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Interplay between hydrogen bonding and metal
coordination in alkali metal tartrates and hydrogen tartrates
Thomas Gelbrich, Terence L. Threlfall and Michael B. Hursthouse

The aggregation of tartaric acid anions in the solid state is based on a
small set of standard O—H::-O bond motifs.
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The reactions of D,L-tartaric acid (D,L-H,Tart) with alkali metal hydroxides MOH (M = Li, Na,

=)

Rb, Cs) in aqueous solution yielded new polymorphs of Na(D,L-HTart)-H,O (1a) and Cs(D,L-

HTart) (2a) as well as crystals of LiCs(D,L-Tart)-2H,0 (3) and the conglomerate (Rby sCsg s5)(D-
Tart) (4) / (Rbg5Csg.5)2(L-Tart). The crystal structures of these salts display 1D (1a, 2a), 2D (3) or
3D (4) coordination polymers in combination with a hydrogen bonded layer (1a), framework (2a,
4) or tape (3) structure. The triclinic and monclinic polymorphs of Na(D,L-HTart) - H,O (1)

a

exhibit a close one-dimensional packing similarity. Standard O—H---O=C hydrogen bond motifs for

the aggregation HTart™ and Tart’™ ions in the solid state were identified from a comparison

involving 35 crystal structures of chiral and racemic MHTart and M, Tart salts (M = alkali metal).

» Introduction

As part of a wider study of the aggregation patterns of tartrate
(Tart”") and hydrogen tartrate (HTart") ions in the solid state,
we are investigating the salts formed by reactions between
alkali metal (M) hydroxides (MOH) or NH,OH and D,L-

25 tartaric acid (Scheme 1) in a well plate screening experiment.
We have previously reported' a series of isostructural salts of
the formula M(D,L-HTart) with M = K (5), Rb (6), Cs (2b),
NH,4, Liy(D,L-Tart) - 3H,0 (7), LiNa(D,L-Tart) - 2H,O (8)
and the series LiM(D,L-Tart) - H,O with M = K, Rb, Cs (9 —

30 11), NHy). These crystals may be described as coordination
polymer networks in which the organic ions serve as linkers
between alkali metal centres and where the anions and water
molecules (if present) are additionally connected to one
another by classical hydrogen bonds.

35 Coordination polymers2 have been widely studied, and their
structural characteristics can be tailored for various potential
applications including gas storage® and separations,* catalysis®
and luminescence.® However, the application of crystal
engineering design strategies’ for coordination networks of

s groups 1 and 2 metal ions is hampered by a lack of
predictability and control over coordination geometries.® At
the same time, the tartrate and hydrogen tartrate species offer,
and usually adopt, more flexible linking patterns, with the
added possibility of chirality, than do the typical ligands used

ssin MOF chemistry. Accordingly an “information gathering
process”, via a systematic crystallisation and structure
determination process, is required to establish the chemical
and structural landscape.

Here we report new polymorphs of Na(D,L-HTart) - H,O (1)
so and Cs(D,L-HTart) (2) as well as the bis-metal tartrate
dihydrate LiCs(D,L-Tart) - 2H,O (3) and the mixed crystal

(Rbgy 5Csg5)o(D-Tart) (4). The structural characteristics of
these crystals will be compared to those of the other known
racemic and chiral MHTart and M,Tart salts in order to

ss identify packing relationships and common patterns of
hydrogen bonding interactions.

0 o} y
o] o]
HO OH HO ‘OH

D,L-tartaric acid (D,L-H,Tart)
60 Scheme 1

Experimental
Preparation

Aqueous solutions (0.2 molar) of D,L-H,Tart and the
hydroxides MOH (M = Li — Cs, NHy) were used for all

s preparations. Different mixtures of these components were
prepared in the wells of a 96 well plate, using a liquid
handling robot. The identity of the crystalline phases formed
from these mixtures was established by single crystal X-ray
diffraction. Several new crystal structures obtained from these

70 room temperature experiments have been reported in previous
accounts (see above).! An overview of all crystallisation
experiments and identified phases is given in Table S7 (ESI).}
Single crystals of Na(D,L-HTart) - H,O (1a) were obtained
from a 1:1 mixture of D,L-H,Tart and NaOH after one week.

75 The 1:1 mixture of D,L-H,Tart and CsOH yielded the triclinic
polymorph of Cs(D,L-HTart) (2a) after one week.
Two distinct phases, the dihydrate LiCs(D,L-Tart) - 2H,0 (3)
and a previously reported monohydrate (11),'® were obtained
from the 1:1:1 solution mixture of LiOH, CsOH and D,L-
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H,Tart after three weeks.

The investigated crystal of (RbysCsgs)y(D-Tart) (4) was
contained in the racemic conglomerate obtained from the
reaction of a 1:1:1 mixture of D,L-H,Tart, CsOH and RbOH
after three weeks.

[

X-ray crystallography

Intensity data were recorded on a Nonius KappaCCD
diffractometer situated at the window of a Bruker Nonius
FR591 rotating anode generator equipped with a Mo target (A
= 0.71073 A) and driven by COLLECT’, DirAx'® and
DENZO'' software, and the data were corrected for
absorption effects by means of comparison of equivalent
reflections using the program SADABS.'? Crystallographic
parameters for la, 2a, 3 and 4 are collected in Table 1. The
structures were solved using the direct methods procedure in
SHELXS97 and refined by full-matrix least squares on F”
using SHELXL97." Non-hydrogen atoms were refined
anisotropically. Hydrogen atoms in CH groups, although
2 located easily in difference maps, were fixed in idealised

positions, as were the H atoms in the hydroxyl groups of la

and 2a. Water hydrogen atoms were refined with O—H bond

lengths restrained to 0.86(1) A and the H--H distance

restrained to 1.36(2) A. The H atoms of the hydroxyl groups
25 of 2a and 4 were refined with O—H bond lengths restrained to

50

=)

@

0.84(1) A. The U,,,(H) parameters of H atoms in the CH and
hydroxyl groups of 1a and 3 were refined with Uj,(H) = 1.2
U,y(C,0), and all other U;,,(H) parameters were refined freely.
The investigated crystal of 4 showed combined merohedral

30 and racemic twining, and the latter indicates the presence of
the D and L-forms in a ratio of 84:16. The introduction of the
merohedral twin matrix [100 010 001] into the structure
refinement reduced wR2 (for all data) from 0.543 to 0.063 and
the ratio of the corresponding merohedral twin components

3s was 60:40. The refinement of the split metal atom position
indicated a 1:1 occupancy of Rb and Cs.

Analysis of crystal structures

XPac studies. Crystal packing comparisons were carried out
wusing the program XPac'® and quantitative dissimilarity
parameters were generated in the previously described'’
manner.f All comparisons were based on geometrical
parameters generated from the C and O atoms of the anion,
whereas metal centres and water molecules were not
4s considered.
H-bond topology. The classification of the hydrogen bonded
networks was carried out with the ADS and IsoTest routines of
the TOPOS package'® in the manner described by Baburin &
Blatov.!”

Table 1. Crystallographic parameters and details of the structure determinations.

la 2a 3 4
Compound Na(D,L-HTart) - H,O Cs(D,L-HTart) CsLi(D,L-Tart) - 2H,0O (Rbyg5Csg.5)2(D-Tart)
Chemical formula C4H,NaO, C4H;5CsOq C4HgCsLiOg C4H4CsOgRb
Formula mass 190.09 281.99 323.95 366.45
Crystal system triclinic triclinic monoclinic trigonal
Space group P1 P1 P2/c P3,21
zZ 2 2 4 3
a/A 6.4939(17) 5.0645(3) 5.0731(3) 7.2835(5)
b/A 7.0655(11) 7.2545(5) 16.9391(12) 7.2835(5)
c/A 7.978(2) 9.9570(6) 10.5094(9) 13.2453(7)
al® 91.640(16) 72.369(4) 90 90
pl° 101.564(9) 85.460(4) 98.777(2) 90
y/° 110.577(14) 85.837(3) 90 120
Unit cell volume/A® 333.79(13) 347.09(4) 892.54(11) 608.52(7)
Temperature/K 120(2) 120(2) 120(2) 120(2)
No. of reflections measured 1779 2549 5023 6141
No. of independent reflections 1086 1309 1701 882
R 0.0428 0.0429 0.0613 0.0739
Final R, values (I > 20(1)) 0.0477 0.0288 0.0394 0.0259
Final wR(F?) values (all data) 0.1124 0.0707 0.0782 0.0627
investigation.

Results and discussion

The method of crystallisation applied in this study naturally
ss produced very small quantities of solids (only one or two
crystals in some cases) and additionally some of the
crystallisation experiments yielded multiple phases (Table S7,
ESI¥). Our aim was to explore what phases could be obtained,
what their structures were and how they were related. The
s whole thrust of the work was to “discover” new forms, and
engage in a structural systematics analysis, whereas the
investigation of bulk properties was not part of this

Triclinic polymorph of Na(D,L-HTart) - H,O (1a)

os The asymmetric unit of 1a contains one formula unit. Each
Na® ion is coordinated by one water molecule and four HTart
ligands, and two of the latter are chelating (Fig. 1a). Each
HTart™ ligand is bonded to four different Na* ions via one
hydroxyl oxygen atom and three unprotonated carboxylic
» oxygen atoms and may be described as 4, x*. The seven-fold
Na' coordination is formed by three hydroxyl and three
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carboxyl oxygen atoms of HTart™ and the water molecule. The
Na—O distances lie between 2.38 and 2.60 A (Table 2) and the
sodium coordination geometry is a capped trigonal prism.
Edge-sharing NaO; polyhedra are linked into infinite chains
which propagate along [010] and display two independent
Na,O, rings, with the shortest Na'~*Na separations being 3.62
and 3.98 A (Fig. 1b). Overall, Na' ions and D,L-HTart”
ligands form a 2D coordination network which lies parallel to
the (001) plane (Fig. lc).

HTart™ ions and water molecules are linked into a 2D H-
bonded net which propagates parallel to the (100) plane (Fig.
1d). The hydrogen bond donor functions of the three hydroxyl
groups of HTart™ (¢) and the water molecule (w) are employed
in these interactions (Table 3). Head-to-tail interactions
(H)O—H---O(?) involving the hydrogen atom of the protonated
carboxyl oxygen atom generate the chain denoted A-syn in
Fig. 2b. Two chains of this kind are linked, via a second
()O—H---O(?) interaction, into a ladder structure (Fig. 2c),
which lies parallel to the b-axis. It displays two kinds of fused
centrosymmetric rings having the graph set'® symbols R3(12)
and R%(18). Bridging water molecules connect neighbouring
ladder structures to one another via one (£)O—H:-O(w) and
two (w)O—H---O(¢) interactions (Table 3). Altogether, HTart™
ions and water molecules form a 2D hydrogen bonded
structure parallel to the (100) plane (Fig. 2d). Each metal
centre is coordinated by oxygen atoms originating from two
such hydrogen bonded layers so that the combination of
coordination network and hydrogen bonding results in a
framework structure.

30 Table 2. Selected geometrical parameters (A) for 1a, 2a and 3 (longer
M=0 contacts are indicated by an asterisk and drawn as dotted lines in
Figs. 3a and 4a).

Na (D,L-HTart) - H,O (1a)

Nal-04' 2.382(2)
Nal-07 2.419(2)
Nal-Ol 2.437(2)
Nal-03" 2.474(2)
Nal-O1* 2.478(2)
Nal-03 2.532(3)
Nal-05' 2.599(2)
Cs(D,L-HTart) (2a)

Cs1-02! 3.067(2)
Cs1-04" 3.093(3)
Cs1-06 3.129(3)
Cs1-03 3.195(3)
Cs1-05"™ 3.214(3)
Cs1-02" 3.294(3)
Cs1-01* 3.348(3)
Cs1-01" 3.352(2)
Cs1-06 3.457(3)
Cs1-01" 3.586(3)*
Cs1-05 3.717(3)*
CsLi(D,L-Tart) - 2H,0 (3)

Cs1-07" 3.076(4)
Cs1-06" 3.078(4)
Cs1-02' 3.131(3)
Cs1-03" 3.163(3)
Cs1-08"™ 3.272(4)
Cs1-05' 3.332(4)
Csl-01 3.338(4)
Cs1-08' 3.484(4)
Cs1-05" 3.533(4)
Cs1-08" 3.629(4)*
Cs1-02 3.636(4)*
Cs1-07" 3.731(3)*
Lil-05" 1.882(10)
Lil-06 1.927(11)
Lil-08 1.930(10)
Lil-07 1.964(10)

Symmetry transformations used to generate equivalent atoms:

la: (i) x+1,—y+1,—=z+2@)x,y+ 1,z (i) —x,-y+1,—=z+2.
2a: () x—1l,y—-Lz(@)x,y— 1, z(@{i)x—1,y,z({v) —=x, —p,—=z+2
V) =x+1lL, v+, —=z+1(Mv)—~x,—v+1,—=z+1.3:0)—x+1,y+1/2,
—Z+32 @) =x+1,-y+1,—z+1(i)x,—y+3/2,z—1/2 (iv) x + 2,
y+1/2,—z+32W)x+1,y,z (viii, Fig. 4) —x, y + 1/2, —z + 3/2.
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Fig. 1 Crystal structure of 1a. a) Coordination of Na* by four HTart ions
and one water molecule (O7); for symmetry operations, see Table 2; b)
chain of edge-sharing NaO; polyhedra; c¢) 2D coordination network
parallel to (001), composed of Na" ions (balls) and HTart™ ligands (rods;
H atoms are omitted for clarity); d) 2D hydrogen bonded network
composed of HTart” ions and water molecules (view along [100]; H
atoms not participating in hydrogen bonding are omitted for clarity).

w

A monoclinic modification (1b) of Na(D,L-HTart) - H,O,
10 obtained from the reaction of D,L-H,Tart and NaHCO; in
aqueous solution under reflux and subsequent cooling of the
solution under stirring, was reported by Al-Dajani et al.'® The
XPac comparison of the HTart substructures present in la
and 1b revealed a centrosymmetric hydrogen bonded double-
stranded chain structure (Fig. 2c¢) as a common
supramolecular construct'* (SC) of the two polymorphs. In
both polymorphs the ladder units propagate parallel to the b-
axis (la: 7.065 A; 1b: 7.146 A), and their geometrical
closeness is evidenced by a low XPac dissimilarity index," x
20 = 2.2 (calculated for a cluster of five connected HTart™ ligands

defining this SC; for the definition of x and reference

examples, see refs. 15 and 20).

However, the forms la and 1lb differ fundamentally in the

mode by which neighbouring ladder units are linked by water
2s molecules into an H-bonded layer structure (Fig. 2d, e). In 1a,

each water molecule bridges between two ladder units that are
related by an inversion operation, whereas 1b it connects two
such units related by a 2, screw operation. Therefore, the two
polymorphs of Na(D,L-HTart) - H,O exhibit a close 1D
30 packing relationship. The density of polymorph la (1.891 g
cm ) is only 0.4% higher than that of 1b (1.884 g cm°).

a

.

i
3
.

~#—_R(12)
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Na(D,L-HTart) - H,0 (1)

o ,T e
. NN

< '
- T

d) layer

c) double-stranded
chain (ladder)

b) chain type A-syn

= 15

a) chain type A-anti

2b, 5, 6,13,
14,16-18

p——————

Fig. 2 Alternate chain types A-anti (a) and A-syn (b) formed by O—H--O bonded HTart™ ions, each viewed parallel (left) and perpendicular (right) to the
translation vector of the chain; c) ladder structure composed of two (1)O—H-+O(#) connected A-syn strands, which displays fused R3(12) and R%(18)

s rings; d) layer structure composed of ladder units related either by inversion (1a) or 2, symmetry (1b) and linked to one another by H-bonded water
molecules; packing of H-bonded HTart /water layers and Na* ions (drawn as balls) in the polymorphs 1a (e) and 1b (f).

Triclinic polymorph of Cs(D,L-HTart) (2a)

10 The three isostructural monoclinic hydrogen tartrates M(D,L-
HTart) with M = K (16), Rb (17) and NH, were obtained from
1:1 mixtures of D,L-H,Tart with the respective hydroxide
MOH,'* while the analogous reaction with M = Cs resulted in
the triclinic form of Cs(D,L-HTart) (2a). Furthermore, 1:1:1

1s mixtures of D,L-H,Tart with any two hydroxides of KOH,
RbOH and NH,;OH yielded the corresponding hydrogen
tartrate mixed crystals, but no such mixed crystals were
obtained from any of the analogous mixtures containing
CsOH. Instead, the preparation of D,L-H,Tart with CsOH and

20 NH4OH yielded a monoclinic form of Cs(D,L-HTart) (2b) as
well as crystals of NHy(D,L-HTart). Both these phases are
isostructural with the analogous potassium (16) and rubidium
(17) compounds (Table S7, ESIt)."

The asymmetric unit of 2a contains one Cs" and one HTart

»sion. The Cs centre is surrounded by nine oxygen atoms
belonging to seven different HTart™ ligands (Fig. 3a) and the

corresponding Cs—O separations range widely from 3.07 —
3.46 A (Table 2). Each HTart™ unit is attached to seven Cs"
centres and all its oxygen atoms are engaged in Cs—O
interactions (u7, «°). Two ligands chelate with one carboxyl
and one hydroxyl oxygen atom and all other bonds are of the
Cs—O(carboxyl) type. Each CsOy polyhedron shares a face
with a neighbouring polyhedron and an edge with another one
so that a chain of connected CsOy units is formed, which lies
parallel to [001] (Fig. 3b). In addition to the Cs—O bonds
mentioned above, there are two longer Cs—O contacts (3.59 A,
3.72 A; indicated by broken lines in Fig. 2a) which involve
additional carboxyl O atoms of two coordinating HTart units,
and the shortest Cs--Cs distance in 2a is 4.80 A. The
« connected Cs' and HTart™ ions form a framework structure.
The carboxyl hydrogen atom is 1:1 statistically disordered
over two positions (O1 and O6), one in each carboxyl group.
Each HTart™ ligand is bonded to five other ligands via six
O-H---O bonds to give a hydrogen bonded framework (Fig.
ss 3¢), whose topology is of the boron nitrite (bnn)*' type. It

3

=3

3

&



CrystEngComm

displays centrosymmetric R%(24) and R3(10) rings where the
latter ring type is due to intermolecular interactions involving
the deprotonated carboxyl group (O5) and the adjacent
hydroxyl group (O4) of each HTart ion as the H-bond

s acceptor and donor sites, respectively. The Cs' ions occupy
the large cavities of this H-bonded framework.

Table 3. Geometrical parameters (A, °) for hydrogen bonds.

D-H-4 D-H DA H-4 Z/ D-H+A
Na(D,L-HTart) - H,O (1a)

(1) O3-H3--05™(r)  0.84 221 2.832(3) 1309
() 02—-H6--06" (£) 0.84 1.64 2.464(3)  167.8
(t) O4—H4-07" (w) 0.84 1.86 2.686(3)  170.0
(w) O7-H8-02" ()  0.849(10) 2.027(12) 2.852(3)  164(4)
(w) O7-H7--05" (1)  0.851(10) 1.898(12) 2.724(3)  163(3)
Cs(D,L-HTart) (2a)

O1-H1--01" 0.840(10)  1.65(3) 2.472(5)  166(11)
03-H30--02" 0.836(10)  1.972(17) 2.778(3)  162(4)
04-H40--05" 0.838(10)  2.21(3) 2.855(4)  133(4)
06-H6--06™ 0.840(10)  1.63(3) 2.449(5)  166(12)
LiCs (D,L-Tart) - 2H,0 (3)

() O3—H3--01*(f) 0.84 2.19 2.873(6) 1382
() O4—H4--06™ ()  0.84 1.94 2.744(5)  159.0
(w) O7-H10--02" () 0.822(10)  1.94(2) 2.737(6)  164(6)
(w) O7-H20--04"(r) 0.824(10) 1.914(13) 2.735(5)  174(6)
(w) O8—H30--01'(r) 0.824(10) 1.914(18) 2.725(5)  168(6)
(w) O8—H40--02" () 0.822(10)  2.02(2) 2.792(5)  157(4)
03-H3--0O1 (intra)  0.84 2.19 2.678(5)  117.0
(Rb0,5Cs(),5)z(D-Tart) (4)

03-H3--02" 0.837(9)  2.37(10)  2.928(8)  125(10)
03-H3--02 (intra) ~ 0.837(9)  2.18(10)  2.690(9)  119(9)

Symmetry transformations used to generate equivalent atoms:
la-(W)x,y+ Lz(vi)—x,—y+ 1,—z+ 1 (vipx— Ly+ Lz(vi)x+1,y,z
(ix)—x+1,-y,—z+2. 2a: (ii))x — 1, y,z (vil)) x + 1, =y + 2, —z + 1 (viii)
—x,y+1,—z+2(x)x+1,-y,z+2.3: (vi)—x+2,y—1/2,—z+3/2
i)+ 1,y—1/2,—=z+32((x)x— Ly,z(X)—~x,—y+1,—z+1(xi)—=x+
2,y+1,—z+2xi)x+1,—y+1,—z+2. 4 (x)x—y+1l,—y+1,—z+
5/3

The HTart™ unit of the monoclinic form 2b may be described

10 as Wy, x>, and each Cs™ centre in this structure is surrounded
by eight oxygen atoms in a square-antiprismatic fashion with
Cs—O distances of 3.02 — 3.27 A (average 3.12 A). There is
just one additional Cs—O contact (3.67 A) shorter than 4 A. In
comparison, the eight shortest Cs—O bonds (3.07 — 3.35 A) of

153.21 A of 2a are significantly longer, which is offset by the
presence of three additional Cs—O contacts up to 3.72 A. The
coordination polymers of both polymorphs are frameworks.
However, the crystal of 2b contains layers of Cs" ions which
alternate with two types of hydrogen bonded layers composed

20 exclusively of either D- or L-HTart™ ions (Fig. S971). This
arrangement appears to be less efficient and is significantly
less dense (2.613 g cm ) than the accommodation of Cs* ions
within the H-bonded framework of the triclinic form 2a (2.698
g cm ; difference 3%).

25

Fig. 3 Crystal structure of 2a. a) The coordination of Cs" by seven HTart~
ligands (for symmetry operations, see Table 2) resulting in nine shorter
(full lines) and two longer (dashed lines) Cs—O distances; b) chain of

30 connected edge-and face-sharing CsO, polyhedra parallel to [001]; c)
framework of hydrogen bonded HTart™ ions, with open channels occupied
by Cs” (drawn as balls).

LiCs(D,L-Tart) - 2H,0 (3)

3s A series of analogous reactions yielded the previously
reported'® isostructural compounds LiM(D,L-Tart) - H,O [M =
K, Rb, Cs (9 — 11), NH,]. Additionally, the Cs dihydrate (3)
was obtained with the monohydrate (11). The asymmetric unit
of 3 contains one formula unit. The Cs" centre is surrounded
40 by nine oxygen atoms with Cs—O distances between 3.08 and
3.53 A and by another three oxygen atoms with longer Cs—O
distances up to 3.73 A (Table 2). The nine shortest Cs—O
interactions involve one chelating Tart®” ion that is bonded via
one hydroxyl and two carboxyl oxygen atoms, another three
ss Tart®” ligands bonded via a carboxyl oxygen atom each and
three water molecules (Fig. 4a). The tetrahedral coordination
environment of Li" is formed by two carboxyl oxygen atoms
belonging to different Tart’” ions and two water ligands. The
tetrahedron around Li" is somewhat distorted with O—Li—O
so angles between 102.7° and 118.5°. The ligand connects to six
different metal centres via five oxygen atoms and may
therefore be described as ug, «°.
Corner-sharing LiO4 and CsOy polyhedra form a 2D net which

Page 8 of 15
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lies parallel to the ac-plane (Fig. 4b). The Tart’” and metal
ions are linked into a 3D coordination network. Tart’™ units
are connected by Cs centres within (100) planes and each Li"
jon bridges between two Tart’™ ions which are related by a
translation along the a-axis.
The Tart®™ anions are hydrogen bonded to one another via two
hydroxyl donor and two carbonyl acceptor functions (Table
3). This generates an H-bonded 1D ladder structure parallel to
[100] which exhibits centrosymmetric fused R3(10) and
R$(24) rings. Each water molecule serves as an additional
bridge between two (£)O-H:-O(#) bonded Tart®” ions (Fig.
4¢).
An XPac comparison showed that the ladder geometry of the
H-bonded Tart®™ ions of 3 with its fused R3(10) and R%(24)
s rings is also present in the H-bonded framework of 2a (Fig.
5). Furthermore, 2a and 3 also display the same arrangement
of these ladders into a layer structure, i.e. their anion
substructures are 2D similar with matching ac planes
(dissimilarity index'® x = 3.4 for the cluster of 9 anions
o defining the supramolecular construct'®). 2a and 3 differ in
their chemical composition and in the external H-bond
connections of their common layer structure so that the c-axis
of 3 is 0.55 A longer and B is 4.2° smaller than the
corresponding parameters of 2a. By contrast, the difference in
the length of the a-axis (direction of the H-bonded chain)
between 2a and 3 is very small (Table 1).
The monohydrate 11 contains two independent Cs' centres
which are each surrounded by 10 O atoms (Cs1-O: 3.19 to
3.31 A, mean value 3.22 A; Cs2-0: 3.04 to 3.58 A, mean
value 3.26 A). The average of the ten shortest Cs—O distances
in 3 is significantly higher (3.30 A), which is compensated for
by the additional presence of two longer Cs—O contacts of
3.64 and 3.73 A. The monohydrate and dihydrate structures of
LiCs(D,L-Tart) (11 and 3) differ also fundamentally in their

[

S

G

3s H-bonded framework structures, their coordination polymers

4

and the structures of their connected LiO and CsO polyhedra
(Table 5).

0

a)

b)

Fig. 4 Crystal structure of CsLi(D,L-Tart) - 2H,O (3). a) Coordination
environments of Cs" and Li" (O7 and O8 are water oxygen atoms; for

45 symmetry operations, see Table 2); b) layer of connected corner-sharing

LiO, and CsO, polyhedra; ¢) hydrogen bonded chain [Tart’” - 2H,0],
propagating along [100]; d) crystal packing of H-bonded chains (which
are O—Li—O linked to one another) and Cs" ions.
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Cs(D,L-HTart) (2a)

LiCs(D,L-Tart) - 2H.,0 (3)

o RIRY
T Ry
r AMAY

Fig. 5 2D packing similarity between Cs(D,L-HTart) (2a) and CsLi(D,L-Tart) - 2H,0 (3). Bottom: connectivity mode generating the common H-bonded
ladder structure (centre) and the common 2D supramolecular construct. The structure fragments of 2a (left) and 3 (right) are viewed along the b*-axis,
s with the brackets indicating a single H-bonded chain. Top: the crystal structures of 2a and 3, viewed along the respective g-axis [Cs (light-blue), Li
(green) and water O (dark-blue) atoms are represented as balls, H atoms are omitted for clarity, broken lines indicate H-bonds]; in each structure an

instance of the 2D SC is highlighted and indicated by brackets.

(Rbg5Csqs).(D-Tart) (4)

The mixed crystal 4 is isostructural with its parent di-
rubidium (29) and di-caesium compounds (30),” which
differ in their unit cell volume by 11%. The unit cell
parameters of 4 lie approximately half-way between those
of 29 and 30. The asymmetric unit of 4 consists of half a
formula unit and the Tart ion lies on a two-fold rotation
axis and the site of the metal centre has a 1:1 mixed Cs/Rb
occupancy. Each metal centre is surrounded by eight
oxygen atoms belonging to six Tart’™ units with (six M—O
contacts are shorter 3.21 A and eight are shorter than 3.45
A), and there is an additional longer M-O contact of
approximately 3.60 A (Fig. 6a, Table 4). The ligand may
be described as o, k% as each Tart’ ion is linked to ten
metal sites and all hydroxyl and carbonyl oxygen atoms are
engaged in metal coordination.

The Tart’ unit serves as a four-connected node within a
O-H:'-O(carbonyl)-bonded framework structure (Fig. 6b)
which has the quartz (qtz)** topology. Additionally, each OH
group is also engaged in an intramolecular O—H--O(carbonyl)
bond. Overall, the H-bond geometries of 4 appear to be less
favourable than those found in 1, 2a and 3 (Table 3). The
shortest circuit within the H-bonded framework of 4 is an
R&(34) ring comprising six molecules. Both the Tart’™ and
metal ions are arranged around distinct 3; axes (Fig. 6¢) and
the M" ions are situated within the cavities of the framework
of H-bonded anions.

40

Table 4. Selected geometrical parameters (A) for 4.

Cs1-01' 2.907(7)
Cs1-0O1" 2.918(6)
Cs1-01 3.016(5)
Cs1-02' 3.043(5)
Cs1-02" 3.084(6)
Cs1-03" 3.201(5)
Cs1-03" 3.426(5)
Cs1-02 3.439(6)
Cs1-03" 3.568(8)*
Rb1-0O1" 2.922(7)
Rb1-0O1 2.92909)
Rb1-O1 3.004(6)
Rb1-02' 3.034(6)
Rb1-02" 3.074(7)
Rb1-03" 3.188(7)
Rb1-02 3.413(9)
Rb1-03" 3.440(7)
Rb1-03" 3.597(10)*

Symmetry transformations used to generate equivalent atoms:
A)—y+1,x—y+l,z+1/3 () x—y+1,-p+2,—z+5/3 (iii) y, x, —z + 2
V)x—-y,-y+1,—z+53W)-y+ L,x=y,z+ 1/3 (vi)x—1,y, z (vii)) x
-y, —y+2,—z+5/3

Page 10 of 15
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Fig. 6 a) Crystal structure of (RbysCsgs),(D-Tart) (4). a) Coordination
environment of M = Rb or Cs (for symmetry operations, see Table 4); b)
framework of H-bonded Tart* ions with ¢) metal ions (balls) filling its
cavities (intramolecular H-bonds are not shown)

Systematics MHTart and M,Tart structures (M = alkali
metal)

Important structural characteristics of la, 2a, 3 and 4 have
been collected in Table 5, together with the features of 30
other chiral or racemic alkali metal tartrates or hydrogen
tartrates from the Cambridge Structural Database’* (CSD;
version 5.33). The listed characteristics include the
coordination number of metal centres (7), the number of metal
centres attached to an anionic ligand (p), the number of
coordinating O atoms per ligand (x), the dimensionality of the
extended structure consisting of connected MO, polyhedra,
the dimensionality of the coordination polymer and the
dimensionality of the hydrogen-bonded structure of anions
and (if applicable) water molecules. These compounds differ

20

~
oy

in the type of M as well as in the number of available donor
and acceptor sites for H-bonds, which in turn is a function of
the anion type present (HTart™ or Tart’”) and the water
content.

The coordination number of M' is determined by its size
(effective ionic radii: Li* 0.74, Na" 1.02, K" 1.38, Rb" 1.52
and Cs* 1.67 A).”> Thus, K, Rb" and Cs' can replace each
other in certain packing arrangements with little effect on the
anionic substructure (or anion + water substructure). This
gives rise to several series of isostructures, M(L-HTart) (16 —
18),* M(D,L-HTart) (2b, 5, 6)," LiM(D,L-Tart) - H,O (9 —
11)," NaM(L-Tart) - 4H,0 (25, 26),”” M,(D or L-Tart) (4, 29,
30),” which can also extend to TI" analogues (effective ionic
radius 1.50 A)25 and ammonium analogues (where N-H---O
bridges replace the alkali metal/oxygen bonds). In the M(L-
HTart) series, the formation of mixed crystals was observed
for the complete subset with M = K (5), Rb (6) and NH,, but
not for any combination with M = Cs (2b).'* Cs(L-HTart) is
also the only compound of this series for which a second
polymorph (2a) was obtained under the conditions of our
study. Similarly, the Cs analogue 3 was the only dihydrate
which, under the conditions of our study, was formed in
addition to a monohydrate of the series'® LiM(D,L-Tart) - H,0O
(M =K, Rb, Cs (9 — 11), NH,). These observations illustrate
that due to its size Cs' generally tends to prefer a higher
coordination number than both K* and Rb".

The number of metal centers attached to an HTart™ or Tart>
ligand and the number of coordinating O atoms per ligand
both tend to increase with higher coordination numbers and
decrease with higher water content. Connected MO, polyhedra
are typically linked into chains (16 structures). Isolated MO,
polyhedra are present only in Li(Li-HTart)*® (12) and Na(Li-
HTart)® (14), finite Li,O; units are found in two Li,Tart
structures (7, 19a)"> ** and a Li;O,4 unit in 21.>* Examples of
MO, layers and frameworks occur exclusively in the Tart*
subset. The coordination polymer comprising linked metal
centres, anions and (if present) water molecules is typically a
three-dimensional framework. The only exceptions from this
in Table 5 are Li(L-HTart) - H,O (13) (chain)*® and the two
polymorphs of Na(D,L-HTart) - H,O (1a, b) (layers)."”

The anions and water molecules (if present) can be linked into
an H-bonded chain, layer or framework structure, and there is
no clear preference for either of these types. However, the
anion/anion O-H--O=C interactions in this set of crystal
structures are associated with a number of standard
connectivity motifs, labelled | — VII (Fig. 7; Table 5, right-
hand column).

All 13 structures of the HTart™ subset of Table 5 display the
C}(7) chain motif | which is based on a
(carbonyl)O—H:-O=C(carboxylate) bond between two HTart™
ions. The chain motifs Il and IlIl can be present
simultaneously in a crystal structure, or they can occur in
combination with one of the four (hydroxyl)O-H:-O=C
bonded ring motifs (IV — VII). Non-adjacent H-bond donor
and acceptor functions are employed in the R3(12) motif IV,
while the analogous interactions involving adjacent functional
groups yield the R3(10) ring motif VI. The R3(11) ring V
connects one anion where the two H-bond functional groups
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employed are adjacent to one another with one where they are HTart™ and Tart®™ subsets (%, {) is as follows: | (h = 13, £ = 0),
not. The RL(7) ring VII results from a two-point 11 (10, 14), 111 (8, 5), IV (2,9), V (6, 0), VI (1, 1), VII (1, 2).
(hydroxyl)O-H:-O=C connection involving two hydroxyl The only two crystal structures of the entire set where neither
groups of one anion and just one carboxylate group of of these seven motifs is present are Rochelle salt?’® (25) and

[

another. For each motif, the number of occurrences in the 10 its isostructural Rb analogue®” (26).

Table 5. Characteristics of crystal structures of 35 alkali metal (M) hydrogen tartrates and tartrates. SpGr = space group, n,/n,, = number of coordinating
tartrate () and water (w) ligands at a metal centre, 1 = number of metal centers attached to a ligand, k = number of coordinating O atoms per ligand, D; =
dimensionality of structure formed by connected MO, polyhedra, D = dimensionality of the coordination network, Dy = dimensionality of the O—H--O

bonded structure.

Compound M # CSD refcode Ref. SpGr ne/ny w x D; D¢ Dy Motifs
Li(L-HTart) 12 UNIROZ 28 P2, 5 4 4 0 3 3 LILII
Li(L-HTart) - H,O 13 YEKYIW 30 P22:2 4/1,3/2 22430 1 2 L1
Na(L-HTart) 14 YELNIM 29 P2, 6 6 6 0° 3 2 LILIHILVI
Na(L-HTart) - H,O 15 Z77SSS01 31 P2,2,2, 71 4 5 1 3 1 1
Na(D,L-HTart) - H,O la . . Pl 6/1 4 4 1 2 2 LIV
Na(D,L-HTart) - H,O 1b DULSIN 19  P2i/c 6/1 4 4 1 2 2 LIV

K 16 ZZZRZWOl1 26a
M(L-HTart) {Rb 17 KAMBIJ 26b{ P2,2,2, 8 7 5 1 3 2 LiuLv ¢

Cs 18 CSHTARIO 26¢

K 5 XAHZAI la
M(D,L-HTart) {Rb 6 XAHZEM la{ P2i/c 8 7 5 1 3 2 LILILV ¢

Cs 2b XAHZIQ la
Cs(D,L-HTart) 2a . . P1 9 7 6 1 3 3 LILVI
Liy(L-Tart) 19a UNIRUF 28 P212:2 4 8 6 0° 3 1 ILHLVI
Liy(L-Tart) 19b UNIRUFO1 28 C222; 4 6 6 1 3 1 ILIV
Liy(L-Tart) 19c . 33 2 4 8 6 1 3 1 ILILIV
Liy(D,L-Tart) 20a UNISIU 28 C2/c 4 8 6 1 3 1 ILIHLVI
Liy(D,L-Tart) 20b . 33 P2/c 4 8 6 1 3 1 1
Liy(D,L-Tart) - 2H,O 21 . 34  P1 2/3 4 5 02 2 IV
Liy(D,L-Tart) - 3H,0 7 CEGPEK b P2i/c 4/1,1/3 35 002 3 1,uL1v 7
LiNa(D,L-Tart) - 2H,0 8 CEGPIO 1b C2/c Li:4/1Na:2/4 5 4 1 3 3 |11V
LiK(D-Tart) - H,O 22 7Z77ZQMWO01 35 P22.2 Li:4/1K:6,82 9 5 2 3 2 1 ¢

K 9 JEFVIA 1b
LiM(D,L-Tart) - H,O Rb 10 JEFVOG 1b C2/e Li:3/IM: 6,10 8 6 3 3 3 IV h

Cs 11 CEGPOU 1b
LiCs(D,L-Tart) - 2H,0 3 . . P2/c Li:22Cs:6/3 6 5 2 3 1 I1LVI
Nay(D-Tart) - 2H,0 23 NADTRT 38 P22:2 6,4/2 8 6 1 3 2 1 !
Nay(D,L-Tart) 24 COZGED 39  Pbca 6 7 6 3 3 2 1l

ik .

NaM(LTar) - 480 { % zzzswor  aml P22 avaas S 4233 ’
NaK(D,L-Tart) - 3H,0 27 KEKXEF 4  P2i/n Na:2/4K:6/2 6 6 2 3 3 IV
K,(L-Tart) - 2H,0O 28 ZZZ1.ZE01 45 2 6,5/1 9 6 2 3 2 1

Rb 29 Z777ZVZ7002 22

P3,21 (D)

M,(D or L-Tart) Cs 30 SOFJOM 22 [ P3,21 (L) 8 106 3 3 3 1l

(Rbys, Csps) 4 ) 2

@

“ Isolated polyhedra.
? Pair of corner sharing tetrahedra.
“Lis0O14 units composed of four edge and corner sharing LiOs polyhedra
4 Ysostructural with the Tl and NH, analogues.” ¥
¢ Isostructural with the NH,4 analogue; formation of solid solutions for M = (K, Rb), (K, NH,) and (Rb, NH,."
20/ The crystal consists of alternating layers of the compositions [Lig(D,L-Tart); - 9H,0], and [Liy(D,L-Tart) - 3H,0],..
¢ Isostructural with the LiRb, LiTl and LiNH,4 analogues.36
" Isostructural with the NH;Na analogue.37
"Reported as Nay(D-Tart) - 2H,0; the structure model in the CSD is that of Na,(L-Tart) - 2H,0.
7 Paraelectric phase of Rochelle salt; phase transition to a ferroelectric monoclinic phase (KNATARO05)* between 255 and 297 K.
25 ¥ A structure of the racemate, NaK(D,L-Tart) - 4H,0 (KNATDLO1)*' has not been included due to “abnormal geometrical features” reported by
Sadanaga.*’
! Isostructural with the NaNH, analogue.43

The program XPac was used to establish whether the presence geometry where the torsion angle C-C-C-O* is
30 of a common H-bond (connectivity) motif in certain crystal ss approximately +/-60° (type A) or one where it is near
structures is also associated with packing (geometrical) +/-120° (type B) (Fig. 7, top left). The A-type conformation
similarity. If the position of the protonated carboxyl O atom is clearly more common, with Li(L-HTart) (12) and a 50%
(O*) is taken into consideration, the HTart™ ion adopts either a disorder component of 2a being the only examples of the B-



Page 13 of 15

CrystEngComm

type among the 13 relevant crystal structures listed in Table 5.
Motif | implies that each HTart™ ion has two
(carbonyl)O—H:--O=C(carboxylate) connection points to
neighbouring anions. These lie either both on the same side

s (“syn”) or on different sides (“anti”) with respect to the plane
defined by the four HTart™ carbon atoms. Thus, four distinct
(carbonyl)O—H::-O=C(carboxylate) bonded chain types can
arise from motif |, namely A-syn (present in la, 1b, 15), A-
anti (2b, 5, 6, 13, 14, 16 — 18), B-syn (2a, 12) and B-anti (2a).

10 Except for 2a, these chains have no symmetry other than
translation.

motif Il ..
Cl(8)

~a---B-5yn

motif Il ...
ci(5)

= +/-120°
—a-.. B-anti

motif |

motif V

motif VI

motif VIl

Fig. 7 Typical O—H:-O=C interactions between anions of alkali metal
HTart” and Tart> salts.

15 All the motif | chains of the A-syn group are geometrically
similar. Therefore, the crystal structures concerned exhibit a
close one-dimensional packing similarity, evidenced by low
dissimilarity indices x between 2.2 and 5.8 for the
corresponding pairwise structure comparisons. Likewise, all

20 the structures containing A-anti chains are 1D similar. Low
dissimilarity indices were obtained for this set also (x = 1.2 —
4.3), except for the pairwise comparisons involving Na(L-
HTart) (14), whose chain geometry deviates somewhat from
the rest (x = 9.4 — 11.0). Each of these two principal chain

25 geometries arising from motif | is associated with the packing
of HTart™ anions along a short crystallographic axis of
characteristic length (A-anti: 7.594 — 7.692 A; A-syn: 7.065 —
7.242 A).

As discussed previously,'® the A-anti chain is also the basis

30 for the close 2D packing relationship between the two sets of

60

chiral and racemic hydrogen tartrates with M = K, Rb, Cs (16
— 18 vs. 5, 6, 2b) and NH,. Furthermore, the packing
relationship between the polymorphs la and 1b of Na(D,L-
HTart) - H,O discussed above (Fig. 2) is based on two A-syn
strands, which are H-bonded to one another.

In the crystal structures of 2a, 3, 12, 14, 19a, 19c, 20a, 20b,
23 and 28, the H-bonded chains arising from motif Il
propagate along the shortest crystallographic axis (4.959 —
5.251 A) with translation as their only symmetry operation.
There are large variations in the geometry of these motif 11
chains, but relatively close 1D packing similarities exist
within two subgroups, one comprising 2a, 3 and 22 (x = 3.1 —
5.6) and the other 12, 14, 19a, 20a and 20b (x = 1.9 — 11.5).
Notable 2D packing similarity relationships based on motif |1
exist between 2a and 3 (as discussed above, see Fig. 5) and
between Li(L-HTart) (12) and Na(L-HTart) (14). Further
details of the crystal packing comparisons can be found in the
ESIf.

Conclusion

The crystal structures of the tartartes and hydrogen tartartes of
alkali metals are based on a set of standard O—H---+O=C-bond
motifs (I — VII). These motifs are found in packing situations
which, due to differences in the metal coordination geometry
and water content, can differ considerably, resulting in the
formation of specific MO, structures, coordination polymers
and hydrogen bond networks. These observations, combined
with a lack of obvious alternatives, suggest that motifs | — VII
are the universal motifs for the aggregation of HTart™ and
Tart>™ ions in the solid state, even in salts of organic bases.

of particular interest is the (carbonyl)O—
H---O=C(carboxylate) bonded chain motif |, the universal
connectivity mode for all MHTart salts in this study. The
resulting chains can occur in four distinct subtypes, with types
A-anti and A-syn dominating the investigated set. Each of
these gives rise to a distinct series of crystal structures
exhibiting 1D packing similarity which is typically associated
with the packing along a short crystallographic axis. The CSD
currently contains more than 180 crystal structures of
hydrogen tartrate salts, and it would be very interesting to
establish whether the same preferences are still valid for this
larger set, especially in the presence of organic cations which
often contain potential sites for hydrogen bonding. In this
way, a general classification scheme of HTart™ salts on the
basis of 1D packing similarity relationships could be derived.
This topic is currently being investigated in our laboratory and
will be reported in a future publication.
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