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Experimental and Theoretical Analysis of the Hydrogen-
bonding Motifs Formed Between the Carboxyl
and the Carboxylate Group: Towards a Systematic
Classification of their Supramolecular Motifs
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Nine tetraalkylammonium salts, with R 5 Me, Et, nPr
and nBu, of four different carboxylic acids, namely
isophthalic acid, 5-nitroisophthalic acid, trimesic acid
and pyromellitic acid (1,2,4,5-benzenetetracarboxylic
acid), have been prepared and their supramolecular
structures analyzed by X-ray crystallography. The
[RCOOH· · ·HOOCR] homodimeric motif characteristic
for carboxylic acids has not been detected, but instead, in
all compounds a [RCOOH· · ·OOCR]2 unit was present.
The hydrogen-bonding geometries and interaction
energies of the different discrete and water-expanded
hydrogen-bonding patterns formed between the car-
boxyl and the carboxylate group have been analyzed
systematically by theoretical calculations at the MP2/6-
31G(d,p) level of theory.
Carboxylates are promising candidates for crystal

engineering and [OZH· · ·O]2 interactions play an
important role for the structural organization and
chemistry of biomolecules.

Keywords: Ab initio calculations; Ammonium salts of carboxylic
acids; Carboxylate; Hydrogen-bonding; Supramolecular chem-
istry; Crystal engineering

INTRODUCTION

Supramolecular chemists and crystal engineers aim
at control of the mutual organization of molecules in
space, taking into consideration the attractive and
repulsive intermolecular interactions that can exist
between them. However, the combination of two or
more functional groups through noncovalent inter-
actions with a high degree of predictability for the
resulting structure is frequently difficult, mainly

because noncovalent interactions have a significantly
lower directionality than covalent bonds or even
none at all. Furthermore, additional functional
groups attached to one of the reagents can interfere,
having an inhibiting influence or causing a “side
reaction” (formation of another motif). Therefore, for
the purposes of crystal engineering it is necessary not
only to create a library of synthons for the different
functional groups available to the chemist, but also to
have access to tables of physical parameters such as
the interaction energies. An important obstacle for
the realization of this purpose is that the strength of
noncovalent interactions can vary significantly, e.g.,
through variations in the supramolecular organiz-
ation or the presence of solvent molecules that can
participate in the intermolecular aggregation
process.

Among the functional groups used most fre-
quently for supramolecular synthesis and crystal
engineering are carboxyl groups and their deriva-
tives [1–8]. The reason is that these functions are
capable of forming robust and directional hydrogen-
bonds, thus allowing for a reasonably good control
over the resulting structures. Many of the organic,
metalorganic and organometallic 2D and 3D supra-
molecular structures of carboxylic acids are porous
or possess cavities, and have therefore received
much attention [9–43].

The most prominent hydrogen-bonding motif
for carboxylic acids is the homodimer (motif A, Chart
1), however, it is also possible that two COOH
groups are linked through only one hydrogen bond
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(motif B, Chart 1). An almost infinite number of
conformations are possible, considering that (i) the
hydrogen atoms in the carboxyl groups can have synor
anti configuration, (ii) the dihedral angle between the
carboxyl groups can have values varying from 0 to
3608, and that the (iii) OZH· · ·O angle can be different
from 1808 [44–48].

The intermolecular bond formed between car-
boxyl groups can be modified in several ways, e.g.,
through (i) the introduction of additional functional
groups in organic moieties attached to the ZCOOH
function, (ii) the deprotonation of part of the
carboxyl groups giving rise to motifs C, D and E
(Chart 1), and (iii) the introduction of additional
molecules with the capacity for hydrogen-bond
formation, such as water or alcohols, whose function
may be described as “spacer” or “bond strength
modulator” (motifs F–M in Chart 2).

Since charged [RCOOH· · ·OOCR]2 systems
form significantly stronger hydrogen bonds than
the [RCOOH· · ·HOOCR] dimers (< 2 31 kcal/mol
$ < 2 19 kcal/mol) [49], recently carboxylate
based systems have been the subject of several
studies in crystal engineering [50–64]. Such systems,
and in particular those having [RCOOH· · ·OOCR]2

and [ROH· · ·OOCR]2 interactions, play also an

important role for the structural organization and
chemistry of biomolecules [65–68].

As already mentioned, for supramolecular syn-
thesis and crystal engineering it is convenient to use
robust synthons with high interaction energies [67],
and therefore, we became interested in a systematic
examination of the hydrogen-bonding interactions
formed between carboxylates and carboxylic acids.
In order to reduce the non-covalent interactions
between the anionic targets and the cationic
counterpart to a minimum, we used tetraalkyl-
ammonium moieties as counterions and examined
the salts of the following four carboxylic acids:
isophthalic acid (H2IPA), 5-nitroisophthalic acid
(H2NIPA), trimesic acid (H3TMA) and pyromellitic
acid (1,2,4,5-benzenetetracarboxylic acid, H4PMA).
Their supramolecular structures were examined in
the solid state by X-ray crystallographic studies, and
once the prominent hydrogen-bonding motifs occur-
ring in the solid state had been characterized,
we performed ab initio calculations for a comparative
structural analysis and to analyze their relative
strength. Four different alkyl ammonium salts
were employed (R ¼ Me, Et, nPr and nBu) to
evaluate also the influence of the counterion volume
on the supramolecular structure.

CHART 1 Hydrogen-bonding motifs formed between carboxylic acids and carboxylates.
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EXPERIMENTAL SECTION

Preparative Part

Preparation of Crystals from Isophthalic Acid
and Tetra-n-butylammonium Hydroxide 1

To a solution of isophthalic acid (0.50 g, 3.00 mmol) in
ethanol (8 mL) tetra-n-butylammonium hydroxide
(0.78 g, 3.00 mmol) was added. The solution was
stirred for 15 mins., whereupon the solvent was
eliminated under vacuum. Recrystallization from
ethanol provided 1 in form of light-yellow crystals
that were suitable for X-ray crystallography. Yield:
65%; m.p. 260–2648C.

IR(KBr): ~n ¼ 3405 (m), 3072 (w), 2962 (s), 2875 (m),
1723 (w), 1667 (w), 1611 (w), 1566 (w), 1483 (w), 1383
(m), 1158 (w), 1064 (w), 1030 (w), 887 (w), 741 (m),
677 (w), 505 (w) cm21.

Preparation of Crystals from 5-Nitroisophthalic
Acid and Tetramethylammonium Hydroxide 2

To a solution of 5-nitroisophthalic acid (0.50 g,
2.36 mmol) in ethanol (8 mL) tetramethylammonium
hydroxide (0.22 g, 2.36 mmol) was added. The solution

was stirred for 15 mins., whereupon the solvent was
eliminated under vacuum. Recrystallization from
ethanol provided 2 in form of light-yellow crystals
that were suitable for X-ray crystallography. Yield:
75%; m.p. 188–1908C.

IR (KBr): ~n ¼ 3372 (m), 3219 (w), 3117(w), 3065 (w),
1721 (s), 1666 (s) 1543 (s), 1486 (m), 1348 (m), 1329
(m), 1313 (s), 1229 (s), 731 (s), 705 (m), 684 (s), 671 (m),
616 (w), 602 (w) cm21.

Preparation of Crystals from 5-Nitroisophthalic
Acid and Tetraethylammonium Hydroxide 3

To a solution of 5-nitroisophthalic acid (0.50 g,
2.36 mmol) in ethanol (8 mL) tetraethylammonium
hydroxide (0.35 g, 2.36 mmol) was added. The
solution was stirred for 15 mins., whereupon the
solvent was eliminated under vacuum. Recrystalli-
zation from ethanol provided 3 in form of
light-yellow crystals that were suitable for X-ray
crystallography. Yield: 70%; m.p. 232–2338C.

IR (KBr): ~n ¼ 3442 (w), 3111 (w), 3059 (w), 2996 (w),
1730 (s), 1539 (m), 1482 (w), 1353 (m), 1226 (m), 1169
(m), 1078 (w), 1006 (w), 798 (w), 734 (w), 696 (m), 671
(m), 488 (w) cm21.

CHART 2 Expanded hydrogen-bonding motifs formed between carboxylic acids and carboxylates in the presence of water molecules.
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Preparation of Crystals from 5-Nitroisophthalic
Acid and Tetra-n-propylammonium Hydroxide 4

To a solution of 5-nitroisophthalic acid (0.50 g,
2.36 mmol) in ethanol (8 mL) tetra-n-propylammo-
nium hydroxide (0.48 g, 2.36 mmol) was added. The
solution was stirred for 15 mins., whereupon the
solvent was eliminated under vacuum. Recrystalliza-
tion from ethanol provided 4 in form of light-yellow
crystals that were suitable for X-ray crystallography.
Yield: 72%; m.p. 177–1828C.

IR (KBr): ~n ¼ 3455 (w), 3099 (w), 2976 (w), 1715 (s),
1627 (w), 1536 (m), 1464 (w), 1348 (m), 1257 (w), 1214
(w), 1176 (w), 1083 (w), 969 (w), 812 (w), 777 (w), 731
(w), 702 (w), 669 (w) cm21.

Preparation of Crystals from 5-Nitroisophthalic
Acid and Tetra-n-butylammonium Hydroxide 5

To a solution of 5-nitroisophthalic acid (0.50 g,
2.36 mmol) in ethanol (8 mL) tetra-n-butylammo-
nium hydroxide (0.61 g, 2.36 mmol) was added. The
solution was stirred for 15 mins., whereupon the
solvent was eliminated under vacuum. Recrystalliza-
tion from ethanol provided 5 in form of light-yellow
crystals that were suitable for X-ray crystallography.
Yield: 75%; m.p. 171–1768C.

IR (KBr): ~n ¼ 3460 (w), 3177 (w), 3099 (w), 2969
(w), 2549 (w), 1714 (s), 1629 (w), 1534 (m), 1465 (w),
1353 (m), 1292 (w), 1215 (m), 1172 (w), 1096 (w), 925
(w), 812 (w), 732 (w), 700 (w), 664 (w) cm21.

Preparation of Crystals from Trimesic Acid
and Tetramethylammonium Hydroxide 6

To a solution of trimesic acid (0.50 g, 2.37 mmol) in
ethanol (10 mL) tetra-n-butylammonium hydroxide
(0.22 g, 2.37 mmol) was added. The solution was
stirred for 15 mins., whereupon the solvent was
eliminated under vacuum. Recrystallization from
methanol provided 6 in form of colorless crystals that
were suitable for X-ray crystallography. Yield: 83%;
m.p. 309–3118C.

IR (KBr): ~n ¼ 3405 (w), 3222 (w), 3134 (w), 2922
(w), 2663 (w), 2568 (w), 1920 (w), 1709 (s), 1611 (w),
1569 (w), 1489 (w), 1452 (w), 1371 (w), 1273 (s), 1100
(w), 951 (w), 744 (m), 688 (m), 542 (w) cm21.

Preparation of Crystals from Trimesic Acid
and Tetraethylammonium Hydroxide 7

To a solution of trimesic acid (0.50 g, 2.37 mmol) in
ethanol (10 mL) tetra-ethylammonium hydroxide
(0.35 g, 2.37 mmol) was added. The solution was
stirred for 15 mins., whereupon the solvent was
eliminated under vacuum. Recrystallization from
ethanol provided 7 in form of colorless crystals that

were suitable for X-ray crystallography. Yield: 70%;
m.p. .3508C.

IR (KBr): ~n ¼ 3454 (w), 3096 (w), 2663 (w), 2556
(w), 1933 (w), 1709 (s), 1606 (w), 1449 (w), 1405 (w),
1281 (s), 1172 (w), 1001 (w), 837 (w), 785 (w), 745 (m),
686 (m) cm21.

Preparation of Crystals from Trimesic Acid
and Tetra-n-butylammonium Hydroxide 8

To a solution of trimesic acid (0.50 g, 2.37 mmol) in
ethanol (10 mL) tetra-n-butylammonium hydroxide
(0.48 g, 2.37 mmol) was added. The solution was
stirred for 15 mins., whereupon the solvent was
eliminated under vacuum. Recrystallization from
methanol provided 8 in form of colorless crystals that
were suitable for X-ray crystallography. Yield: 70%;
m.p. 298–3038C.

IR (KBr): ~n ¼ 3093 (w), 2979 (w), 2888 (w), 2663
(w), 2550 (w), 1717 (s), 1610 (w), 1565 (w), 1455 (m),
1403 (m), 1277 (s), 933 (w), 750 (m), 687 (m), 542 (w),
429 (w) cm21.

Preparation of Crystals from Pyromellitic Acid
and Tetramethylammonium Hydroxide 9

To a solution of trimesic acid (0.50 g, 1.97 mmol) in
methanol (3 mL) tetramethylammonium hydroxide
(0.18 g, 1.97 mmol) was added. The solution was
stirred for 15 mins., whereupon the solvent was
eliminated under vacuum. Recrystallization from
methanol/hexane provided 9 in form of colorless
crystals that were suitable for X-ray crystallography.
Yield: 73%; m.p. 248–2528C.

IR (KBr): ~n ¼ 3414 (m), 2963 (d), 2366 (w), 1709 (m),
1613 (w), 1506 (w), 1454 (w), 1388 (w), 1273 (m), 751
(w), 694 (w) cm21.

X-ray Crystallography

X-ray diffraction studies were performed on a
Bruker-AXS diffractometer with a CCD area detector
(lMoKa ¼ 0.71073 Å, monochromator: graphite).
Frames were collected at T ¼ 100 K for compounds
5 and 9 and at T ¼ 293 K for the remaining
compounds via v and f–rotation (D/v ¼ 0.38) at
10 s per frame (SMART) [69]. The measured
intensities were reduced to F 2 and corrected for
absorption with SADABS (SAINT-NT) [70]. Correc-
tions were made for Lorentz and polarization effects.
Structure solution, refinement and data output were
carried out with the SHELXTL-NT program package
[71,72]. Non hydrogen atoms were refined aniso-
tropically. CZH hydrogen atoms were placed in
geometrically calculated positions using a riding
model (0.95 Å). OZH hydrogen atoms could be
localized by difference Fourier maps and have been
refined fixing the isotropic temperature factors

P. RODRÍGUEZ-CUAMATZI et al.562
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to a value 1.5 times that of the corresponding oxygen
atom. For Ow-H hydrogen atoms the bond length has
been fixed to 0.84 Å, while for COOH hydrogen
atoms the coordinates have been freely refined.
In compounds 2, 3 and 7 the NRþ

4 cations are
disordered over two positions, and restraints have
been used in order to define the corresponding
geometries. Figures were created with SHELXTL-NT
[69–72] and MERCURY [73]. Hydrogen bonding
interactions in the crystal lattices were calculated by
PLATON [74] using the WINGX [75] platform.

Crystallographic data for compounds 1–9 have
been deposited with the Cambridge Crystallographic
Data Centre as supplementary publications no.
CCDC-631691-631699. Copies of the data can be
obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB2 1EZ, UK (fax:
(þ44)1223-336-033; E-mail: deposit@ccdc.cam.ac.uk,
website: http://www.ccdc.cam.ac.uk).

DISCUSSION AND RESULTS

Preparation of Compounds 1–9

In order to prepare extended supramolecular
structures containing hydrogen-bonding motifs
formed between carboxyl groups and carboxylate
ions, the four carboxylic acids selected for this
purpose were brought to reaction with four different
tetraalkylammonium hydroxides, NR4OH with R ¼

Me, Et, nPr and nBu. Interestingly, despite each acid
and base were combined in different proportions (1:1
and 1:2), the composition of the resulting crystalline
material was always the same for each pair of
reagents, indicating that for each specific combi-
nation between acid and base there is a strong
preference for one particular hydrogen-bonding
motif. Depending on the solubility of the carboxylic
acids the crystallization processes were carried out in
methanol or ethanol. Nine salts suitable for X-ray
crystallography were obtained, whose compositions
have been summarized in Table I. The most relevant

crystallographic and hydrogen-bonding parameters
are shown in Tables II and III and SI–SV, respectively.

In the case of 5-nitroisophthalic acid all four
tetraalkylammonium salts crystallized, so that the
influence of the counterion volume on the hydrogen-
bonding structure could be analyzed in detail. In the
case of trimesic acid three salts could be crystallized,
and for isophthalic and pyromellitic acid one salt in
each case.

Structural Characterization in the Solid State

Tetra-n-butylammonium Hydrogenisophthalate 1

The X-ray crystallographic study of compound 1,
which has been formed from a solution of tetra-n-
butylammonium hydroxide and isophthalic acid
(H2IPA) in ethanol, shows that it has the composition
[NBu4][HIPA][H2O]. Together with the water mol-
ecules the anionic part of this salt is organized in
polymeric hydrogen-bonded supramolecular chains
with a zig–zag configuration along axis c (Fig. 1).
The hydrogen-bonding motif consists of the dimeric
motif typically formed between a carboxyl and a
carboxylate group, [RCOOH· · ·OOCR]2 (1.20 Å,
1.27 Å, 2.463(2) Å 1738), to which additionally a
water molecule is bound. The resulting eight-
membered cyclic motif is denominated motif L in
Chart 2. In this motif the water molecules act as
twofold hydrogen donors (OwZH· · ·O2: 0.84 Å,
1.99 Å, 2.817(2) Å, 1718 and OwZH· · ·O30: 0.84 Å,
2.24 Å, 2.967(2) Å, 1468). A revision of the CSD
database [76] showed that this motif has not been
observed so far. In the crystal lattice the anionic
chains are separated by perpendicular distances of
7.78 Å, between of which the [NBu4]þ counterions
are located. There are three different CZH· · ·O
interactions between the cations and the oxygen
atoms of the central motif (0.97 Å, 2.624–2.172 Å,
3.545–3.663 Å, 153–1678), which are all within the
ranges established previously [77–82].

Tetraalkylammonium 5-nitrohydrogenisophthalates
2–5

As already mentioned in the introduction, in the case
of 5-nitroisophthalic acid (H2NIPA) crystals suitable
for X-ray crystallography could be obtained for all
four tetraalkylammonium hydroxides. Interestingly,
the composition of all four compounds is almost
identical, [NR4][HNIPA][H2NIPA] with R ¼ Me, Et,
nPr and nBu. Only in the case of compound 2 there
are also water molecules in the crystal lattice. There
are two different types of supramolecular organiz-
ation, one for the salts with the smaller cations
(R ¼ Me, Et), and the other one for the salts with
the larger cations (R ¼ nPr, nBu), showing that
the volume of the tetraalkylammonium ions plays

TABLE I Compositions of the carboxylic acid–carboxylate
adducts studied herein

Compound Composition†

1 [NBu4][HIPA][H2O]
2 [NMe4][HNIPA][H2NIPA]·0.5[H2O]
3 [NEt4][HNIPA][H2NIPA]
4 [NPr4][HNIPA][H2NIPA]
5 [NBu4][HNIPA][H2NIPA]
6 [NMe4][H2TMA][H2O]
7 [NEt4][H2TMA][H3TMA][H2O]2

8 [NBu4][H2TMA][H2O]
9 [NMe4][H3PMA]

† H2IPA ¼ isophthalic acid, H2NIPA ¼ 5-nitroisophthalic acid, H3TMA
¼ trimesic acid, H4PMA ¼ pyromellitic acid.
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TABLE II Crystallographic data for compounds 1–9

Crystal data 1† 2† 3† 4† 5‡ 6† 7† 8† 9‡

Formula C24H43NO5 C40H44N6O25 C24H29N3O12 C28H37N3O12 C32H45N3O12 C13H19NO7 C26H35NO14 C25H43NO7 C14H17NO8

Crystal size
(mm3)

0.26 £ 0.41 £ 0.60 0.12 £ 0.25 £ 0.52 0.16 £ 0.21 £ 0.32 0.02 £ 0.09 £ 0.43 0.16 £ 0.17 £ 0.37 0.12 £ 0.13 £ 0.22 0.11 £ 0.17 £ 0.37 0.09 £ 0.16 £ 0.33 0.21 £ 0.22 £ 0.42

MW
(g mol21)

425.59 1008.82 551.50 607.61 663.71 301.29 585.54 469.60 327.29

Space
group

P21/n P21/c P-1 P21/c P21/c P21/n P-1 P21/n Pnma

Cell parameters
a (Å) 8.4738(16) 8.6241(9) 7.0742(9) 11.4617(8) 11.827(6) 7.1081(9) 7.6534(7) 9.4472(8) 6.5038(10)
b (Å) 17.528(3) 13.2334(14) 8.6197(11) 13.7275(9) 14.143(7) 16.777(2) 9.5868(9) 18.6383(16) 12.4534(19)
c (Å) 17.235(3) 19.879(2) 11.4112(15) 20.0912(14) 20.121(10) 12.6133(15) 10.9892(11) 15.7236(14) 17.913(3)
a (8) 90 90 91.588(2) 90 90 90 67.098(2) 90 90
b (8) 95.857(3) 94.706(2) 104.826(2) 95.2020(10) 98.039(8) 101.968(2) 74.611(2) 97.378(2) 90
g (8) 90 90 104.426(2) 90 90 90 71.415(2) 90 90
V (Å3) 2546.5(8) 2261.1(4) 648.34(14) 3148.1(4) 3333(3) 1471.5(3) 694.72(11) 2745.7(4) 1450.9(4)
Z 4 2 1 4 4 4 1 4 4
m (mm21) 0.076 0.125 0.115 0.101 0.101 0.111 0.110 0.082 0.124
rcalcd

(g cm23)
1.11 1.48 1.41 1.28 1.32 1.36 1.36 1.14 1.49

Data collection
u limits (8) 2 , u , 26 2 , u , 23 2 , u , 26 2 , u , 25 2 , u , 26 2 , u , 25 2 , u , 23 2 , u , 25 2 , u , 26
hkl limits 210, 10; 221,

21; 221, 21
29, 8; 214, 14;
220, 21

28, 8; 210, 10;
214, 14

213, 13; 216, 16;
223, 23

214, 14; 217, 17;
224, 23

28, 8; 219, 19;
214, 14

28, 8; 210, 10;
212, 12

211, 11; 222, 22;
218, 18

28, 7;215, 14;
222, 22

No. col-
lected refl.

26164 13551 6859 29900 25557 14096 5681 26317 10692

No. ind.
refl. (Rint)

5010 (0.03) 3154 (0.03) 2537 (0.04) 5543 (0.06) 6526 (0.05) 2592 (0.05) 1934 (0.02) 4836 (0.09) 1488 (0.03)

No.
observed
refl.{

3587 2181 1211 3615 5212 1731 1797 2603 1403

Refinement
R{’ § 0.049 0.071 0.047 0.082 0.063 0.042 0.067 0.065 0.053
Rw

k’ #’ 0.133 0.212 0.120 0.182 0.136 0.112 0.221 0.168 0.127
No. of
variables

284 347 232 401 440 206 217 314 127

GOOF 1.02 1.05 0.84 1.15 1.15 1.03 1.17 0.96 1.22
Drmin

(e Å
23)

20.20 20.47 20.18 20.21 20.28 20.16 20.30 20.14 20.32

Drmax

(e Å
23)

0.16 0.51 0.16 0.20 0.42 0.16 0.47 0.19 0.30

† Data collection at T ¼ 293 K; ‡ Data collection at T ¼ 100 K; { I . 2s(I); §R ¼
P

ðF2
o 2 F2

c Þ=
P

F2
o ; k all data; #Rw ¼ ½

P
wðF2

o 2 F2
c Þ

2=
P

wðF2
o Þ

2�1=2.
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TABLE III Geometrical parameters for the OZH· · ·O hydrogen boding interactions in the crystal structures of compounds 1–9

Comp. Motif Type of interaction Atom labels Symmetry code DOZH (Å) DH· · ·O (Å) DO· · ·O (Å) /OHO (8)

1 L COOH· · ·2OOC O3ZH· · ·O10 21/2 þ x, 1/2 2 y, 2 1/2 þ z 1.20 1.27 2.463(2) 173
OwZH· · ·2OOC O30ZH· · ·O2 x, y, z 0.84 1.99 2.817(2) 171
OwZH· · ·2OOC O30ZH· · ·O30 21/2 þ x, 1/2 2 y, 2 1/2 þ z 0.84 2.24 2.967(2) 146

2 C [ZCOO· · ·H· · ·OOCZ]2 O7ZH· · ·O10 2x, 1/2 þ y, 1/2 2 z 1.22 1.24 2.452(3) 176
D COOH· · ·2OOC O3ZH· · ·O20 1 þ x, y, z 0.86 1.77 2.592(4) 159

CZH· · ·OvC(OH) C3ZH· · ·O40 21 þ x, y, z 0.93 2.75 3.676(4) 176
D COOH· · ·2OOC O9ZH· · ·O80 1 þ x, y, z 0.85 1.73 2.564(4) 166

CZH· · ·OvC(OH) C11ZH· · ·O100 21 þ x, y, z 0.93 2.75 3.671(4) 173
– OwZH· · ·[O· · ·H· · ·O]2 O30ZH· · ·O1 x, y, z – – 2.862(9) –
– OwZH· · ·O2NZR O30ZH· · ·O110 x, 1/2 2 y, 1/2 þ z – – 3.031(11) –

3 C [ZCOO· · ·H· · ·OOCZ]2 O1ZH· · ·O10 1 2 x, 1 2 y, 1 2 z 1.22 1.22 2.442(2) 180
D COOH· · ·2OOC O3ZH· · ·O20 x, 1 þ y, z 0.89 1.71 2.586(2) 167

CZH· · ·OvC(OH) C3ZH· · ·O40 x, 2 1 þ y, z 0.93 2.71 3.637(3) 174

4 E0 COOH· · ·2OOC O1ZH· · ·O70 1 2 x, 1/2 þ y, 1/2 2 z 1.19 1.25 2.447(4) 177
OZH· · ·[ZCOOH· · ·OOC 2 ]2 O3ZH· · ·O20 1 2 x, 2 1/2 þ y, 1/2 2 z 0.81 1.82 2.631(3) 173
OZH· · ·[ZCOOH· · ·OOCZ]2 O9ZH· · ·O80 2 2 x, 1/2 þ y, 1/2 2 z 0.87 1.76 2.623(3) 173

5 E0 COOH· · ·2OOC O1ZH· · ·O70 1 2 x, 1/2 þ y, 1/2 2 z 1.11 1.36 2.463(3) 176
OZH· · ·[ZCOOH· · ·OOCZ]2 O3ZH· · ·O20 2 2 x, 2 1/2 þ y, 1/2 2 z 0.89 1.79 2.683(3) 175
OZH· · ·[ZCOOH· · ·OOCZ]2 O9ZH· · ·O80 1 2 x, 1/2 þ y, 1/2 2 z 0.86 1.78 2.639(3) 175

6 C COOH· · ·2OOC O1ZH· · ·O30 3/2 2 x, 1/2 þ y, 1/2 2 z 0.97 1.63 2.563(2) 159
I COOH· · ·Ow O5ZH· · ·O300 1 2 x, 1 2 y, 1 2 z 0.92 1.70 2.577(2) 160

OwZH· · ·2OOC O30ZH· · ·O40 21/2 þ x, 1/2 2 y, 2 1/2 þ z 0.84 1.84 2.679(2) 176
– OwZH· · ·2OOC O30ZH· · ·O3 x, y, z 0.84 1.93 2.764(2) 176

7 C [ZCOO· · ·H· · ·OOCZ]2 O1ZH· · ·O10 1 2 x, 2 y, 2 2 z 1.23 1.23 2.457(3) 180
G COOH· · ·OvC(OH) O5ZH· · ·O40 x, 2 1 þ y, z 0.85 1.77 2.593(4) 163

COOH· · ·Ow O3ZH· · ·O30 x, y, z 0.97 1.67 2.581(4) 155
OwZH· · ·OvC(OH) O30ZH· · ·O60 x, 1 þ y, z 0.84 2.08 2.907(4) 168

– OwZH· · ·[O· · ·H· · ·O]2 O30ZH· · ·O20 x, 1 þ y, 2 1 þ z 0.84 2.03 2.865(4) 176

8 M COOH· · ·2OOC O1ZH· · ·O30 21 þ x, y, z 0.92 1.56 2.462(3) 164
OwZH· · ·2OOC O30ZH· · ·O4 x, y, z 0.84 1.82 2.657(3) 175
OwZH· · ·OvC(OH) O30ZH· · ·O20 1 þ x, y, z 0.84 1.94 2.784(3) 177

– COOH· · ·Ow O5ZH· · ·O300 3/2 2 x, 1/2 þ y, 1/2 2 z 0.87 1.67 2.539(3) 172

9 C [ZCOO· · ·H· · ·OOCZ]2 O1ZH· · ·O10 2x, 1 2 y, 2 z 1.22 1.22 2.444(2) 180
– OZH· · ·O2 (intra) O3ZH· · ·O2 x, y, z 1.04 1.39 2.435(2) 176
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a significant role in the intermolecular association.
The repeating fragments of the hydrogen-bonding
motifs found for compounds 2 and 3 are closely
related and, therefore, only the case of compound 2 is
presented in Fig. 2.

As a comparison with Fig. 1 shows, the carboxyl
and carboxylate groups within the [HNIPA][H2-

NIPA]2 units are linked now through motifs C and D
(Chart 1). The [RCOO· · ·H· · ·OOCR]2 fragments
(motif C) have anti-configuration and are practically
symmetrical (2: 1.22 Å, 1.24 Å, 2.452(3) Å, 1768; 3:
1.22 Å, 1.22 Å, 2.442(2) Å, 1808) with dihedral angles
of 178.28 for 2 and 180.08 for 3 [83,84]. They are
connected to a linear 1D tape by two additional
motifs having a nine-membered cyclic ring (motif D)
([RCOOH· · ·OOCR]2: 0.85 – 0.89 Å, 1.71 – 1.77 Å,
2.564(4)–2.592(4) Å, 159–1678; CZH· · ·O: 0.93 Å,
2.71–2.75 Å, 3.637(3)–3.676(4) Å, 173–1768). A revi-
sion of the CSD gave 588 entries for motif C that
corresponds to approximately 6% of the carboxylic
acid derivatives registered so far [76]. Interestingly,
for motif D only eight entries have been found,
indicating a strong preference for motif C. For the
eight structures reported so far, the O· · ·O distances
for the [RCOOH· · ·OOCR]2 interactions range from

2.511 Å to 2.726 Å, while the CZH· · ·O interactions
have values from 3.230 Å to 3.582 Å (Table SI).

The anionic tapes of compounds 2 and 3 contain
24-membered hydrogen-bonded macrocyclic rings
with cavities of approximately 2.9 £ 4.5 Å2, and are
separated by a perpendicular distance of 3.4 Å within
the crystal lattice. Interestingly, these cavities are
empty, however, part of the aliphatic groups
attached to the ammonium groups are located
above and below them (Fig. 2b). Comparing the
supramolecular structures of compounds 2 and 3, it
is found that the contents of the asymmetric unit
are different, since in the case of 2 water molecules
are located among the anionic tapes and the cations.
Interestingly, the refinement of the occupancy factor
for the water molecules gave a value of only 0.5, and
a closer examination of the crystal lattice showed
that this is in accordance to the disorder of the NMeþ4
cations. Only for one of the two orientations of the
counterions there is enough space for the inclusion
of a water molecule, as an examination of the
intermolecular Ow· · ·NMeþ4 contacts showed.
The water molecules participate in two short
Ow· · ·O (2.863 Å) interactions, one with the [RCOO
· · ·H· · ·OOCR]2 fragments and another one with the

FIGURE 1 (a) Propagation of the hydrogen-bonding motif present in the crystal lattice of [NBu4][HIPA][H2O] (1). (b) Supramolecular
organization of the anionic tapes and the [NBu4]þ cations.
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nitro groups (Table III), and CZH· · ·O interactions
with the NMeþ4 groups (2.563–2.915 Å, 3.429–
3.688 Å, 138–1508).

The crystal lattices of compounds 4 and 5 contain
crinkled 2D layers, whose repeating hydrogen-
bonding pattern is shown in Fig. 3a for the case of
compound 4. A comparison with Fig. 2a shows that
the supramolecular arrangement of the [HNIPA][H2-

NIPA]2 moieties has changed significantly. Hydro-
gen-bonded macrocycles are now formed between
three of such fragments, giving a distorted herring-
bone arrangement. The repeating motif in this
assembly contains three hydrogen-bonding inter-
actions, of which the central [RCOO· · ·H· · ·OOCR]2

bond is almost symmetrical (4: 1.19 Å, 1.25 Å,
2.447(4) Å, 1778, 5: 1.11 Å, 1.36 Å, 2.463(3) Å, 1768).
The lateral RCOOH· · ·[RCOOH· · ·OOCR]2 bonds
are unsymmetrical, but have relatively short O· · ·O
distances (0.81 – 0.89 Å, 1.76 – 1.82 Å, 2.623(3) –
2.683(3) Å, 173–1758 for 4 and 5), thus indicating
cooperative assistance [85,86]. This pattern contains

both motifs C and E0 (Chart 1). So far there is no entry
for motif E0 in the CSD [76].

The [NR4]þ counterions are localized in the voids
left between the crinkled hydrogen-bonded supra-
molecular layers, the main difference between
compounds 4 and 5 being the higher packing density
in the latter case (d ¼ 1.32 $ 1.28 g/cm3). The
similarity between the unit cell parameters should
be noticed (Table II). The denser packing of the NBuþ

4

salt can be also deduced from the number of
CZH· · ·O interactions formed between the anionic
layers and the counterions (Table SII).

The comparative analysis of the above discussed
ammonium salts 2–5 permits to analyze, how the
size of the substituents in the tetraalkylammonium
cations influences the supramolecular arrangement.
While 1D tapes containing tetrameric units are
present in the crystal lattices containing the smaller
NMeþ4 and NEtþ4 cations, with NPrþ4 and NBuþ

4 2D
crinkled layers containing hexameric units are
formed. The undulation of the 2D layers and the

FIGURE 2 (a) Propagation of the hydrogen-bonding motifs present in the crystal lattice of [NMe4][HNIPA][H2NIPA]·0.5[H2O] (2).
(b) Supramolecular organization between the anionic tapes and the cations in the same compound.
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expansion of the tetrameric units to hexameric
assemblies can be clearly attributed to the presence
of more voluminous cationic counterions. Since only
two pairs of different supramolecular structures
have been observed for the four salts, it can be
also concluded that arrangements with [RCOOH· · ·
OOCR]2 hydrogen-bonding interactions possess
a certain range of tolerance for empty space within
the crystal lattice, before the rearrangement to a
more stable packing occurs.

Tetraalkylammonium Dihydrogentrimesates 6–8

Since the structural analyses realized so far have

demonstrated that the supramolecular arrangements

of molecules containing carboxyl and carboxylate

groups can vary depending on the volume of the

tetraalkylammonium counterions, we analyzed also

the case of trimesic acid (H3TMA), which is

momentaneously the most important carboxylic

acid in supramolecular chemistry. In this case three

FIGURE 3 (a) Propagation of the hydrogen-bonding motifs present in the crystal lattice of [NPr4][HNIPA][H2NIPA] (4).
(b) Supramolecular organization between the anionic tapes and the cations in the same compound.

P. RODRÍGUEZ-CUAMATZI et al.568
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salts gave crystals suitable for X-ray crystallography,
compounds 6–8 (R ¼ Me, Et and nBu), which all
contain water molecules in the crystal latice (6–8). For
this series the composition of compounds 6 and 8 is
identical, [NR4][H2TMA][H2O] with R ¼ Me for 6
and R ¼ nBu for 8, while compound 7 has a different
composition, [NEt4][H2TMA][H3TMA][H2O]2 (7).
Nevertheless, the hydrogen-bonding patterns are
different for all three compounds.

In the crystal lattice of compound 6 a 2D hydrogen-
bonded layer is present, which contains 32-mem-
bered macrocyclic rings having cavities of
5.2 £ 5.6 Å2 (Fig. 4). Each macrocycle contains two
different hydrogen-bonding motifs (C in Chart 1 and
I in Chart 2) that are distributed asymmetrically in the
sequence C-C-I-I. Interestingly, the [RCOOH· · ·
OOCR]2 dimeric unit (0.97 Å, 1.63 Å, 2.563(2) Å,
1598) in motif C is asymmetric and has syn-
configuration with a dihedral angle of only 23.38,
when compared to compounds 1–5, which have anti-
configuration. In motif I the central water molecule
links the carboxylate group (0.84 Å, 1.84 Å, 2.679(2) Å,
1768) of the above described motif to the remaining
second carboxyl group of the dihydrogentrimesate
anion (0.92 Å, 1.70 Å, 2.577(2) Å, 1608), acting
simultaneously as hydrogen donor and acceptor.

In the third dimension the anionic layers described
above are linked by additional OwZH· · ·2OOCR
hydrogen-bonding interactions between the water
molecules forming part of one layer and the
carboxylate oxygen atoms of the neighboring layer
(0.84 Å, 1.93 Å, 2.764(2) Å, 1768). The NMeþ4 cations
are located in the cavities formed by the hydrogen-
bonded anionic lattice and show eight different
CZH· · ·O interactions to the carboxyl and carboxylate
groups (0.96 Å, 2.42–2.71 Å, 3.104(3)–3.579(3) Å,
110–1668). Therefore, the cations might have acted
as templates during the formation of the supramo-
lecular arrangement. Motif I is very uncommon, since
a revision of the CSD [76] revealed that it has been
found so far only in the crystal structures of thirteen
metal carboxylates (Table SIII). There are large
variations in the geometric parameters of these
motifs, as a consequence of the coordination to
metal ions that influences the basicity of the
carboxylate groups.

The crystal lattice of compound 7, [NEt4][H2TMA]
[H3TMA][H2O]2, contains crinkled tapes organized
along axis b that consist of tetrameric units formed by
motifs C and G, which have some similarities with
those found in compounds 2 and 3, but are different
from those found for compound 6 (Fig. 5a). The
hydrogen-bonded macrocyclic rings have 32 mem-
bers in this case and cavities of 2.6 £ 8.7 Å2. The
geometric parameters found for motif C (1.23 Å,
1.23 Å, 2.457(3) Å, 1808) are similar to those
determined in the crystal lattices of compounds 2–5.
Motif G is an extended hydrogen-bonding pattern

of the [RCOOH· · ·HOOCR] dimer due to the
incorporation of one water molecule between a
donor and an acceptor site (RCOOH· · ·HOOCR:
0.85 Å, 1.77 Å, 2.593(4) Å, 1638). The distances for the
OwZH· · ·O ¼ C(OH)R (0.84 Å, 2.08 Å, 2.907(4) Å,
1688) and RCOOH· · ·Ow interactions (0.97 Å, 1.67 Å,
2.581(4) Å, 1558) are significantly larger than those
found for motif I in compound 6. Interestingly, there
are fourteen further entries in the CSD [76] with the
simultaneous presence of both motifs (C andG) and a
comparison of the geometric parameters is given in
Table SIV.

Each of the above described tapes is linked to two
further tapes through OwZH· · ·2OOCR interactions
between the water molecules and the carboxylate
groups (0.84 Å, 2.03 Å, 2.865(4) Å, 1768), thus forming
the anionic double layers shown in Fig. 5b. The
particular shape of the anionic layers allows for the
accommodation of the disordered NEtþ4 cations.

Compound 8 has the same composition as
compound 6, however, the hydrogen-bonding
pattern is different, thus illustrating the effect the
size of the counterions has on the supramolecular
structure. The crystal lattice of compound 8 contains
crinkled 2D hydrogen-bonded monolayers with
trimeric 28-membered macrocycles having cavities
of 4.5 £ 4.6 Å2. In the ring formation participate
three [H2TMA]2 and three water molecules, which
are connected through hydrogen-bonding inter-
actions corresponding to motif M (Chart 2, Table
III), and additional RCOOH· · ·Ow hydrogen bonds
(0.87 Å, 1.67 Å, 2.539(3) Å, 1728) that are formed
between uncoordinated carboxyl groups and the
water molecules located in the ten-membered cycles
mentioned before. Motif M can be considered an
extension of motif C, in which the water
molecule acts as twofold donor between the
[RCOOH· · ·2OOCR] fragment (0.92 Å, 1.56 Å,
2.462(3) Å, 1648). As expected, the RCOO2· · ·HZOw

interaction (0.84 Å, 1.82 Å, 2.657(3) Å, 1758) is
stronger than the RC(OH)O· · ·HZOw interaction
(0.86 Å, 1.94 Å, 2.784(3) Å, 1778). In the CSD there
are only three further entries for this motif [76],
which have been summarized in Table SV. As shown
in Fig. 6b the conformation of the anionic layers is
crinkled, most probably as a consequence of the van
der Waals and CZH· · ·O interactions with the NBuþ

4

cations that are located between them (0.97 Å, 2.39–
2.51 Å, 3.366(4)–3.431(4) Å, 152–1658), albeit there
are only three CZH· · ·O interactions in this case.

Tetramethylammonium Trihydrogen-pyromellitate 9

The supramolecular assemblies found for the di- and
tri-substituted benzenecarboxylic acids described
above have shown that the simultaneous presence
of carboxyl and carboxylate groups gives a large
number of different hydrogen-bonding patterns that
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FIGURE 4 (a) Propagation of the hydrogen-bonding motifs present in the crystal lattice of [NMe4][H2TMA][H2O] (6). (b) Supramolecular
organization between the anionic tapes and the cations.
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are influenced by the steric and electronic require-
ments of guest molecules (e.g., water) or the
counterions present in the crystal lattice. In order to
collect more information on these systems deproto-
nation reactions were carried out also between
1,2,4,5-benzenetetracarboxylic acid and the corre-
sponding tetraalkylammonium hydroxides, how-
ever, in this case crystals suitable for X-ray
diffraction were only obtained for the tetramethyl-
ammonium salt 9, [NMe4][H3PMA].

Due to the proximity of the carboxyl groups in the 1,2
and 4,5 positions of the benzene ring two symmetry-
related, intramolecular RCOOH· · ·2OOCR/HOOCR
hydrogen-bonding interactions are formed for the
[H3PMA]2 anion (1.04 Å, 1.39 Å, 2.435(2) Å, 1768),
whose geometric parameters are identical due to

the crystallographic mirror symmetry of the mol-
ecules. The [H3PMA]2 anions are linked through
symmetrical [RCOO· · ·H· · ·OOCR]2 interactions
(1.22 Å, 1.22 Å, 2.444(2) Å, 1808), with a dihedral
angle of 1808, thus giving 1D hydrogen-bonded zig–
zag chains along axis b (Fig. 7a). Within the crystal
lattice the NMeþ4 cations are accommodated in a zig–
zag arrangement parallel to the polymeric anionic
chains (Fig. 7b), showing a total of ten CZH· · ·O
interactions (0.98 Å, 2.45–2.65 Å, 3.154(3)–3.552(3) Å,
117–1788).

Theoretical Calculations

In order to obtain more detailed information on the
energetic contributions that carboxyl groups can

FIGURE 5 (a) Propagation of the hydrogen-bonding motifs present in the crystal lattice of [NEt4][H2TMA][H3TMA][H2O]2 (7).
(b) Anionic double layers formed through OwZH· · ·2OOR interactions.
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have in their different hydrogen-bonding patterns to
the crystal lattice energy, we determined the
hydrogen-bonding geometries and interaction ener-
gies for most of the motifs described in Charts 1 and
2 (Fig. 8). Geometry optimizations were performed
in the gas phase using ab initio methods at the
MP2/6-31G(d,p) level of theory and the Gaussian98
suite of programs [87,88].

From previous theoretical studies on acetic acid
dimers and some other structures containing
carboxylic acid moieties it is known that the accurate
determination of dimerization energies requires the
inclusion of correlation energy as well as the use of
large and flexible basis sets, including polarization
functions [89–95]. In this work, correlation effects
were included at the MP2 level taking into account

FIGURE 6 (a) Propagation of the hydrogen-bonding motifs present in the crystal lattice of [NBu4][H2TMA][H2O] (8). (b) Supramolecular
organization between the anionic tapes and the cations.

P. RODRÍGUEZ-CUAMATZI et al.572
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the size of the systems and the fact that the
interaction energies do not improve significantly
when MP4 or QCISD(T) are used instead [90].
Interaction energies were calculated as the difference
between the sum of the constituent monomer
energies and the energy of the dimer.

For the acetic and benzoic acid dimers the
hydrogen-bonding geometries and interaction
energies are well established from experimental
[96] and theoretical studies [89–92,97–105]. For the

calculations only acetic acid and acetate ions were
considered as components in the modeled motifs,
since in a previous work it has been reported that the
interaction energy difference between the homo-
dimeric [RCOOH· · ·HOOCR] motifs containing
R ¼ Me and R ¼ Ph is small ( ø 0.5 kcal/mol)
[49]. For neutral motifs the interaction energies
were BSSE (basis set superposition error) corrected
using a single point counterpoise correction. No
attempt was made to correct the charged structures,

FIGURE 7 (a) Propagation of the hydrogen-bonding motifs present in the crystal lattice of [NMe4][H3PMA] (9). (b) Supramolecular
organization between the anionic tapes and the cations.
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because it is well-known that ambiguous results can
arise [99].

The calculated hydrogen-bonding geometries and
interaction energies are given in Figure 8. For motifs
B, F, F0, D and I local minima could not be detected by
the geometry optimizations performed in this work
(vide infra).

Motifs A and B are the dominant hydrogen-
bonding motifs in the crystal structures of neutral
carboxylic acids. To understand the factors that favor
the transformation of the twofold hydrogen-bonded
dimer A to the single hydrogen-bonded dimer B
within a supramolecular structure, we have ana-
lyzed the energetic cost required for changing the
closed dimer conformation to the open syn-confor-
mation, realizing single point calculations at the
MP2/6-31G(d,p) level. Figure 9 shows that the
increase of the dihedral angle between the carboxyl
groups from 0 to 1808 destabilizes the system by
approximately 11.3 kcal/mol (216.24 kcal/mol for A
and 24.96 kcal/mol for syn-B). This large energy
difference has been found also in previous works

using different levels of calculation [91,92,97].
However, it has to be considered that in the gas
phase neither the syn- nor the anti-conformations of
motif B correspond to stable structures. During the
formation of a crystal lattice the transformation of
motif A to other conformers or expanded motifs can
only be promoted, if further coordination to
additional groups capable of hydrogen-bonding
promotes the occurrence of extended motifs with
more favorable supramolecular interactions.

In motifs F, G, H, I, L and M one or more water
molecules are involved. The double acceptor/donor
character and the small size provide this molecule
with a large orientation and bonding flexibility even
in the condensed phase. It can be expected that the
stability of the particular motifs is strongly influ-
enced by the hydrogen-bonding pattern of the water
molecules. Previously, Gao and Leung have ana-
lyzed the hydrogen-bonding geometries and relative
stabilities of several acetic acid—monohydrates,
using DFT methods and much larger basis sets
than those employed herein [102]. To assess the
accuracy of the theoretical level used in the present
study, we calculated the interaction energies for the
three acetic acid—water conformers syn-1, syn-2 and
syn-3. A comparison with the reported data [102,106]
shows that our results are in very good agreement
(Table IV).

The difference between motifs F, F0 and F00 is that
the water molecule acts as twofold hydrogen
acceptor in the first case, as donor/acceptor in the
second case and as twofold donor in the last case.
It was not possible to locate a minimum in the
potential energy surfaces of motifs F and F0, which
can be explained by the presence of uncoordinated
hydrogen atoms at the water molecules (vide infra).
In contrast, motif F00 was fully characterized as
minimum with an overall interaction energy of
28.53 kcal/mol. There are only very small non-
additive contributions for this system (0.30 kcal/
mol), which is not surprising since non-additivity
is a result of synergic polarization effects that are not
present in this structure.

FIGURE 8 Calculated hydrogen-bonding geometries and
interaction energies for motifs A, C, E, F00, G, H, L and M. Note:
For the calculation of the motif geometries acetic acid and acetate
ions were employed instead of the benzoic acid derivatives found
in the crystal structures (vide supra).

FIGURE 9 Change of the intermolecular interaction energy of the
acetic acid homodimer in dependence of the dihedral angles
between the carboxyl groups. The OZH· · ·O distance and bond
angle have been freezed.
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Motif G has the same acid-water ratio as motif F,
but in this case a cyclic motif with three hydrogen
bonds is present, giving a significantly larger
interaction energy of DEint ¼ 222.21 kcal/mol that
is in good agreement with a previous calculation
using a larger basis set (221.41 kcal/mol at the
MP2/TZVPP level) [101]. Also in this case, there are
only small cooperative effects (1.32 kcal/mol) that
account for 5.9% of the overall interaction energy.
The hydrogen-bonded ring has a twisted confor-
mation as indicated by the dihedral angles formed
between the mean-plane of the system, the carboxyl
group (78) and the water molecule (208).

Motif H involves an additional water molecule and
consists of four hydrogen bonds, giving an overall
calculated interaction energy of 230.12 kcal/mol,
of which only 1.21 kcal/mol correspond to coopera-
tive effects. This motif has also been studied
by Chocholousova et al. with DFT methods
(B3LYP/6-31G**) that predict a smaller interaction
energy (223.88 kcal/mol) [101].

A comparative analysis of the interaction energies
found for motifs F00, G and H shows that the stability
increases in the direction F00 , G , H. This can be
deduced from the values for the interaction energy
differences between the three motifs and the average
interaction energies per hydrogen bond shown in
Table V. However, in particular the range of the �Eint

values reveals that the differences are relatively
small (D �Eint ¼ 3.27 kcal/mol), explaining that any of
these motifs can be found in the condensed phase

as a consequence of additional hydrogen-bonding
interactions through the uncoordinated hydrogen-
bond acceptors and donors.

Motifs containing a carboxylate (C, D, E) have an
ion-dipole interaction that is stronger than most
dipole–dipole interactions. This is reflected in the
interaction energies, as a comparison between the
acetic acid dimer and the acetic acid–acetate
complex shows [99,103,107–109]. Although the latter
contains only one hydrogen bond, the interaction
energy is significantly larger (216.24 kcal/mol for A
and 230.91 kcal/mol for C).49 In order to minimize
the repulsion between the oxygen atoms the
hydrogen-bonded structure C is nonplanar, as
indicated by the dihedral angle formed between
the four oxygen atoms (264.98). The hydrogen atom
is located in the center of the dimeric unit, giving an
O· · ·H distance of 1.208 Å. These very short hydrogen
bonds are characterized by a very flat potential
energy surface that allows the hydrogen atom to
move freely between the oxygen atoms [83,84,110].
This sort of delocalization contributes to the stability
of the system and its occurrence in the gas-phase has
been confirmed for related systems by theoretical
calculations and rotavibrational spectroscopy [111].
In the solid state this hydrogen-bonding pattern is
frequently asymmetric due to packing effects that
provide additional interactions with one or both
oxygen atoms. With increasing asymmetry the O· · ·O
bond distance should increase as reported by Gilli
[86], however, the O· · ·O bond distance can be also
influenced significantly by additional interactions
[85,86]. Evidence is given by the hydrogen-bonding
parameters of compound 8, that albeit having the
most asymmetric RCOOH· · ·ZOOCR interaction, has
a very short O· · ·O distance (0.92 Å, 1.56 Å, 2.462(3)
Å, 1568 in motif M).

The interaction energies for the charged motifs E, L
and M are presented in Table VI. All of them have at
least two strong charge-assisted hydrogen bonds that
give rise to very stable conformations. For motif D it
was not possible to locate a minimum in the gas
phase calculation, probably due to the lack of diffuse
functions in the basis set used [95]. Motif D appears
in two of the crystal lattices described herein
(compounds 2 and 3), and its geometry is strongly
influenced by the lattice, since in the gas phase the

TABLE IV Comparison of the calculated interaction energies
(BSSE corrected) for the acetic acid—water conformers syn-1, syn-2
and syn-3 using different levels of theory (in kcal/mol)

Conformer
DFT/ 6-311þþG

(3df,3pd)†
MP2/6-31G

(d,p)‡

syn-1{ 2 9.55 2 9.54

syn-2 2 5.44 2 4.44

syn-3 2 3.04 2 2.79

† Reference [102]; ‡ present study; { 2 9.97 kcal/mol using MP2/6-311 þ
þ G** in reference [106].

TABLE V Relative stability of motifs F00, G and H based on the
calculated interaction energies (MP2/6-31G(d,p))

Motif Eint
† (kcal/mol) DEint

‡ (kcal/mol) �Eint
{ (kcal/mol)

F00 2 8.53 – 2 4.26
G 2 22.21 2 15.97 2 7.40
H 2 30.12 2 7.91 2 7.53

† Values are BSSE corrected; ‡DEint ¼ Eint(motif G)—Eint (motif F00) in the
first case and DEint ¼ Eint(motif H)—Eint (motif G) in the second case; { �Eint

¼ mean interaction energy (per hydrogen-bond).
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CZH· · ·O interaction did not contribute to its
stability.

The crystal lattices of compounds 4 and 5 contain
motif E0. Because of limited calculation time only the
simplified motif E could be analyzed by theoretical
calculations. This motif is non-planar and one of the
carboxyl groups is tilt by an angle of 25.68 with
respect to the mean plane formed by the carboxylate
and the second carboxyl group. In the gas phase
calculation the hydrogen bonds are unsymmetrical
(H· · ·O: 1.639 Å, 1.809 Å; O· · ·O: 2.450 Å, 2.624 Å),
while they are almost symmetrical in the solid state
(Table III), as a consequence of the expansion by
coordination to an additional RCOOH group (motif
E0), thus adopting a more symmetrical distribution of
the O· · ·O bond lengths (Table III).

Motifs I, L and M are water-expanded motifs of
hydrogen-pattern C. In the first case the expected
donor/acceptor character of the water molecule
leaves one uncoordinated hydrogen atom. It was not
possible to optimize the geometry of this pattern,
since the system re-orientates the water molecule in
order to reach a dd/a character, i.e., both hydrogen
atoms from the water interact with the carboxylate
group and the water oxygen accepts a hydrogen
bond from the carboxyl group. This situation and the
observation made for motifs F and F0 show that open
hydrogen-bonding patterns with dangling protons
tend to adopt geometries that are entirely different
from those found in the solid state.

In motifs L and M the water molecules act as
twofold donor towards the carboxyl and carboxylate
units. A comparison of the hydrogen-bonding
geometries shows that the O· · ·O distances are
significantly shorter for motif M (Fig. 8), however,
the interaction energies indicate an increased
stability for motif L (247.80 kcal/mol for L and
245.74 kcal/mol for M). In the solid state the O· · ·O
distances follow the same trend as in the gas phase,
and again the occurrence of motif M can be
attributed to the existence of additional hydrogen-
bonding interactions. While in compound 1 motif L
participates only in a CZH· · ·O interaction, motif M
(in compound 8) is involved in strong hydrogen-
bonding interactions with a carboxylate group in an
adjacent layer.

CONCLUSIONS

The results discussed in this contribution have
shown that hydrogen-bonding motifs formed
between carboxyl and carboxylate groups are more
favored than the neutral homodimeric unit typically
observed for carboxylic acids, which has not been
observed in any of the structures described herein.
The reason is that motifs with Z[RCOOH· · ·OOCR]2

junctions have significantly higher interaction ener-
gies, as it has been shown by theoretical calculations.
Since the [RCOOH· · ·OOCR]2 fragment contains
only a single hydrogen bond, it can participate in
further hydrogen-bonding interactions, e.g., with
water molecules, giving a large number of different
hydrogen-bonding patterns. Since their interaction
energies are quite similar, it will be difficult to predict
the formation of a specific motif a priori, when
designing a supramolecular reaction. This is also
demonstrated by the fact that the steric volume of
tetraalkylammonium ions has an important influ-
ence on the configuration and conformation of the
supramolecular structure within a crystal lattice,
although they are involved only in relatively weak
intermolecular interactions, mainly CZH· · ·O and
van-der-Waals contacts. This work evidences also
that [RCOOH· · ·OOCR]2 interactions should be far
more important in biochemical environments than
[RCOOH· · ·HOOCR] interactions, considering that
molecules containing carboxyl and amino groups are
zwitterionic in aqueous solution.
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