the three
principal elements and the 1-3 cross term of the ten-
sors representing the thermal motion of the 16 atoms.
Though keeping the corresponding ellipsoids fixed
with one of their principal axes parallel to b is obvi-
ously not physically justified it was considered a con-
venient approximation which is not unreasonable, as
the mean plane of the molecule is approximately per-
pendicular to the short & axis. Thus 83 parameters
(t.e. 4 scale factors, 15 positional parameters and 64
thermal parameters) were determined from the 402
(184 observed and 218 unobserved) reflections which
remained after properly scaled averages had been in-
serted for reflections common to two zones.

After two such cycles refinement was considered
complete. Final agreement factors are
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Table 1(a). Postitional parameters of
the hydrogen atoms

H, 0-0541+0-0014 0-210+0-014 0-0651 + 0-0020
H, 0-0066+ 0-0016  —0-028+0-017 0-3606 + 0-0025
H; 0-1637+0-0013 —0-031+0-020 0-5919 + 0-0021
H 0-3596 + 0-0016 0-168+0-018 0-5276 % 0-0024
H, 0-3419 1+ 0-0016 0-366+0-018  —0-1090+0-0021

Table 1(b). Temperature factors

The temperature factors are the coefficients in the expression
exp { = (B11h® + Book® + Basl® + Brshl)}

ﬁll ﬂ22 ﬂ33 ﬁ13
0(1) 0-0097 0-10 0-0417 0-0042
0(2) 0-0086 018 0-0325 —0-0042
0(3) 0-0122 0-11 0-0206 —0-0010
N 0-0078 0-10 0-0250 —0-0008
c) 0-0066 0-07 0-0146 —0-0005
c(2) 0-0056 0-08 0-0136 —0-0011
c(3) 0-0073 0-06 0-0196 0-0000
C(4) 0-0077 0-05 0-0204 0-0015
C(5) 0-0109 0-08 0-0162 0-0016
C(6) 0-0087 0-11 0-0161 —0-0016
o) 0-0091 0-10 0-0168 0-0010
H(3) 0-0113 0-16 0-0273 —0-0043
H(4) 0-0113 0-20 0-0383 0-0060
H(5) 0-0161 0-13 0-0224 0-0024
H(6) 0-0141 0-18 0-0258 —0-0034
H(7) 0-0163 0-25 0-0237 0-0048

The positional parameters of the hydrogen atoms and
the temperature factors are given in Table 1, while the
structure factors of the observed reflections are listed
in Table 2. All but 35 of the 218 unobserved reflections
were calculated smaller than the estimated threshold
value. The b- and c-axis neutron scattering density
projections are shown in Fig. 1.

The hydrogen atom positions

The bond lengths and angles are given in Table 3 and
Fig. 2. The displacements of the aromatic hydrogen
atoms from the plane of the benzene ring and of the
aldehyde hydrogen from the plane through C(2),
C(7) and O(3) are given in Table 3. Since these dis-
placements are not significant, the hydrogen atoms
were subsequently put in these planes by moving
them parallel to the b axis. C-H distances calculated
with these new positions are listed in the last column
of Table 3(a); they are only slightly different from
those obtained from the least-squares results. The
average of the aromatic C—H distances is 108 A; this

compares well with the length of similar bonds in
other compounds (Hamilton, 1962). The aldehydic
C-H distance (1-12 +0-02 A) agrees with the observed
distance in formaldehyde of 1097 A (microwave
spectroscopy, taking the electron diffraction value of
1-213 A for the C=0 bond length ; Davidson, Stoicheff
& Bernstein, 1954).

The intramolecular non-bonding distances between
the aldehydic hydrogen atom H(7) and the atoms
C(2) and O(3) are respectively 2-04 and 2-22 A. With
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Fig. 1. Neutron scattering density projections along (a) the
b direction and (b) the ¢ direction. Zero contour and nega-

tive contours shown by dashed lines. Contour lines in
negative regions at half the interval.

the Bartell ‘hard sphere’ radii (Bartell, 1960) (O, 1-13;
C, 1-25; H, 0:92 A) we calculate C(2) - - - H(7) as 2:05
and O(3) - - - H(7) as 2-17 A. The calculated distance
between C(2) and O(3) of 2-38 A is equal to the ob-
served value; thus, the shape of the aldehyde group
conforms within the experimental errors with the
hard sphere model.

A NEUTRON DIFFRACTION STUDY OF 2-NITROBENZALDEHYDE

Fig. 2. Bond lengths and angles in o-nitrobenzaldehyde.
Bond lengths between non-hydrogen atoms in the sub-
stituents have been corrected for thermal motion. The
X-ray temperature factors were used in the calculation of
these corrections.

Table 3(a). C-H bond lengths and distances to planes

C-H when
H atom is moved

Plane Distance C-H along b into plane

H(3) a —0-08A 1-:07+0024 1-08 A
H(4) a —0-09 1-09 + 0-03 1-06
H(5) a +0-02 1-074+0-03 1-08
H(6) a +0-05 1-09 +0-02 1-10
H(7) b —0-08 1-12+0-02 1-10

a = plane through ring carbons.

b = plane through atoms C(2), C(7) and O(3).

Table 3(b). Bond angles involving hydrogen atoms

Angle
H(3)-C(3)-C(2) 118-4 + 1-4°
H(3)-C(3)-C(4) 120:3+1-6
H(4)-C(4)-C(3) 120:7+1-3
H(4)-C(4)-C(5) 1189+ 1-5
H(5)-C(5)-C(4) 123-8+1-1
H(5)-C(5)-C(6) 116:0+1-2
H(6)-C(6)-C(5) 120-7+1-8
H(6)-C(6)-C(1) 121:14+1-8
H(7)-C(7)-0(3) 122-5+1-7
H(7)-C(7)-C(2) 115-2+1-9

The C-H - -

The hydrogen atom of a C—H group can participate
in a weak hydrogen bond when activated by other
groups as in CHCls and HCN (Hunter, 1946; Pimen-
tel & McClellan, 1960). If the aldehyde group is cap-
able of hydrogen bonding, o-nitrobenzaldehyde could
be internally hydrogen bonded, a six-membered ring
being formed. A number of workers did find evidence

+ O interaction



PHILIP COPPENS

for such a bond: Arshid, Giles & Jain (1956) showed
that m- and p-nitrobenzaldehyde, but not o-nitro-
benzaldehyde, associate with pyridine. Pinchas (1955,
1957) observed that the aldehyde C-H stretching
frequency is largest for the ortho isomer, which he
explained by a weak O ---H-C hydrogen bond in
which the angle at the hydrogen is acute.

A similar increase in frequency was found on solidi-
fication of formaldehyde and acetaldehyde but inter-
preted differently by Schneider & Bernstein (1956). It
should also be noted that the ultraviolet spectrum of
o-nitrobenzaldehyde does not support the existence of
an internal hydrogen bond (Lutskii & Alekseeva,
1959; Forbes, 1962).

The present structure analysis shows that the nitro
group and the aldehyde group are turned out of the
plane of the benzene ring each by about 30°. This
distortion enlarges the distances between the oxygen
of the nitro group and the C and H atoms of the alde-
hyde group to, respectively, 2:70 and 2-35 A. Repul-
sion between the carbon and the oxygen can explain
the rotation of the nitro group, but to explain the
rotation of the aldehyde group we must invoke a
repulsion between the hydrogen and the oxygen, since
the H - - - N distance of 2-76 A is larger than the sum
of the van der Waals radii of these two atoms.

A lower limit for the repulsive force between these
atoms can be calculated as follows: Maki & Geske
(1962) have given an upper limit of 2-8 x 106 cps for
the rotational frequency of the aldehyde group in
p-nitrobenzaldehyde. This rotation is hindered be-
cause conjugation between the aldehyde group and the
ring favors the planar conformation. If we make the
plausible assumption that without conjugation the
frequency would be ~ 103 cps we can find a lower
limit for the energy barrier from the equation
exp (—E/kT)<2-8x108/1013, which gives E>62x
10-14 erg=8-9 kcal.mol-1. We now approximate the
resonance energy as a function of the angle 6 between
the aldehyde group and the benzene ring by the for-
mula: V=E sin? §. Assuming F to be the same in the
ortho and para isomers we find for the restoring force
dV/df in o-nitrobenzaldehyde (§=31°17') a lower
value of 5-5x10-14 ergradian-t, corresponding to
>0-55x 10-% dyne at the position of the hydrogen
atom.

This force is to be balanced by the component of
the O - - - H repulsion perpendicular to the plane of
the aldehyde group, since the molecule is in equilib-
rium. No potential function is available for the inter-
action between oxygen and hydrogen, but we shall
attempt to get an estimate of the size of the inter-
action by using the C - - - H potential function given
by Bartell (1960), corrected for the difference in van
der Waals radii between oxygen and carbon. We will
take the O - - - H interaction at the observed distance
of 2:38 A equal to the force between C and H at
2:95/2:60 x 2:38=2-70 A (using van der Waals radii

AC 17 — 38
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H, 1-20; C, 1'75; O, 1-40 A). The repulsive force cal-
culated this way is 0-9 x 10-5 dyne, its component per-
pendicular to the aldehyde group being 047 x 10-5dyne.
only slightly larger than the lower limit of the restoring
force calculated above. The extremely good agreement
is probably fortuitous, but it seems to justify the
conclusion that the interaction between O and H in
o-nitrobenzaldehyde is of the ordinary van der Waals
type. This definitely rules out the existence of an
O - - H-C hydrogen bond in the molecule.

Table 4. The position of the aldehydic hydrogen atom

Distance
C(7)-H(7) 1-12+0-02 A
H(7)---0(1) 2-38 + 0-04
C(7) - - - O(1) 2-70+0-01
H(7)-plane b —0-08+0-07
Angle
C(T)-H(7) - - - O(1) 94-1 + 2-5°
O(1) - - - C(7)-H(7) 61-6+2-1
H(7)--- O(1)-N 94-5+1-5

Pinchas explained the increase in C-H stretching
frequency by assuming a C-H :-- O bond in which
the angle at the hydrogen is acute, while we find this
angle (Table 4) to be obtuse (94:1°). It is possible to
calculate the change of the component of the repulsive
force in the H-C direction with a change in the H-C
distance, using again the modified Bartell potential
function and the observed C-H::-O angle. The
force constant thus calculated is about 0-001 of the
stretching force constant of the C-H bond, and ac-

Fig. 3. Intermolecular O -- - H, C--- Hand O - - - O distances
smaller than 3 A (see also Table 5). The intermolecular
H - .- H distances are all larger than 2-5 A.
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Table 5. Intermolecular H + - + O distances shorter than 3 A
Coordinates of molecule
Between of second atom r»H: .- 0) r(C--:0) /CH---0 /H---0---C 0---CH

O(2)and H(6) 1—=a,3+y,1—2 2-37 A 3314 143-3° 11-4° 25-4°
o(1) H(7) l—a, i+y, —z 2:56 3-63 160-4 5-9 13-7
0(2) H(7) l1—=z,3+y, —z 2-83 3:59 124-6 14-8 40-6
0(3) H(3) —x, 3+y, —2 2-79 3-45 119-7 15-6 44-6
0(3) H(4) —z i+y, —z 2:69 3-40 1227 157 41-6

cordingly Av/v, would be about 0-0005, very much
smaller than the observed value of 0-016 (Pinchas,
1955). Thus the force between the oxygen and the
hydrogen is obviously insufficient to explain the ob-
served frequency shift.

Sutor (1962) has recently described a number of
short intermolecular H - - - O contacts as being hydro-
gen bonds. In o-nitrobenzaldehyde five similar inter-
molecular contacts are found (Table 5, Fig. 3). For the
sample consisting of these five contacts and the five
‘bonds’ listed by Sutor we can calculate the correla-
tion between H - - - O distance and C-H - - - O angle,
as was done for O-H - - - O bonds by Hamilton (1962).
We find the correlation coefficient to be —0-74, prob-
ably significantly different from zero. One should,
however, be careful in interpreting this as evidence for
the existence of C—H - + -+ O hydrogen bonds, since the
values for the C—H - - - O angle are scattered between
.102° and 173°, whereas the O-H -+ - O angles listed
by Hamilton tend to be close to 180°. When the
C-H - - - O angle becomes small, shielding effects of
other parts of the molecule become significant. They
may prevent a close approach between the hydrogen
and the oxygen atoms, thus producing a similar
correlation.

It is also striking that most of the compounds listed
by Sutor have a large number of hydrogen atoms, only
a few of which participate in so-called hydrogen bonds.
1,3,7,9-Tetramethyluric acid, for example, has twelve
hydrogen atoms and four oxygen atoms, all lying on
the periphery of the molecule, while only one short
C-H---0O contact was observed. It is difficult to
understand why these other atoms do not participate
if such a hydrogen bond exists. We therefore prefer
not to classify the intermolecular C-H - - + O contacts
in o-nitrobenzaldehyde as hydrogen bonds.

The author would like to thank Dr Hamilton for
his help in the initial stages of the investigation and
Dr Hirshfeld of the Department of X-ray Crystallo-
graphy of the Weizmann Institute for helpful discus-
sions. He is also indebted to Drs Corliss and Hastings
for their advice on the technique of neutron diffrac-
tion and to Mr D. Langdon who assisted with collec-
tion of the diffraction data.

References

ArsHID, F. M., GrLes, C. H. & Jain, S. K. (1956). J.
Chem. Soc. p. 559.

BarTeELL, L. S. (1960). J. Chem. Phys. 32, 827.

Busing, W. R. & Levy, H. A. (1959). A Crystallographic
Least Squares Refinement Program for the IBM 704,
Oak Ridge National Laboratory, Tennessee.

CorpENS, P. & ScmmipT, G. M. J. (1964). Acta Cryst.
17, 222.

Davipson, D. W., StoiceEFF, B. P. & BErRNSTEIN, H. J.
(1954). J. Chem. Phys. 22, 289. B

ForsEs, W. F. (1962). Canad. J. Chem. 40, 1891.

HamivTon, W. C. (1955). Acta Cryst. 8, 185.

HamiTon, W. C. (1957). Acta Cryst. 10, 629.

HamMmivton, W. C. (1962). Annu. Rev. Phys. Chem. 13, 19.

HUNTER, L. (1964). Rep. Progr. Chem. p. 153.

Lutskir, A. E. & ALEgSEEvVA, V. T. (1959). J. Gen. Chem.
USSR, English trans. 29, 3211.

Maxki, A. H. & Geske, D. H. (1961). J. Amer. Chem.
Soc. 83, 1852.

PiMENTEL, G. C. & McCLELLAN, A. L. (1960). The Hydro-
gen Bond. p. 197. San Francisco and London: W. H.
Freeman.

PincHas, S. (1955). J. Anal. Chem. 27, 2.

PincHAs, S. (1957). J. Anal. Chem. 29, 334.

ScHNEIDER, W. C. & BErNsTEIN, H. J. (1956). Trans.
Faraday Soc. 52, 13.

SuTor, D. J. (1962). Nature, Lond. 195, 68.



