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1,3,5-Trinitrobenzene and 1,3,5-triethynylbenzene cocrystallise to form a solid state structure in which the two
components assemble to form segregated hydrogen-bonded tapes. This behaviour is rationalised, through the use of
the Cambridge Structural Database and ab initio electronic structure calculations, in terms of the fundamental
recognition properties of the nitro group. The recognition behaviour of the nitro group is a function of both the
intrinsic electronic properties of the nitro group itself and the nature of the hydrogen bond donor with which it
interacts.

Introduction

The continuing development of supramolecular chemistry and
related disciplines which exploit molecular recognition relies
heavily on a thorough understanding of the recognition
properties of the functional groups involved in noncovalent
interactions. The systematic analysis of inter- and intra-
molecular interactions from experimental studies in the gas,
solution, and solid phases, in conjunction with computational
methods, has expanded our understanding of noncovalent
interactions ranging from conventional strong hydrogen
bonds such as NÈHÉ É ÉO and OÈHÉ É ÉO to much weaker, and
more subtle, interactions such as CÈHÉ É ÉO,1 pÉ É Ép,2 CÈ
HÉ É Ép,3,4 and halogenÈhalogen.5,6 Indeed, CÈHÉ É ÉO inter-
actions,7,8 openly questioned as recently as 30 years ago, have
now been shown9 to share many of the characteristics of
stronger hydrogen bonds that are formed with more conven-
tional hydrogen bond donors such as NÈH and OÈH.

The observation of well-deÐned interaction motifs in the
solid state has been rationalised using graph set analyses,10,11
and more recently, using the concept12 of the supramolecular
synthon. However, although the qualitative descriptions pro-
vided by these approaches are evidently useful, a more quanti-
tative understanding of the recognition properties of donor
and acceptor groups is a prerequisite if we are to be able to
rationalize and predict solid state structures in a routine
manner.

Among studies in this Ðeld, the nitro group appears to have
been underused as a hydrogen bond acceptor. In one system-
atic study by Etter,13,14 the hydrogen bonding patterns
resulting from contacts between amino and nitro groups in
the crystal structures of nitroanilines were analysed and two
important conclusions were drawn. Firstly, the potential well
for the hydrogen bonds appears to be shallow, since although
the hydrogens of the amino group are often within the vicinity
of a nitro group, their actual positions are strongly inÑuenced
by other packing forces. Secondly, the three-centred, R12(4)
aminoÈnitro interaction motifs 1 and 2 (Fig. 1a), appear to be
preferred over a motif in which the hydrogen interacts with a
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single oxygen atom of the nitro group (3, Fig. 1a). By contrast,
a recent combined crystallographic and computational study
of interactions (where X\ N and O) suggested15XÈHÉ É ÉO2Nthat OÈH and NÈH donors both favour an interaction in
which only one oxygen atom interacts with the donor hydro-
gen atom (3, Fig. 1a). Interestingly, an attempt16,17 to quantify
donor and acceptor strengths in CÈHÉ É ÉO interactions sug-
gested that the oxygen atoms of the nitro group are much
poorer hydrogen bond acceptors than oxygen atoms in other
functional groups.

Other structural motifs containing nitro groups include the
halogenoÈnitro supramolecular synthon 4 which has been
identiÐed18h20 in a number of crystal structures in which an
iodoÈnitro interaction appears to inÑuence the overall crystal
packing. We, and others, have demonstrated recently21,22 that
the halogenoÈnitro synthon 4 can be evolved to the alkyneÈ
nitro synthon 5 by virtue of the shared recognition
properties23 of terminal alkynes and organic halides (Fig. 1b
and 1c). In many solid state structures containing halogenoÈ
nitro or alkyneÈnitro interactions, there appears to be a pref-
erence for the interactions to be both 3-centred and

Fig. 1 (a) Three modes of interaction between NÈH and nitro
groups. The polarisation pattern found in terminal alkynes is similar
to that for organic halides (b). Thus, the established halogenÉ É Énitro
synthon 4 can be evolved into the alkynylÈnitro synthon 5 (c).
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near-symmetrically bifurcated. This behaviour is further sup-
ported by a computational study24 of inter-CÈHalÉ É ÉO2Nactions (where Hal\ Cl, Br) which demonstrates that, in
contrast to (stronger) interactions,XÈHÉ É ÉO2N CÈHalÉ É ÉO2Ninteractions favour a symmetrically bifurcated 3-centred motif.
The propensity for di†erent types of donors (e.g. OÈH, aniline
NÈH, C3CÈH and CÈHal) to adopt di†erent interaction
motifs with nitro groups is clear. The preference of a particu-
lar class of donor to form a symmetrically or non-
symmetrically bifurcated motif or a monocoordinatedR12(4)
interaction should depend on the characteristics of the hydro-
gen bond donor. In this paper, we report an attempt to exploit
the apparent propensity for terminal alkynes to participate in

bifurcated interactions with nitro groups in the design ofR12(4)
an organic solid containing a hexameric hydrogen bonded
array. We also describe a study of the Cambridge Structural
Database (CSD) and quantum mechanical calculations which
provide clear evidence that the recognition properties of the
nitro group depend on the characteristics of the hydrogen
bond donor.

Results and discussion
Solid state structures incorporating the alkyneÈnitro synthon
5 have so far utilised either a 1,4-disubstituted benzene22 (6
and [7 Æ 8], Fig. 2) or a 4,4@-disubstituted biphenyl21 (9, Fig. 2)
as the sca†old on which the recognition units are located.
Given the similarity between the synthons 4 and 5 and the

carboxylic acid dimer motif 10, it is not surprising thatR22(8)
the solid state structures of 6, [7 Æ 8] and 9 share common
packing patterns (i.e. the formation of hydrogen bonded tapes)
with those in the solid state structure of 1,4-benzenedicarb-
oxylic acid25 11. Given this demonstration of the
““ interchangeability ÏÏ of synthons in essentially one-
dimensional hydrogen-bonded tapes, we were hopeful that the
same concept could be extended to the substitution of the

carboxylic acid synthon 10 in two- and three-R22(8)
dimensional hydrogen bonded arrays with the nitroÈalkyne
synthon 5.

In order to explore the extension of this concept into two
dimensions, we focused on the hexameric hydrogen bonding
array in the crystal structure of 1,3,5-benzenetricarboxylic acid
12 (trimesic acid26) and its clathrates.27,28 It might be antici-
pated that the carboxylic acid dimer motif 10 in these arrays
could be replaced by synthon 5, in order to give geometrically
similar arrays which exploit the (weaker) alkyneÈnitro inter-

Fig. 2 One-dimensional hydrogen bonded tapes involving the
alkyneÈnitro synthon, and an analogous one-dimensional hydrogen
bonded tape involving the carboxylic acid dimer motif 10.

actions. In practice, this substitution could be achieved by the
replacement of the 6 trimesic acid molecules (comprising the
hydrogen bonded hexamer) with 3 molecules of 1,3,5-tri-
ethynylbenzene 13 and 3 molecules of 1,3,5-trinitrobenzene 14,
with adjacent molecules interacting in the manner shown in
Fig. 3.

Needle-like crystals of [13 Æ 14] were grown by slow evapo-
ration of 1 : 1 solutions of 13 and 14 (from a variety of
solvents). In all cases, powder X-ray di†raction demonstrated
that cocrystals of [13 Æ 14] were formed in preference to mix-
tures of the pure phases of 13 and 14, suggesting that the
cocrystal is favoured energetically over the pure phases. Crys-
tals of [13 Æ 14] suitable for single crystal X-ray di†raction
studies were grown using the method described above. The
crystal structure29 of [13 Æ 14] (Fig. 4a) does not contain the
predicted hexameric arrays constructed from the alkyneÈnitro
motif 5. Instead, the structure contains alternate tapes of 13
and 14 linked by and contactsC3CÈHÉ É ÉO2N ArÈHÉ É ÉO2NCÈHÉ É ÉO angles 123È157¡, Fig. 4b)(dHÕ Õ ÕO\ 2.32È2.67 A� ,
which are less than, or close to, the sum of the van der Waals
radii30 Within the tape of molecules of 13(&vdw \ 2.65 A� ).
(Fig. 4a), there are no signiÐcant CÈHÉ É Ép(C3C) interactions
(shortest However, within the tape of mol-dHÕ Õ ÕC.C\ 2.97 A� ).
ecules of 14 (Fig. 4a), the dominant intermolecular interactions
are evidently short contacts andArÈHÉ É ÉO2N (dHÕ Õ ÕO\ 2.34
2.37 CÈHÉ É ÉO angles 154.9 and 149.1¡ respectively) whichA� ,
constitute the cyclic motif [14 Æ 14]. The presence of theR22(10)
three strongly electron withdrawing nitro groups in 14 results
in a relatively low (\30) for the aromatic hydrogens (cf.pKaof PhH\ 43). Indeed, the acidity of these protons is com-pKaparable to that for the proton of the ethynyl group of(pKaHC3CH\ 25). This fact undoubtedly contributes to the
apparent preference for the motif [14 Æ 14] over theR22(10)

alkyneÈnitro motif 5. The similar hydrogen bond donorR12(4)
abilities of these hydrogens are also reÑected in the electro-
static potential (ESP) surfaces derived from HF/6-31G(d,p) ab
initio electronic structure calculationsÈthe maximum values

Fig. 3 In principle, the motif 12 is structurally analogous to the
motif [13 Æ 14]. The Ðlled arrows represent the directions of hydrogen
bonding.
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Fig. 4 (a) The structure of the cocrystal of 1,3,5-triethynylbenzene 13
and 1,3,5-trinitrobenzene 14 viewed along the a direction. The oxygen
atoms are coloured black and the dotted lines represent CÈHÉ É ÉO
interactions. (b) The distances and angles of the CÈHÉ É ÉO contacts are
as follows : a, 2.37 149.1¡ ; b, 2.34 154.9¡ ; c, 2.32 156.8¡ ; d, 2.50A� , A� , A� ,

130.9¡ ; e, 2.60 139.4¡ ; f, 2.67 123.4¡.A� , A� , A� ,

for the ESP surface located on the ArÈH and C3CÈH hydro-
gens of 13 and 14, are 204 and 173 kJ mol~1, respectively.

On Ðrst inspection, it may appear surprising that molecular
tapes of 14 containing the motif are not present withinR22(10)
the crystal structure31 of 14 or many of the crystal structures
in which 14 is a component. The absence of molecular tapes
linked by the motif within the crystal structure of 14R22(10)
could be attributed to the fact that the edges of the molecular
tapes bear oxygen atoms, e†ectively making the edges of the
tapes regions of high electron density. Thus, juxtaposition of
these tapes in a close packed structure would lead to electro-
static repulsion between the tape edges. Such repulsion does
not exist in the structure of [13 Æ 14], since the electronegative
edges are sandwiched between corresponding electropositive
edges which arise from the positioning of the acidic alkyne
protons along the edges of the tapes of 13. This arrangement
gives rise to the interactions described above.C3CÈHÉ É ÉO2NInterestingly, the solid state structure32 of the cocrystal
formed between 14 and stilbene also contains molecular tapes
of 14 in which the molecules are linked by the motif.R22(10)
The structure of [14 Æ stilbene] (Fig. 5) resembles that of
[13 Æ 14] with the molecular tapes of 14 (electronegative edges)
sandwiched between molecular tapes of stilbene (the electro-
positive edges of which bear relatively acidic hydrogen atoms).

However, it would be to suggest that the packing ofna•� ve
the tapes of 13 and 14 in the crystal structure of [13 Æ 14] can
be rationalised simply in terms of the positioning of electro-
negative and weakly electropositive atoms. Other factors, such
as pÈp stacking and shape complementarity, must also play an

Fig. 5 A view of the structure of the cocrystal of 1,3,5-trinitro-
benzene 14 and stilbene. The oxygen atoms are coloured black and
the dotted lines represent CÈHÉ É ÉO interactions between molecules of
14.

important role. Indeed, the layers present in the solid state
structure of the cocrystal [13 Æ 14] are engaged in an o†set pÈp
stacking arrangement. Recently, we reported an
investigation23 of the role of shape complementarity in the
packing of halogeno- and ethynyl-substituted benzenes in the
solid state. We demonstrated that the similar packing patterns
in the crystal structures of 1,3,5-substituted benzenes pos-
sessing real or (by virtue of the interchangeability of the
substituents) pseudo symmetry can be represented by aD3hsimplistic model of tessellation involving triangular building
blocks (Fig. 6a).

This model can be extended to the structure of [13 Æ 14]
which has a striking resemblance to the structures of 1,3,5-
halogeno-substituted benzenes, such as 1,3,5-tribromobenzene
(Fig. 6b). Visual comparison of the structures reveals that the
positions of the functional groups (nitro, ethynyl and bromo)
form a similar pattern in both structures. Therefore, it would
appear that the packing pattern observed in the [13 Æ 14]
cocrystal can be rationalised both in terms of the electronic
properties of the hydrogen bond donors and acceptors present
and through the use of simple models based on shape comple-
mentarity. Although this empirical rationalisation is attrac-
tive, the question of the acceptor ability of the oxygen atoms

Fig. 6 (a) Schematic representation of the crystal structures of 1,3,5-
trisubstituted halogenoethynylbenzenes and trihalogenobenzenes
using triangular cartoons. (b) A view of the crystal structure of 1,3,5-
tribromobenzene.
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in the nitro group is still an open one. The oxygen atoms of
the nitro group are seemingly much poorer hydrogen bond
acceptors than oxygen atoms in other bonding environments,
for example, C2O. An analysis17 of the intramolecular non-
covalent bonds formed between solvent molecules and oxygen
hydrogen bond acceptors demonstrated that the oxygen
atoms of the nitro group were poorer acceptors than the
oxygen atoms in C2O, S2O, C(sp3)ÈOH and CÈOÈC. InH2O,
fact, it was suggested that only the oxygen atoms of CO
ligands attached to transition metals were poorer acceptors
than nitro groups.

The degenerate resonance forms of the nitro group, each
with one sp2 hybridised oxygen participating in an N2O
double bond and the other oxygen atom carrying a formal
negative charge, appear to contrast with the relatively non-
polar nature of the nitro group. However, a simplistic model
based upon the number of available lone pairs can explain the
hydrogen bond acceptor properties of a range of functional
groups in which oxygen is bonded to nitrogen. Firstly, it is
important to appreciate that an N2O double bond cannot be
compared to a C2O double bond. Nitrogen is signiÐcantly
more electronegative than carbon and so the N2O bond is
undoubtedly less polarised. Secondly, it is clear that the
accepting ability of oxygen atoms bonded to nitrogen depends
on the number of lone pairs present on the oxygen atoms.
Thus, as Fig. 7 illustrates, the oxygen atom of the nitroso
group 15 has 2 lone pairs, and the two oxygen atoms of the
two resonance forms of the nitro group 16 each have, on
average, 2.5 lone pairs. By contrast, the oxygen atom of the
nitrone 17 has only a little less than 3 (as opposed to 2.5 lone
pairs), since the carbanion resonance form is only a small con-
tributor to the ground state of the nitrone. Finally, the oxygen
atom of the N-oxide 18 has 3 lone pairs. This trend of increas-
ing electron density on the oxygen atom (and thus, decreasing
bond order of the NÈO bond) is clearly evident in the calcu-
lated (HF/6-31G(d,p)) electrostatic potential surfaces (Fig. 7).
It is important to note that the presence of the negatively
charged, sp3 hybridised, oxygen in the resonance forms of the
nitro group, implies that the position of the lone pairs,
towards which hydrogen bonds are directed, will not necessar-
ily be at 120¡ with respect to the NÈO bond.

Fig. 7 Valence bond representations of functional groups which
have an oxygen atom bonded to a nitrogen atom. The Ðgures in italics
are the calculated (HF/631G(d,p)) minimum values of the electrostatic
potential (ESP) surfaces located on the oxygen atoms in kJ mol~1.

Recent investigations of the properties of nitro groups in
(X\ O, N) and interactionsXÈHÉ É ÉO2N15 CÈHalÉ É ÉO2N24

using a combined crystallographic and quantum mechanical
computational approach suggested that inter-XÈHÉ É ÉO2Nactions prefer monocoordinated motifs (with XÈH directed
approximately towards the oxygen lone pairs), whereas

interactions prefer a symmetrically bifur-CÈHalÉ É ÉO2N R12(4)
cated motif. However, it must be noted that, with regard to
the study, the computational investigation onlyXÈHÉ É ÉO2Nconsidered interactions with X\ O, whereas the crystallo-
graphic analysis of interactions, did not discriminate between
X\ O and N, and, hence, did not take account of the di†er-
ences in of the donors.pKaSince we believe that there may be subtle, yet fundamental,
variations in the recognition properties of the nitro group
according to the type of hydrogen bond donor, we have per-
formed new searches for intermolecular inter-XÈHÉ É ÉO2Nactions in the Cambridge Structural Database (CSD),33 with
separate searches carried out for X\ N, O and C. We appre-
ciated that the strength, and thus classiÐcation, of these inter-
actions depends on the bonding environment (in terms of
hybridisation and charge) of the atom bearing the hydrogen
atom, and so we subdivided further the hydrogen bond
donors into the following six types : ÈOÈH, ÈN`ÈH, (CH)NÈ
H, (Ar)NÈH, C(sp2)ÈH and C(sp3)ÈH. The search of the CSD
and resulting geometry calculations were performed using the
QUEST3D34 program and the results visualised using
VISTA.35 We were particularly interested in how the donor
hydrogen was positioned with respect to the nitro group.
Three di†erent motifs, shown in Fig. 8, can be described as
symmetrically bifurcated (A), bicoordinated with direction
towards one of the lone pairs which are anti with respect to
the CÈN bond (B) and monocoordinated with direction
towards the lone pair which is syn with respect to the CÈN
bond (C). In order to assign the interactions identiÐed in the
search to one of these three categories, two parameters were
measured ; the distance (denoted d) between the donor hydro-
gen atom and the nearest oxygen atom of the nitro group, and
the angle (denoted r), where denotes theHprojÉ É ÉOÈN Hprojposition of the hydrogen atom projected on to the planeNO2as described15,24 by Allen and co-workers. The angle r is
approximately ]90 to ]100¡ (depending on the distance d)
for motif A and approximately ]120¡ for motif B, in which

is directed towards the lone pair which is anti withHprojrespect to the CÈN bond. By contrast, r is approximately
[120¡ for the monocoordinated motif C in which isHprojdirected towards the lone pair which is syn with respect to the
CÈN bond.

The results of the searches of the CSD for XÈHÉ É ÉO2Nintermolecular interactions with HÉ É ÉO distances equal to or
shorter than the sum of the van der Waals30 radii (2.65 areA� )
visualised in Fig. 9. The interactions with OÈH and (CH)NÈH
donors (Figs. 9b and 9c) both show, as expected, direction
towards the probable positions of either/both of the lone pairs
of the oxygen atom. Curiously, the interactions involving the
best hydrogen bond donor (NH`) show a marked preference
(Fig. 9a) for the lone pair which is syn with respect to the CÈN
bond (i.e. motif C). In contrast to this preference for the syn
lone pair, interactions involving anilines (represented by the

Fig. 8 Three possible modes of interaction between XÈH donor
groups (where X \ C, N, O) and a nitro group.
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Fig. 9 Circular scattergrams showing the directionality of intermolecular interactions. In all cases, HÉ É ÉO distance d (radial axis) isXÈHÉ É ÉO2Nplotted against r (circular axis). In each plot, the right-hand vertical scale represents the distance d in and the left hand vertical scale representsA�
the number of interactions which lie within a 9¡ interval in r. Individual interactions are plotted as points at the coordinates (d, r) in the inside
circle of each plot and the bars in the outer circle are the total number of interactions within a 9¡ interval in r. Superimposed upon plot (a) (for
N`ÈH) are dotted lines to represent interactions which are described by motifs A, B and C (Fig. 8) as well as the approximate positions of the
atoms of the nitro group. The distance d (radial axis) represents the vector distance from the oxygen atom to the hydrogen atom (which is not
necessarily in the CÈNÈO plane) as distinguished from the projected position of the hydrogen atom in the CÈNÈO plane which is used to
determine the angle r.
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Fig. 10 (a) Coordinate system used to map the potential energy
surface around the nitro group. The donor molecule HX (where
X\ OH or CCH) was scanned in two modes across the area around
the group. Mode (i) generated a Cartesian grid by scanning *xNO2from 0 to 0.7 in 0.1 steps and *y from 1.7 to 3.5 in 0.1A� A� A� A� A�
steps. Mode (ii) generated a grid in polar coordinates, covering a
radial sweep of /\ 0 to 140¡ in 20¡ steps and scanning r from 1.7 A�
to 3.5 in 0.1 steps. These two grids were combined to generate aA� A�
complete map of the potential energy surface around the nitro group
for each donor. (b) Contour maps of the potential energy surfaces
around the nitro group for (i) the complex and (ii)[H2O ÆCH3NO2]the complex. The vertical scales of the two contour[C2H2 ÆCH3NO2]plots are identical and the separation between contour levels in both
plots is 0.1 kJ. In (i), the four dots locate the four signiÐcant minima
on the potential energy surface. In (ii), the bold black curves locate the
positions of the trenches discussed in the text.

(Ar)NÈH donor, Fig. 9d) show a clear preference for the anti
lone pair, although the distribution can almost certainly be
attributed to the fact that many of the structures containing
aromatic amino groups studied are nitroanilines for which
direction of the interactions directed towards the syn lone pair
will be sterically unfeasible. This conclusion supports EtterÏs

observation that nitroanilines form bifurcated aminoÈnitro
interactions of types A and B.

The extent to which the bifurcated interactions are
symmetricalÈi.e. the preference for motif A over motif BÈ
cannot be assessed accurately from these data alone (vide
infra) since the values of r which characterise each motif di†er
by only about 20¡.

Interactions involving a C(sp2)ÈH donor show (Fig. 9e) only
a very modest preference for direction towards the lone pairs ;
at best, the statistical signiÐcance of this observation is only
marginal. Interactions involving a C(sp3)ÈH donor (Fig. 9f )
are clearly non-directional and serve as a useful reference
point for the analysis of the interactions involving the better
donors.

In order to probe the question of lone pair directionality in
the interactions of hydrogen bond donors with the nitro
group, we undertook a series of ab initio electronic structure
calculations. These calculations map the interaction between
nitromethane and a probe hydrogen bond donor. We chose a
water molecule to represent a good hydrogen bond donor and
an ethyne molecule to represent a poor hydrogen bond donor.
Calculations were carried out on the and[H2O ÆCH3NO2]complexes at the MP2/TZV(d,p) level of[C2H2 ÆCH3NO2]theory. In each case, the probe molecule was moved system-
atically (Fig. 10a) around the nitromethane molecule and the
energy was calculated at each point on this grid. The results
are presented in Fig. 10b. From the results, the preference of
water to form directional hydrogen bonds to the nitro group
is clearly evident. There are four potential wells, with depths
greater than 4 kJ mol~1 [Fig. 10b (i)], at the approximate
positions of the lone pairs on oxygen. Interestingly, our calcu-
lations predict that the syn lone pair is somewhat more basic
than the lone pair anti to the CÈN bond. By contrast, there is
little evidence for any directionality in the interaction between
ethyne and the oxygen atoms of nitromethane. The potential
energy surface consists of a shallow trench [Fig. 10b (ii)]
which encircles almost the entire region around the nitro-
methane oxygen atoms. From these calculations, it would
appear that the directionality of the interaction is governed
not only by the nature of the hydrogen bond acceptor, but
also by the nature of the donor atom. For poor hydrogen
bond donors, such as ethyne, the interaction is primarily van
der Waals in nature and therefore lacks directionality. For
good hydrogen bond donors, such as water, there is a signiÐ-
cant electrostatic component to the interaction which gives
rise to more marked directionality towards the lone pairs on
oxygen.

Conclusions
It is clear that the oxygen atoms in nitro groups are relatively
poor hydrogen bond acceptors (compared to oxygen atoms
bonded to carbon atoms as well as nitrones and amine oxides)
and may be rationalised on the basis of two factors. First,
nitrogen is more electronegative than carbon, and second, the
resonance forms of the nitro group imply that the oxygen
atoms have fewer lone pairs of electrons than nitrones and
amine oxides. These rationalisations are supported by the
results presented here. We have shown that the directionality
of hydrogen bonds to nitro groups is dependent on donor
ability. Good donors (such as N`ÈH and OÈH) show a
marked preference for direction towards the presumed posi-
tion of the lone pairs of electrons. Poor donors (such as CÈH)
show no such preference. The di†erence, in terms in the posi-
tion of the hydrogen atom, between an interaction motif
which can be described as symmetrically bifurcated (i.e. motif
A) and one which would be described as directed towards the
lone pair of electrons anti to the CÈN bond (i.e. motif B) is
small. Thus, it is difficult, if not impossible, using analyses
based upon searches of the CSD, to determine whether motif
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B is predominant over motif A. However, it is clear from the
results presented here that the recognition behaviour of the
nitro group is a function of both the intrinsic electronic
properties of the nitro group itself and the nature of the
hydrogen bond donor with which it interacts. Thus, as the
recognition properties of the nitro group depend on the
hydrogen bond donor involved in the interaction, any attempt
to categorise the hydrogen bonding to nitro groups in terms
of a single type of behaviour must necessarily fail. This realis-
ation opens the way for the development of uniÐed models
of hydrogen bonding which include quantitative descriptions
of both donor and acceptor abilities.

Experimental

General

1,3,5-Triethynylbenzene was prepared according to a pre-
viously published36 procedure and 1,3,5-trinitrobenzene was
purchased from Pfaltz and Bauer. Solid state FTIR spectra
were obtained from KBr disks. Spectra were also recorded
from mulls in hexachloro-1,3-butadiene to discount the possi-
bility of polymorphic interference. Solution spectra
(concentration approximately 2 mM) were recorded in inCCl4an Aldrich Demountable liquid-cell kit with a path length of
0.5 mm. All spectra were recorded at a resolution of 2 cm~1
on a Perkin-Elmer Paragon 1000 spectrometer.

Computational methods

Ab initio quantum mechanical calculations (HF/6-31G(d,p)) of
electrostatic potential (ESP) surfaces were performed using
SPARTAN.37 All atomic coordinates were optimised fully to
a RMS gradient of less than 1] 10~4 au.

Ab initio quantum mechanical calculations of interaction
energies (MP2/TZV(d,p)), were performed using GAMESS.38
The calculations of the potential energy surfaces of the

and complexes were per-[H2O ÆCH3NO2] [C2H2 ÆCH3NO2]formed with the same version of GAMESS.
Ab initio intermolecular perturbation (IMPT) calculations

were performed using CADPAC.39

Cambridge Structural Database (CSD) searches

All searches reported here were of the CSD release dated
January 1999 (197481 entries). The search criteria were error
and disorder-free organic-only structures with R factors less
than 7.5%. In all cases, except the search for interactions with
the N`ÈH donor, the heavy atom bearing the hydrogen par-
ticipating in the interaction was constrained toXÈHÉ É ÉO2Nhave no charge. The angle r was calculated using the LP2
parameter featured in the 3D CONSTRAIN section of
QUEST.34 Only intermolecular contacts for which the short-
est XÈHÉ É ÉO(NO) distance was equal to or less than the sum
of the van der Waals radii (2.65 were considered. When theA� )
XÈHÉ É ÉO distances to the two oxygens of the nitro group
were less than 2.65 two hits were generated ; one of theseA� ,
hits (the longer of the two) was removed manually from the
data set.
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