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ABSTRACT:  The design of noncentrosymmetric (NCS) solid state materials, specifically, how to break inversion symmetry 
between enantiomers, has intrigued chemists, physicists, and materials scientists for many years. Because the chemical 
complexity of molecular racemic building units is so varied, targeting these materials is poorly understood. Previously, three 
isostructural racemic compounds with a formula of [Cu(H2O)(bpy)2]2[MF6]2∙2H2O (bpy = 2,2’=bipyridine; M = Ti, Zr, Hf) 
were shown to crystallize in the NCS space group Pna21, of polar, achiral crystal class mm2. In this work, we synthesized 
five new racemic compounds with a formula [Cu(H2O)(dmbpy)2]2[MF6]2∙xH2O (dmbpy = 4,4’/5,5’-dimethyl-2,2’-bipyridine; 
M = Ti, Zr, Hf). Single crystal X-ray diffraction reveals that the five newly synthesized compounds feature equimolar com-
binations of Δ- and Λ-Cu(dmbpy)2(H2O)2+ complexes that are assembled into similar packing motifs of those found in the 
reported NCS structure, but all crystalize in centrosymmetric (CS) space groups. Seven structural descriptors were created 
to analyze the intermolecular interactions on the assembly of Cu racemates in the CS and NCS structures. The structural 
analysis reveals that in the CS structures, the inversion center results from parallel heterochiral π-π stacking interactions 
between adjacent Cu racemates regardless of cation geometries, hydrogen bonding networks, or interlayers architectures, 
whereas in the NCS structure, nonparallel heterochiral π-π interactions between the adjacent Cu racemates precludes the 
inversion center. The parallel heterochiral π-π interactions in the CS structures can be rationalized by the restrained geom-
etries of the methyl-substituted ligands. This work demonstrates that the introduction of nonparallel stacking can suppress 
the formation of an inversion center for a NCS racemate. A conceptual framework and practical approach linking the ab-
sence of inversion symmetry in racemates is presented for all NCS crystal classes. 

Introduction 

The rational design of materials calls for a deep under-
standing of how atoms, units, or motifs in a crystal struc-
ture pack together. Noncentrosymmetric (NCS) solids, in 
which an inversion center is absent in the structure, are 
known to display a wide range of functional properties 
such as nonlinear optical activity, piezoelectricity, ferroe-
lectricity and pyroelectricity.1–3 Functional building units 
(FBUs), such as polar early transition-metal (ETM) octahe-
dra,4–9 borate clusters,10–12 poly-anions,13–15 and π-conju-
gated units,16,17 are great sources from which to construct 
NCS solids with superior properties. However, inversion 
symmetry is often favorable during crystallization for its 
efficiency in close packing of the basic building units 
(BBUs),18,19 and the challenges for synthesizing new NCS 
solids arises from aligning the FBUs without an inversion 
center. To direct a NCS structure, one efficient strategy is 
to introduce chiral BBUs since they do not possess an in-
version center by nature. Solids with enantiomerically-
pure chiral BBUs are guaranteed to crystalize in the NCS 
chiral crystal classes because chiral BBUs with the same 
handedness can be related by proper symmetry operations 
(translations, rotations, and combinations of these), but 

such solids often require enantiomeric purification, which 
complicates the synthetic process.  

An alternative method to craft NCS solids with chiral 
BBUs is to combine enantiomers of both handedness and 
form racemates.20–23 Although enantiomers with the oppo-
site handedness can be related by an inversion center and 
crystallize into CS racemates, it is still possible to form NCS 
racemates with enantiomers of both handedness. Such for-
mations requires the enantiomers to relate to one another 
by symmetry elements such as (i) mirror/glide planes, (ii) 
rotoinversions, (iii) dihedral rotations, and (iv) principle 
rotations (Erreur ! Source du renvoi introuvable.re 
1).20,22 When the enantiomers are related by mirror/glide 
planes or rotoinversion, the solid will form an achiral race-
mic compound, a single phase which is composed of 
equimolar enantiomers with the opposite handedness. 
When the enantiomers are related only by dihedral rota-
tions and/or principle rotations, the solid will be chiral and 
form either racemic conglomerates—a mechanical mixture 
of enantiomorphic crystals that each of crystal contains a 
single enantiomer24–or kryptoracemates—an extremely 
rare chiral crystal which contains enantiomers with oppo-
site handedness that are symmetrically independent to 



 

each other.25,26 In fact, it is not uncommon to find race-
mates in NCS crystals; for example, a manual screening of 
NCS organic crystals with mirror symmetry identified 632 
racemates (16.5%) in the Cambridge Structural Database.27 
However, it still remains unclear how to break inversion 
symmetry between racemic BBUs at molecular level, bring-
ing challenges to design new NCS racemates on a rational 
basis.28,29  

Recently, Δ/Λ-Cu(bpy)2(H2O)2+ complexes have been 
found to crystalize in the polar and achiral NCS space 
group Pna21 with polar anions MF6

2− (M = Ti, Zr, Hf; bpy = 
2,2′ -bipyridine).21,23 Owing to second-order Jahn−Teller ef-
fects and hydrogen bonding network, MF6

2− octahedra un-
dergo an out-of-center distortion and are aligned by a 

screw axis, giving an overall polar moment. This NCS polar 
racemic structure (referred to NCS-Cu/bpy/M hereafter) is 
unique, and is one of the 4 NCS crystal structures out from 
14 crystal structures that contain equimolar Δ/Λ-
Cu(bpy)2(H2O)2+ BBUs in the Cambridge Structural Data-
base (CSD version 5.42 from March 2022), while the other 
NCS examples are compounds with multicomponent BBUs 
and complex motifs.30–32 To further understand the chemi-
cal origins of inversion symmetry breaking in the NCS-
Cu/bpy/M structure, we utilized bpy’s derivatives with me-
thyl-substituents, dmbpy (dmbpy = 4,4’/5,5’-dimethyl-2,2’-
bipyridine) ligands, to perturb the coordination environ-
ment of the enantiomers and synthesized five new com-
pounds with equimolar Δ/Λ- Cu(dmbpy)2(H2O)2+ cations 
and MF6

2−
 anions. We created a series of structural de-

scriptors to compare the structures and analyze intermo-
lecular interactions of the reported NCS and newly synthe-
sized CS compounds. Through a detailed structural analy-
sis, parallel heterochiral π–π interactions are identified as 

the key factor in the formation of the inversion center be-
tween the adjacent Cu enantiomers, providing insights for 
the rational design of new NCS racemic materials. 

 

Methods 

Caution: Hydrofluoric acid (HF) is toxic and corro-

sive! HF must be handled with extreme caution and 

with the appropriate protective gear. 

Materials 

TiO2 (Aldrich, 99.9+%), ZrO2 (Alfa Aesar, 99.978%), 
HfO2 (Aldrich, 98%), CuO (SigmaAldrich, ≥99.0%), 5,5′ -
Dimethyl-2,2′ -dipyridyl (Fisher Scientific, ≥98.0%), 4,4′ -
Dimethyl-2,2′ -dipyridyl (SigmaAldrich, 99%), HF(aq) 
(Sigma-Aldrich, 48% wt. in H2O, ≥99.99+% trace metals 
basis) were used as received. Reagent amounts of deion-
ized water were used. 

 Hydrothermal Synthesis 

The compounds reported here were synthesized via the 
hydrothermal pouch method.33 In each reaction, reagents 
were heat-sealed in Teflon pouches. Groups of six pouches 
were then placed into a 125 mL Parr autoclave with 40 mL 
deionized water as backfill. The autoclave was heated at a 
rate of 5 ˚C/min to 150 ˚C and held at 150 ˚C for 24 h. The 
autoclaves were allowed to cool to room temperature at a 
rate of 6 ˚C/h. Solid products were recovered by vacuum 
filtration. 

Compound 1, [Cu(5dmbpy)2(H2O)][TiF6]·H2O was syn-
thesized in a pouch containing 0.4195 mmol CuO, 0.4195 
mmol TiO2, 0.835 mmol 5dmbpy, 0.05 mL (1.38 mmol) 
HF(aq), and 0.2 mL (11 mmol) H2O. Greenish blue crystals 
(compound 1) were recovered by vacuum filtration with 
other unknown phases. 

Compound 2, [Cu(5dmbpy)2(H2O)][ZrF6]·1.5H2O was 
synthesized in a pouch containing 0.4195 mmol CuO, 
0.4195 mmol ZrO2, 0.835 mmol 5dmbpy, 0.15 mL (4.14 
mmol) HF(aq), and 0.1 mL (5.5 mmol) H2O. Greenish blue 
crystals (compound 2) were recovered by vacuum filtration 
with a small amount of other unknown phases. 

Compound 3, [Cu(5dmbpy)2(H2O)][HfF6]·1.09H2O was 
synthesized in a pouch containing 0.4195 mmol CuO, 
0.4195 mmol HfO2, 0.835 mmol 5dmbpy, 0.15 mL (4.14 
mmol) HF(aq), and 0.1 mL (5.5 mmol) H2O. Greenish blue 
crystals (compound 3) were recovered by vacuum filtration 
with a small amount of other unknown phases. 

Compound 4, [Cu(4dmbpy)2(H2O)][ZrF6]·2.5H2O was 
synthesized in a pouch containing 0.4195 mmol CuO, 
0.4195 mmol ZrO2, 0.835 mmol 4dmbpy, 0.15 mL (4.14 
mmol) HF(aq), and 0.1 mL (5.5 mmol) H2O. Blue crystals 
(compound 4) were recovered by vacuum filtration with 
other unknown phases. 

Compound 5, [Cu(4dmbpy)2(H2O)][HfF6]·1.09H2O was 
synthesized in a pouch containing 0.4195 mmol CuO, 
0.4195 mmol HfO2, 0.835 mmol 5dmbpy, 0.15 mL (4.14 
mmol) HF(aq), and 0.1 mL (5.5 mmol) H2O. Blue crystals 

Figure 1. A road map for NCS racemates. The yellow and 
purple swirls represent enantiomers with the opposite hand-
edness and the arrows represent the symmetry elements 
that relates the chiral BBUs. 



 

(compound 5) were recovered by vacuum filtration with a 
small amount of other unknown phases. 

 Single-Crystal X -ray Diffraction 

A suitable single crystal was mounted on a glass fiber 
with paratone oil and the intensity data of the single crystal 
were collected at 100 K on an XtaLAB Synergy diffractom-
eter equipped with a micro-focus sealed X-ray tube Pho-
tonJet (Mo) X-ray source and a Hybrid Pixel Array Detector 
(HyPix) detector. Temperature of the crystal was con-
trolled with an Oxford Cryosystems low-temperature de-
vice. Data reduction was performed with the CrysAlisPro 
software using an numerical absorption correction.34 The 
structure was solved with the ShelXT,35 using Intrinsic 
Phasing as implemented in Olex2.36 The model was refined 
with ShelXL using least squares minimization. The struc-
tures were checked for missing symmetry with PLATON.37 

Structural Descriptors  

In order to quantify the intermolecular interactions be-
tween the ligands in the Cu complexes, we have introduced 
the following descriptors adopted from a published work 
by Petrović et al.38 The stacking interactions between the 
adjacent bpy ligands can appear between C5N-aromatic 
rings and are described with distances dPP, R and rmm, (Fig-
ure 2a) and torsion angles T1 (Figure 2b) and T2 (Figure 2c). 
The three distances represent the displacements of the in-
teracting ligands from the three directions. Distance dPP is 
the shortest distance between centroids of two pyridine 
fragments (ΩP1 and ΩP2) from the adjacent interacting lig-
ands. Distance R is the distance from the centroid of ligand 
of the second complex (ΩB2) to the average plane including 
the interacting ligand of the first complex (ΠB1). Distance 
rmm is the distance from the metal ion of the first complex 
(M1) to the projection of the metal ion of the second com-
plex onto ΠB1 (M2’). Torsion angle T1 represents the relative 
direction of the interacting ligands. Torsion angle T1 is de-
fined as the M1−ΩC1−ΩC2−M2 angle, and ΩC1 and ΩC2 are de-
fined as the centroids of the chelate rings from the first and 
second complexes, respectively. When T1 falls between 0˚ 
and 90˚, the two interacting ligands tend to head in the 
same direction and are head-to-head oriented. Otherwise, 
when T1 falls between 90˚ and 180˚, the two interacting lig-
ands tend to head in opposing directions and are head-to-
tail oriented. Torsion angle T2 represents the stacking ar-
rangements between the interacting ligands and is defined 
as the ΩP1−Ω P1’−Ω P2’−Ω P2 angle. If T2 is smaller than 90°, it 
indicates both C5N-aromatic rings from the ligands over-
lap, and conversely, if T2 is larger than 90°, it indicates only 
one C5N-aromatic rings from each ligand overlap. When T2 

is 0˚ or 180˚, the two ligands are aligned parallel, and their 
geometry corresponds to parallel packing. Otherwise, the 
two ligands are aligned with an angle and their geometry 
corresponds to nonparallel packing. 

To describe the arrangement of the Cu enantiomers in 
the racemic chains of the compounds discussed, we have 
developed two descriptors, RM and Φ parameters, for meas-
uring the offset of BBUs (Figure 2d). Distance RM is the nor-
mal distance from the Cu atom of the enantiomer with up 
orientation (M2) to the average plane including all the Cu 
atom of the enantiomer with down orientation (M1) in a 
certain racemic chain. The angle Φ is defined as 
M1−M2*−M1 where M2* is the projection of M2 onto the av-
erage plane of M1. The RM and Φ parameters present the 
offset of the racemates perpendicular to and along the 
chain direction. 

 

Results 

Structure Descriptions 

In order to investigate how steric effects influence race-
mates’ crystal packing, we introduced methyl groups on 
2,2′ -bipyridyl ligands and examined two distinct substitu-
ent positions where one is on the 5,5’-position while the 
other is on the 4,4’-position. By exploring the synthesis of 
CuO, MO2 / dmbpy / HF(aq) (M = Ti, Zr, Hf; dmbpy = 4,4′ -
dimethyl-2,2′ -dipyridyl, 5,5′ -dimethyl-2,2′ -dipyridyl), we 

Figure 2. Illustration of descriptors (a) distance dPP (left), R 
(middle) and rmm (right), torsion angles (b) T1 and (c) T2. (d) 
The illustration of descriptors distance RM (up) and angle Φ 
(down). The examples are taken from the reported compound 
[Cu(H2O)(bpy)2]2[TiF6]∙2H2O. 



 

discovered three compounds based on racemic combina-
tions of ∆/Λ-Cu(5dmpy)2(H2O)2+ cations and MF6

2− anions 
(namely compounds 1, 2 and 3) and two compounds based 
on combinations of chiral ∆/Λ-Cu(4dmpy)2(H2O)2+ cations 
and MF6

2− anions (namely compounds 4 and 5). The crys-
tallographic information is summarized in Tables S1-2. 

 Compound 1 has the formula 
[Cu(5dmbpy)2(H2O)]2[TiF6]2·2H2O and crystallizes in the 
space group P1̅. The asymmetric unit of 1 contains two chi-
ral Cu(5dmbpy)2(H2O)2+ cations with the same handedness 

but different orientations, two positionally disordered 
TiF6

2− anions and two free water molecules with one being 
positionally disordered. The Cu enantiomers with the op-
posite handedness (Λu/∆d and Λd/∆u) are generated by an 
inversion center and the two sets of racemic ∆/Λ-
Cu(5dmbpy)2(H2O)2+ cations display C2 symmetry. The an-
gle between the copper atom and centroids of the two lig-
ands in the cations are slightly different between the two 
sets, with one being 141.01˚ and the other being 137.15˚ (Fig-
ure S1). To examine the geometry of the cations, the τ5 pa-

rameter (τ5 =
𝛽−𝛼

60˚
) was used where β and α represent the  

largest and second largest bond angles.39 The value of τ5 
parameter indicates the shape of the five-vertex polyhe-
dron formed by the molecule; when τ5 = 0, the shape is a  
square pyramid, while τ5 = 1 indicates a triangular bipyra-
mid. For the Cu cations in 1, τ5 values are 0.90/0.87, indi-
cating that the shapes of the cations are close to triangular 
bipyramidal. Two racemic chains are formed via heterochi-
ral π-π stacking interactions between Cu enantiomers with 
the opposite handedness and run along the c axis with the 
arrangements of Λd–∆u–Λd–∆u and Λu–∆d–Λu–∆d (u = 
up and d = down describe the orientation of these cations 
along the b* direction). Then, the chains are extended into 
layers by altering the arrangements and stacking Cu enan-
tiomers with the same handedness via homochiral π-π 
stacking interactions (Figure 3a). The TiF6

2− anions are in 
the voids created within layers of homochiral enantiomers, 
forming hydrogen bonds with the bound water on the cat-
ions. Each TiF6

2− anion participates in hydrogen bonding 
with ligated water on two Cu enantiomers of same hand-
edness, and as a result, Ti―F bond lengths vary from 
1.831(2) to 1.908(3) Å. The differences in bond lengths lead 
to a small out of center distortion in the TiF6

2− octahedron 
but the overall centrosymmetry of the crystal cancels the 
polar moment between TiF6

2− anions. Finally, the layers 
stack in three dimensions in an eclipsed manner through a 
weaving-shape intermolecular hydrogen bond network be-
tween the TiF6

2− anions and free waters (Figure 3b). 

Figure 3. (a) Racemic layer of 1 view against c axis. (b) Crystal 
structure of 1 view against c axis (this view is produced from 
Figure 3a by 90˚ rotation around horizontal direction). Or-
ange, blue, red, grey, and white spheres represent Cu, N, O, 
C, and H atoms, respectively. Yellow, orange, and pink poly-
hedra represent Cu-centered cations with Λ- and Δ- configu-
rations and Ti-centered anions, respectively. The orange 
dashed line represent hydrogen bonds. 



 

Compound 2 has the formula 
[Cu(5dmbpy)2(H2O)]2[ZrF6]2·2.5H2O and crystallizes in the 

space group P1̅. Similar to 1, the asymmetric unit of 2 also 
contains two Cu(5dmbpy)2(H2O)2+ cations with the same 
handedness but different orientations, two ZrF6

2− anions 
and three free water molecules; all the anions and the free 
water molecules are positionally ordered in 2. The Cu cati-
ons in 2 also appear with C2 symmetry with the angles be-
tween the Cu atom and the centroids of ligands being 
150.90˚ and 145.26˚ (Figure S2). The calculated τ5 values are 
0.83 and 0.80 for each independent Cu cations in 2, indi-
cating a triangular bipyramidal geometry for both. The 
ZrF6

2− anions connect to the free water and the bound wa-
ter of Cu cations through hydrogen bonding, giving rise to 
a slightly distorted octahedra with Zr―F bond lengths var-
ying from 1.9887(13) to 2.0235(12) Å. The overall dipole mo-
ment of the anions is counteracted by the centrosymmetry 
of the crystal. The layer packing pattern of 2 is comparable 
to 1. Cu enantiomers with the opposite handedness arrange 
in Λd–∆u–Λd–∆u and Λu–∆d–Λu–∆d chains (u = up and d 
= down describe the orientation of these cations along the 
b direction) along c axis via heterochiral π-π stacking inter-
actions and  the chains pack into layers along the b axis via 
homochiral π-π stacking (Figure 4a). The disparity be-
tween 1 and 2 is the interlayer stacking. In 2, a different 
waving-shape hydrogen bonding network leads to an inter-
layer architecture in a staggered manner rather than an 
eclipsed manner along the a axis (Figure 4b). 

 Compound 3 has the formula 
[Cu(5dmbpy)2(H2O)]2[HfF6]2·2.1H2O and is isostructural to 
2 except for slightly different free water positions and oc-
cupancies. The angles between the Cu atom and the cen-
troids of the ligands are 149.19/145.13˚ and τ5 values for the 
Cu complexes are 0.83/0.84 in 3. The anions are minorly 
distorted and Hf―F bond lengths vary from 1.970(3) to 
2.019(3) Å. 

Compound 4 has the formula 
[Cu(4dmbpy)2(H2O)]2[ZrF6]2·7H2O and crystallizes in the 

space group P21/c. Similar to the aforementioned com-
pounds, the asymmetric unit of 4 contains two 
Cu(4dmbpy)2(H2O)2+ cations with same handedness but 
different orientations, two unique ZrF6

2- anions and five 
free water molecules. However, the symmetry of the Cu 
cations is reduced to C1 owing to the large tilt of the apical 
bound water ligand. Similar symmetry reduction in five-
coordinated Cu complexes were also reported in com-
pounds with Cu(phen)2(H2O)2+ cations and Cu(phen)2MF6 
(phen = 1,10-phenanthroline; M = Zr, Hf) molecules.40,41 In 
addition, the angle between the Cu atom and centroids of 
the ligands are quite different between the two unique cat-
ions, with Cation 1 being 151.41˚ and Cation 2 being 169.82˚ 
(Figure 5a). Notably, the angle in Cation 2 is distinctly 
larger than the rest of cations in this study. The τ5 values of 
Cu cations in 4 are 0.55/0.46, indicating that the shape of 
the cations is largely distorted and cannot be described as 

 

Figure 5. (a) Representation of the two Δ-Cu(4dmbpy)2(H2O)2+ enantiomers in the asymmetric unit of 4. Hydrogen atoms 
are omitted. (b) The racemic layer of 4 view along the b axis. (c) Crystal structure of 4 view along the a axis. Orange, blue, 
red, grey, and white spheres represent Cu, N, O, C, and H atoms, respectively. Yellow, orange, and green polyhedra rep-
resent Cu-centered cations with Λ- and Δ- configuration and Zr-centered anions, respectively. The orange dashed line 
represents hydrogen bonds. 

 

Figure 4. (a) Racemic layer of compound 2 in the bc plane. 
(b) Crystal structure of compound 2 view along the b axis. Or-
ange, blue, red, grey, and white spheres represent Cu, N, O, 
C, and H atoms, respectively. Yellow, orange, and green pol-
yhedra represent Cu-centered cations with Λ- and Δ- config-
uration and Zr-centered anions, respectively. The orange 
dashed line represents hydrogen bonds. 



 

either a triangular bipyramid or a square pyramid. Inter-
estingly, the second largest angle β is O1–Cu1–N3 for Cation 
1 while it is N6–Cu2–N8 for Cation 2, suggesting that the 
bound water in Cation 1 is more tilted. Nevertheless, the 
distortion in the cations does not pose a large influence on 
the enantiomer stacking, and the Cu enantiomers still pack 
into Λd–∆u–Λd–∆u and Λu–∆d–Λu–∆d chains along the c 
axis (u = up and d = down describe the orientation of these 
cations along the a direction) via heterochiral π-π stacking 
interactions and extend into layers via homochiral π-π 
stacking interactions. Moreover, the pair of enantiomers 
with opposite handedness (Λu/∆d and Λd/∆u) are still re-
lated by an inversion center along the chain. The distortion 
in the cations leads to a tilt on the chain stacking, giving 
the β angle a value of 96.078(2)˚ (

 

Figure 5b). Different from compound 1, 2 and 3, the two 
unique anions in 4 are not evenly distributed on the sides 
of the layers. In 4, Anion 1 occupies the voids created by the 
adjacent racemic chains within the layer while Anion 2 is 
positioned between the layers. The uneven distribution of 
anion complicates the hydrogen bonding network wherein 
both anions form hydrogen bonds with Cation 1 but only 
Anion 1 forms hydrogen bonds with Cation 2. Despite the 
different hydrogen bonding schemes, the ZrF6

2- octahedra 
are similar to those in 2, with Zr―F bond lengths ranging 
from 1.972(2) to 2.0345(19) Å. The layers stack into three 
dimensions in an eclipsed manner through a linear inter-
molecular hydrogen bond network, where the free water 
molecules between the layers only form hydrogen bond 
with Anion 2 (

 

Figure 5c). 

Compound 5 has the formula 
[Cu(4dmbpy)2(H2O)]2[HfF6]2·7H2O and is isostructural to 
compound 4. The cations in 5 are also distorted and tilted 
with the angle between the Cu atom and centroids of the 
ligands being 151.4/169.84˚ and τ5 values being 0.55/0.47. 
The Hf―F bond lengths vary from 1.9668(19) to 2.0262(18) 
Å. 

Structural Descriptors for π–π Interactions 

Single crystal X-ray diffraction reveals three new struc-
ture types in compounds 1-5. Unlike the reported NCS-
Cu/bpy/M structure, all compounds in this work crystalize 
in CS space groups, even though they share similar packing 
motifs. To understand the nuance of packing patterns, we 
investigate the π–π stacking interactions between the adja-
cent Cu enantiomers in the reported NCS compounds and 
compounds 1-5 using the descriptors defined in the Meth-
ods section. The five descriptors, dPP, R, rmm, T1, and T2, de-
pict the geometry of π–π stacking interactions between en-
antiomers in different aspects. The dPP and R parameters 
describe the direct and normal distance between the inter-
acting aromatic rings, respectively, while the rmm parame-
ter indicates the overlaps between the chelate–chelate 
stacking interactions. The two torsion angles, T1, and T2, 

Figure 6. Summary of (a) dPP, rmm, (b) T1, and T2 parame-
ters for heterochiral π–π stacking interactions in the reported 
NCS compounds and compounds 1-5. The pink, green and 
purple squares and circles are eclipsed in (b). 



 

determine the orientation of the chelate rings and the rel-
ative direction of the interacting aromatic rings, respec-
tively. A T1 angle smaller than 90° corresponds to a head-
to-head orientation, while a T1 angle larger than 90° corre-
sponds to a head-to-tail orientation. The absolute value of 
|T2| suggests the deviation between the direction of the in-
teracting ligands.  

The resulting descriptor values are provided in Table S3-
5 and both heterochiral (along the chain direction) and ho-
mochiral (against the chain direction) π–π stacking inter-
actions are examined. For each NCS-Cu/bpy/M com-
pound, two unique heterochiral and two unique homochi-
ral π–π stacking interactions are found. For each CS com-
pound, four unique heterochiral and two unique homochi-
ral π–π stacking interactions are found. Among the meas-
ured heterochiral π–π stacking interactions, the values of 
the R parameter vary little across different compounds and 
are all in a range of 3.221-3.725 Å, suggesting that the nor-
mal distance between the interacting aromatic rings does 
not change significantly between the NCS and CS com-
pounds. In compounds 4 and 5, dPP and rmm are around to 
6.1 and 10.6 Å, respectively, which are significantly larger 
than the values in the rest of other compounds (Figure 6a). 
The deviation is due to the low symmetry and large distor-
tion of the Cu(4dmbpy)2(H2O)2+ complex, leading to an un-
even spacing between the Cu enantiomers in the chain, as 
every other Cu enantiomer is closer to one neighbor and 
further away from the other (Figure S3). Interestingly, the 
extreme dPP and rmm values are only found in the racemic 
chains containing Cation 2 and it might be influenced by 
other secondary molecular forces such as hydrogen bond-
ing. Among the measured homochiral π–π stacking inter-
actions, the values of the R, dPP, and rmm parameters are in 
a range of 3.348-4.074, 3.815-4.453, and 2.188-4.206 Å with 
no distinct outlier.  

The values of the T1 and T2 parameters found in the het-
erochiral π–π stacking interactions are in the range of 165-
180˚ and 0-10˚, respectively, suggesting that the chelate 
rings are in a head-to-tail orientation and both aromatic 
rings overlap along the chain (Figure 6b). Notably, the val-
ues of the T1 and T2 parameters are exactly 180˚ and 0˚ for 
all the CS compounds 1-5 while they vary in between 165.95 
to 172.27˚ in the NCS-Cu/bpy/M compounds. This fact 
manifests a distinct nuance of the comparable packing pat-
terns between CS and NCS compounds, in which the het-
erochiral π–π interactions are parallel between the adja-
cent pair of enantiomers with opposite handedness in the 
CS structures but are nonparallel in the NCS structure. For 
the homochiral π–π stacking interactions, the T1 parame-
ters and the T2 parameters are in the range of 0.17-28.43˚ 
and of 3.01-19.55˚, suggesting a head-to-head and nonparal-
lel orientation. No obvious trend is found in the homochi-
ral π–π stacking interactions. 

Structural Descriptors for Racemic Chain Arrange-

ment 

To probe the nuance of chain arrangements between the 
NCS and CS compounds, we utilized the RM and Φ de-
scriptors and the results are summarized in Table S6-8. 
The RM parameter describes the normal distance between 

the enantiomers with opposite handedness along the 
chains and the Φ parameter depicts the offset degree of the 
racemic chains. Regardless of the space group the com-
pound crystallizes in, the chain of each structure features 
a zigzag pattern. The results of the RM parameters give sim-
ilar values in most of the compounds and the outlier ap-
pears in one of the chains compounds 4 and 5 (Figure S3). 
The large RM values in this chain can be rationalized by the 
flat geometry of Cation 2, giving a distinct offset in the 
packing of the enantiomers. The results of the Φ parame-
ters gives values ranging from 151.40 to 178.10˚. It indicates 
the enantiomers in the chains are fluctuating in different 
levels. The chains that have the largest Φ parameters with 
a nearly linear shape is the chains containing Cu1 in com-
pounds 2 and 3. There is no clear trend to distinguish NCS 
and CS compounds based on the chain arrangement. 



 

Discussion 

Nonparallel π–π Interactions Break Local Inversion 

Symmetry between Racemates. 

The analysis of structural descriptors for π–π interac-
tions highlights a clear distinction between the NCS and 
CS racemic compounds, which is the stacking manner of 
racemic BBUs.  In the CS structures, the ligands of enanti-
omorphic pairs stack in parallel while in the NCS struc-
tures they stack in nonparallel conformations (Figure 7). 
Moreover, the inversion center appears exactly in the cen-
ter of the parallel heterochiral π–π interactions between 
the adjacent pair of enantiomers (eg: Δu-Cu1/Λd-Cu1) 
along the chain in the CS structures (Figure 7). Con-
trastingly, in the NCS structure, no symmetry element re-
lates to the adjacent pair of enantiomers (eg: Δu-Cu2/Λd-
Cu1) along the chain owing to the nonparallel heterochiral 
π–π stacking, and the enantiomers with opposite handed-
ness (eg: Δd-Cu1/Λd-Cu1) are related by an n glide plane 
across the chains (Figure 7). The parallel heterochiral π–π 
stacking interactions in compounds 1-5 can be explained 
by the steric effect of the methyl groups on the ligands, in 
that the bulk methyl groups favors parallel stacking to min-
imize free volume.19 Similar parallel heterochiral π–π pack-
ings were observed in racemic compounds with other me-
thyl-substituted ligands and the aromatic ligand 1,10-phe-
nanthroline, and an inversion center is always found be-

tween the racemates.40,42,43 As a result, although the asym-
metric unit of the discussed compounds contain equiva-
lent BBUs, the BBUs are related by different symmetry ele-
ments, resulting in different extended structures. The ra-
cemic chains display a similar pattern but have different 
compositions between NCS and CS structures. In the NCS 
structure, two unique racemic BBUs are running along the 
chain, eg: Δu-Cu2―Λd-Cu1―Δu-Cu2―Λd-Cu1, but in the 
CS structures, the chain only contain one unique BBU, eg: 
Δu-Cu1―Λd-Cu1―Δu-Cu1―Λd-Cu1 (Figure 7). 

While the current study details that parallel stacking in-
teractions lead to a centrosymmetric arrangement of race-
mic motifs, and that nonparallel stacking interactions 
leads to a noncentrosymmetric arrangement of racemic 
motifs, it cannot be said that the occurrence of parallel or 
nonparallel stacking interactions defines the presence of 
an inversion center. It has yet to be observed by the authors 
if there are instances of parallel heterochiral π-π stacking 
interactions in NCS racemates—though in the case of the 
compounds this work, the nonparallel stacking interac-
tions are necessary for inversion symmetry breaking. Fur-
thermore, while in the CS compounds with parallel stack-
ing interactions the inversion center was found between 
the enantiomorphic pair within the chain, this is not the 
only location that an inversion center can be located within 
the structure, or the only way the enantiomorphic pair can 
be related to one another.  

Figure 7. Parallel and nonparallel heterochiral π–π stacking interactions in NCS and CS compounds. The T2 descriptor 
(top) and symmetry operations related the enantiomers with opposite handedness (bottom) are labeled. The pink circles 
and blue plane/arrow represent the inversion center and n glide, respectively.   



 

Hydrogen Bonding Network Leads to Different Inter-

layer Structures.  

Apart from the π–π stacking interactions, hydrogen 
bonding also plays a very important role in constructing 
the racemic structure, especially in the interlayer stacking. 
We analyzed the hydrogen bonding interactions across the 
discussed compounds and found that the geometry of the 
Cu enantiomer is strongly related to the local hydrogen 
bonding network. As shown in Figure S4, because of differ-
ent distributions of free water, the MF6

2− octahedra dis-
plays slightly different orientations across the NCS com-
pounds and compounds 1-3. It gives rise to a slight offset in 
the relative positions of the Cu enantiomers across the 
chain and a small tilt on the chain packing.  The deviated 
hydrogen bonding network in compounds 4-5 derives from 
the unique voids created by the 4dmbpy ligands, which 
lead to the uneven distribution of the anions (Figure S5). 

The asymmetric anion distribution induces the large dis-
tortion of the Cu(4dmbpy)2(H2O)2+ cations and thereby re-
duces the symmetry of the cations to C1. The unique anions 
arrangements and linear hydrogen bonding network ex-
clude an inversion center between the layers and the adja-
cent layers are related by a glide plane and screw axis in 
compounds 4-5. While in compounds 1-3, evenly distrib-
uted anion arrangements and intricate hydrogen bonding 
networks produce inversion symmetry between the layers 
(Figure 8). Note that although NCS compounds and com-
pounds 1-3 present similarities in the anion arrangements 
and hydrogen bonding networks, the methyl group in 
compounds 1-3 enables a larger void and increased inter-
layer distance for the anions to align in a preferred orien-
tation that minimizes the net dipole moment, so that the 
layers are packed through an inversion center other than a 
screw axis in NCS compounds (Figure 8). 

Figure 8. The interlayer architectures in the discussed compounds. Orange dash line represents hydrogen bonding. The 
blue, pink, and purple labels represent glide plane, inversion center, and screw axis, respectively. 



 

 

Conclusion 

In summary, we synthesized five new CS racemic com-
pounds with dmbpy ligands and structurally analyzed their 
intermolecular forces in comparison to previously reported 
NCS racemic compounds. The structural descriptors have 
demonstrated that all CS compounds display parallel het-
erochiral π–π interactions between the adjacent enantio-
mers despite the difference in interlayer architecture, hy-
drogen bonding network, and cation geometry. In con-
trast, all heterochiral π–π interactions in the NCS com-
pounds are nonparallel, which breaks the inversion center 
between the adjacent enantiomers. The parallel heterochi-
ral π–π stacking in the compounds with dmbpy ligands can 
be explained by steric effects from the methyl group. Alto-
gether, we demonstrate that nonparallel packing of ligands 
plays a very important role in breaking inversion symmetry 
between enantiomers and racemic BBUs which favor non-
parallel packing have great potential to form NCS race-
mates.  

Further, through the structural analysis of the five newly 
synthesized compounds and the comparison of these to 
the related NCS phases, common symmetry elements re-
lating enantiomorphic pairs and their resulting space 
groups (Figure 1) have been identified. Ongoing work is fo-
cused on a comprehensive computational search for race-
mates in the NCS achiral crystal classes. Through this, we 
aim to unlock more secrets behind inversion symmetry 
breaking in racemates, which will provide further synthetic 
guides, such as desirable racemic BBUs, to target racemic 
materials with superior NCS properties. This goal aligns 
well with that outlined by A. F. Wells almost 70 years ago 
in 1956, “to encourage the reader to think ‘in three dimen-
sions’ so that he will come to regard the formation of three-
dimensional arrangements of atoms in crystals as the logi-
cal results of the same processes that lead to the more famil-
iar finite groups of atoms of ordinary chemical experience.”44 
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