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The short interplanar p-stacking separation observed in crys-
talline alkali hydrogen squarate salts is demonstrated to arise
from electrostatic compression due to the alkali–squarate inter-
actions and not from cohesive interactions between p systems of
the squarate anions ; the behaviour is generalised to p stacking
within electrostatic environments.

In the study of supramolecular organisation in molecular or
ionic crystals, it is common practice to focus the analysis on
interatomic distances shorter than the sum of the van der
Waals radii. Whether short distances are indicative of stabili-
zing or destabilizing interactions depends on the attractive or
repulsive nature of the forces acting between the atoms.1
Energy partitioning over selected groups of interactions is
often a misleading approach since crystal cohesion is the
result of a global (free) energy minimization and the existence
of short intermolecular distances are often a consequence of
truly relevant interactions, such as those between ions in crys-
talline salts.

Along this line of thought, we have recently shown2 that
interionic C1H~É É ÉO~ and O1H~É É ÉO~ interactions between
small anions in the solid state do not correspond to stable
intermolecular bonds, even though the distances between
donor and acceptor groups are shorter than the corresponding
distances between the equivalent neutral groups.2 The short-
ening e†ect is a manifestation of electrostatic compression
arising from attractive next-neighbour anionÈcation
[A~É É ÉC`] interactions, which largely overcompensate the
combined e†ect of next-neighbour [A~É É ÉA~] and
[C`É É ÉC`] repulsions and allows deeper penetration into the
repulsive walls of neighbouring atoms. This concept is
depicted in Scheme 1.

The implications of the above are quite relevant : (i) the
common assumption that the intermolecular separation
between atoms or groups of atoms reÑects the strength of the

Scheme 1

local interaction is not directly transferable from neutral to
ionic environments and (ii) the fact that electrostatically com-
pressed interactions retain the directionality of the original
neutral (uncompressed) interactions may be turned into a
useful tool in crystal engineering3 where reproducible crystal-
directed synthetic strategies are sought and robust ionic
materials4 are often preferred to purely molecular ones.5

In this communication we report the discovery that p-stacks
involving anions are intrinsically unstable although the separa-
tion between the p systems is shorter than in graphitic-like
arrangements formed by neutral molecules (see below). It is
well known that pÈp interactions, though weak, play an
important role in the crystal packing of organic,6a
organometallic6b and inorganic6c systems, as well as in bio-
logical systems.7

We have examined the family of alkali hydrogen squarate
salts,8 (M \ Li, Na, K, Cs, see Table 1) andMHC4O4observed that (i) all these crystalline materials form hydrogen
squarate stacks in which the anions overlap to various
extents ; (ii) the chains are connected via[HC4O4]~O1H~É É ÉO~ interactions ;2 (iii) the OÉ É ÉO separations span a
fairly large range (2.417È2.503 apparently unrelated to theÓ)
type of alkali cations, although the shortest one is with Li` ;
(iv) the separation between squarate planes is considerably
shorter than in neutral systems (range 3.13È3.34 vs. 3.43 and
3.46 in coronene and hexabenzocoronene,9 respectively) andÓ
increases slightly on increasing the cation size. While points
(ii) and (iii) can be understood on the basis of the same
reasoning as in the case of the O1H~É É ÉO~ chain in

the intriguing problem of the existence of inter-KHC2O4 ,2
planar p separations between the small anions[HC4O4]~shorter than in neutral systems needs to be addressed.

We have searched the CSD10 for p interactions between
squaric acid, squarate and hydrogen squarate units. We have
found 11 crystals in which the interplanar separation between
anions falls within the small distance range of 3.150È3.340 Ó,
in agreement with the data in Table 1.11

In order to rationalise the short p stacking separations in
these crystals, we have carried out a crystal packing functional

Table 1 Summary of interionic structural parameters (in for crys-Ó)
talline (M \ Li, Na, K, Cs)MHC4O4
Compound d OÉ É ÉO d OÉ É ÉOw d OwÉ É ÉOw d OÉ É ÉM Stack

LiHC4O4 ÉH2O 2.417 2.709 2.709 2.063 3.130
NaHC4O4 ÉH2O 2.503 2.785 3.605 2.345 3.155
KHC4O4 ÉH2O 2.472 2.730 3.857 2.850 3.205
CsHC4O4 2.482 È È 3.123 3.315
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group analysis,12 based on ab initio computations of Ðrst-
neighbour interaction energies. has been chosen asCsHC4O4the representative case, because the absence of hydration
water simpliÐes the computations. Crystalline pre-CsHC4O4sents two primary packing motifs (Fig. 1) : (a) a stack of hydro-
gen squarate anions [A~] next to columns of Cs` cations and
(b) an anionic ribbon containing short O1H~É É ÉO~ inter-
actions. A Ðrst glimpse at the nature of the A~É É ÉA~ inter-
actions can be obtained by looking at the electronic charge
distribution on the anion. A Mulliken population analysis at
the HF/6-31 ] g(2d,2p) level13 shows that the negative charge
is delocalised over the whole anion, with a slightly more nega-
tive charge on the deprotonated oxygen atom.14 A better per-
ception of the nature of the interanion interaction is obtained
by observing that the molecular electrostatic (MEP) map15a of
the isolated anion (Fig. 2), computed at the HF/6-31] g(2d,
2p) level, shows that the electrostatic potential is negative all
around the anion (except in the regions close to the nuclei).
Therefore, the electrostatic component of the A~É É ÉA~ inter-
action is repulsive in all regions relevant for intermolecular
interactions.

The validity of this analysis has been substantiated by com-
puting at the HF/6-31 ] g(2d,2p) level the interaction energies
for the A~É É ÉA~ and Cs`É É ÉCs` pairs with the geometry of
motif (a) resulting in repulsions of 68 and 39 kcal mol~1,
respectively. When the computation is performed at the MP2/
6-31 ] g(2d,2p) level to include the e†ect of electron corre-
lation, the results are 61 and 39 kcal mol~1, respectively.
When the same computation is done for the whole neutral

tetramer of motif (a) [e.g.,A2C2 Cs`É É ÉMp-
the interaction is stable : 212 and 220[HC4O4]~N2É É ÉCs`]

Fig. 1 The two primary packing motifs in the subunitCs2(HC4O4)2of crystalline (a) stacks of hydrogen squarate anions nextCsHC4O4 :
to columns of Cs` cations, [Cs`É É ÉMp- and (b)[HC4O4]~N2É É ÉCs`]
an anionic ribbon containing short O1H~É É ÉO~ interactions

The orientation of[Cs`É É ÉMÉ É É[HC4O4]~É É É[HC4O4]~É É ÉNÉ É ÉCs`].
the ions is the same as in the observed crystal structure. The hydrogen
atom participating in the short O1H~É É ÉO~ interaction is not shown
as it is not observed in the X-ray analysis.

Fig. 2 The molecular electrostatic (MEP) map of the [HC4O4]~anion computed at the HF/6-31] G(2d,2p) level. Only the negative
portion of the MEP is plotted for simplicity (going from 0 to [173
kcal mol~1) using the following color code : dark blue corresponds to
zero, light blue, green, and yellow are used for increasing negative
values, while red is used for the most negative regions (the white
region in the interior indicates the position of the MEP minima).

kcal mol~1 at the HF/6-31 ] g(2d,2p) and MP2/6-31 ] g(2d,
2p) levels, respectively.15b Thus, the stacking in crystalline

is a consequence of the stabili-CsHC4O4 Cs`É É É[HC4O4]~sing interactions, which result from the balance between inter-
anion repulsions and anionÈcation attractions, and does not
reÑect a preferential cohesive p interaction between the
anions. The short interplanar separation appears to have
the same origin as the interanion hydrogen-bond-like
interactions : the electrostatic compression brings the
squarate planes to a separation shorter than between neutral
systems. We have completed our analysis by applying the
same procedure to motif (b), Me.g.,

Fig. 1(b).[Cs`É É ÉMÉ É É[HC4O4]~É É É[HC4O4]~É É ÉNÉ É ÉCs`]N,
This tetrameric unit is also stable (201 and 208 kcalA2C2mol~1 at the HF/6-31 ] g(2d,2p) and MP2/6-31 ] g(2d,2p)
levels, respectively), while the A~É É ÉA~ as well as the
Cs`É É ÉCs` interactions are again repulsive.

It is worth stressing that, although the stabilizing contribu-
tion of interanionic p interactions may be cancelled by the
presence of a strong electrostatic Ðeld, the directionality of the
interactions is retained. Thus, while crystal cohesion is deter-
mined by the balance of attractive and repulsive ionic inter-
actions (as in NaCl, for instance) the actual structure is
controlled by the optimization of p-stack and O1H~É É ÉO~
interactions. This idea is important not only for the crystal
engineering of materials for their conductive and magnetic
properties,16 and in supramolecular chemistry,17 but also in
biostructural chemistry,7 given that most of biological activity
takes place in electrolyte solutions.

B. and F. G. acknowledge Ðnancial support by MURSTD.
(project Supramolecular Devices) and University of Bologna
(project Innovative Materials). J. J. N. thank DGES (project
PB95-0848-C02-02) and CIRIT for their support and CESCA-
CEPBA for the allocation of computer time.

Notes and references
¤ Supplementary material available : list of the 11 compounds
obtained from the CSD search used in the current analysis. For direct
electronic access see http ://www.rsc.org/suppdata/nj/1999/577/, other-

578 New J. Chem., 1999, 23, 577È579



wise available from BLDSC (No. SUP 57530, 4 pp.) or the RSC
Library. See Instructions for Authors, 1999, Issue 1 (http ://
www.rsc.org/njc).
1 A. Gavezzotti, Crystallogr. Rev., 1998, 7, 5.
2 (a) D. Braga, F. Grepioni, E. Tagliavini, J. J. Novoa and F. Mota,

New J. Chem., 1998, 22, 755. (b) D. Braga, F. Grepioni and J. J.
Novoa, Chem. Commun., 1998, 1959.

3 D. Braga, F. Grepioni and G. R. Desiraju, Chem. Rev., 1998, 98,
1375 and references therein.

4 See, for example : M. W. Hosseini and A. De Cian, Chem.
Commun., 1998, 727 ; V. A. Russell, C. C. Evans, W. Li and M. D.
Ward, Science, 1997, 276, 575.

5 G. R. Desiraju, Angew. Chem., Int. Ed. Engl., 1995, 34, 2311.
6 (a) G. R. Desiraju and A. Gavezzotti, Acta Crystallogr., Sect. B,

1989, 45, 473. (b) D. Braga, P. J. Dyson, F. Grepioni and B. F. G.
Johnson, Chem. Rev., 1994, 94, 1585. (c) I. Dance and M. L.
Scudder, Chem. Eur. J., 1997, 2, 481.

7 (a) C. A. Hunter, Chem. Soc. Rev., 1994, 102. (b) C. A. Hunter, J.
Mol. Biol., 1993, 230, 1025.

8 The crystal structures of (M \ Li, Na, K, Cs) reportedMHC4O4in Table 1 have all been determined (or redetermined in the case of
M \ Li) at 223 K by single crystal X-ray di†raction. Data have
been deposited with the Cambridge Crystallographic Data Centre.
Detailed discussion of these crystals will be the subject of a future
report.

9 (a) T. M. Krygowski, M. Cyranski, A. Ciesielski, B. Swirska and
P. Leszczynski, J. Chem. Inf. Comput. Sci., 1996, 36, 1135. (b)
R. Goddard, M. W. Haenel, W. C. Herndon, C. Kruger and
M. Zander, J. Am. Chem. Soc., 1995, 117, 30.

10 F. H. Allen and O. Kennard, Chem. Design Automation News,
1993, 8, 31. The search for interplanar distances was carried out
with the limitation that two C atoms of neighbouring squarates
were at CÉ É ÉC\ 4.0 All structures were individually examined.Ó.
References are available in the supplementary material.

11 Direct comparison with neutral squaric acid is not possible
because the molecule forms tetrameric units via O1HÉ É ÉO hydro-
gen bonds : Y. Wang, G. D. Stucky and J. M. Williams, J. Chem.
Soc., Perkin T rans. 2, 1974, 36.

12 (a) J. J. Novoa and M. Deumal, Mol. Cryst. L iq. Cryst., 1997, 305,
143. (b) J. J. Novoa, J. Veciana and M. Deumal, in Supramolecular

Engineering of Synthetic Metallic Materials. Conductors and
Magnets, eds. J. Veciana, C. Rovira and D. B. Amabilino, Kluwer,
Dordrecht, 1998, Ch. 7, pp 105.

13 HF/6-31 ] G(2d,2p) indicates the HartreeÈFock method and the
6-31 ] G(2d,2p) basis set, while the MP2/6-31 ] G(2d,2p) level
refers to computations done using the same basis set and the
second-order MollerÈPlesset method. M. J. Frisch, G. W. Trucks,
H. B. Schlegel, P. M. W. Gill, B. G. Johnson, M. A. Robb, J. R.
Cheeseman, T. Keith, G. A. Peterson, J. A. Montgomery, K. Ragh-
avachari, M. A. Al-Laham, V. G. Zakrzewski, J. V. Ortiz, J. B.
Foresman, J. Ciolowski, B. B. Stefanov, A. Nanayakkara, M. Chal-
lacombe, C. Y. Peng, P. Y. Ayala, W. Chen, M. W. Wong, J. L.
Andres, E. S. Replogle, R. Gomperts, R. L. Martin, D. J. Fox, J. S.
Binkley, D. J. Defrees, J. Baker, J. J. P. Stewart, M. HeadÈGordon,
C. Gonzalez and J. A. Pople, Gaussian 94, Revision C.3, Gaussian
Inc., Pittsburgh, PA, 1995.

14 Atomic charges on the anion are 0.2/[0.5/0.3 on the[HC4O4]~C, O and H atoms of the C/O/H system; 0.3/[0.7 and 0.3/[0.6
on the next-neighbour CO systems, and 0.4/[0.6 on CO atoms
across the squarate plane.

15 (a) P. Politzer and J. S. Murray, Rev. Comput. Chem., 1991, 2, 273.
As observed previously in the case of the hydrogen oxalate anion,2
the most negative regions in the MEP map are on the oxygens of
the deprotonated group, whereas the least negative ones are the
OH region of the non-deprotonated group. (b) The basis set super-
position error (BSSE) corrected interaction energies are [211 and
[213 kcal mol~1 for the HF and MP2 computations, respec-
tively. The BSSE was corrected using the full counterpoise
method : S. F. Boys and F. Bernardi, Mol. Phys., 1970, 19, 553.

16 (a) J. M. Williams, J. R. Ferraro, R. J. Thorn, K. D. Carlson, U.
Geiser, H. H. Wang, A. M. Kini and M.-H. Whangbo, Organic
Superconductors (Including Fullerenes). Synthesis, Structure,
Properties, and T heory, Prentice Hall, Englewood Cli†s, NJ, 1992.
(b) J. S. Miller and A. J. Epstein, Chem. Commun., 1998, 1319.

17 See, for example, R. E. Gillard, F. M. Raymo and J. F. Stoddard,
Chem. Eur. J., 1997, 3, 1933. D. Philp and J. F. Stoddard, Angew.
Chem., Int. Ed. Engl., 1996, 35, 1154.

L etter 9/01691K

New J. Chem., 1999, 23, 577È579 579


