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ABSTRACT: The synthesis and characterization of three new hybrid metal halide hydrates in which mer-[CrIIICl3(H2O)3]0 co-crys-

talizes alongside α-methylbenzylammonium chloride are described. The enantiomorphic crystals, ((R)-(+)-α-methylbenzylammo-

nium)2(mer-[CrCl3(H2O)3])Cl2 ((R)-1) and ((S)-(–)-α-methylbenzylammonium)2(mer-[CrCl3(H2O)3])Cl2 ((S)-1), have C2221 space 

group symmetry and show mirrored circular dichroism signals. The racemate, (rac-α-methylbenzylammonium)2(mer-

[CrCl3(H2O)3])Cl2 ((rac)-1), adopts a polar structure with Cm space group symmetry in which enantiomers are related by mirror 

planes within organic bilayers. Alongside detailed crystallography and magnetism of each compound, the optical properties of the 

mer-[CrIIICl3(H2O)3]0 unit are revisited. Understanding the intermolecular forces that stabilize each of these crystal structures lends 

insight into crystal engineering methodologies for stabilizing non-centrosymmetric hybrid metal halides. 

Introduction 

Non-centrosymmetric (NSC) crystals, those lacking inversion 

symmetry, are sought after in many fields for their unique proper-

ties such as second-harmonic generation1, piezoelectricity2, circu-

lar dichroism3 or pyroelectricity4 The crystal class symmetry re-

quirements for each of these properties was discussed thoroughly 

by Ok et al.5 There are 21 NCS crystal classes, 11 of which are 

chiral (1, 2, 3, 4, 6, 222, 422, 622, 32, 432, 23) meaning they pos-

sess a handedness, and 10 of which are polar (1, 2, 3, 4, 6, m, 

mm2, 4mm, 6mm, 3m) meaning they possess a polar axis. The 

compounds reported in this work have the crystal class of either 

222 (NCS and chiral, but not polar) or m (NCS and polar, but not 

chiral). 

Hybrid metal halides are attractive compounds for achieving the 

symmetries required for these NCS materials properties because 

of their low-temperature, solution processibility6 as well as varia-

bility in their composition and structure.7 There is a particular in-

terest in incorporating enantiomerically-pure chiral molecules into 

metal halide structures to template chirality into the metal halide 

fragments and force the structure into an NCS, chiral crystal 

class.8  This strategy requires the use of enantiomerically-pure 

chiral molecules, purification that can add cost or time to the syn-

thetic process. The stabilization of NCS crystals with non-chiral 

molecules or even racemic mixtures of chiral molecules would be 

attractive and is an active field of crystal engineering. For more 

details the interested reader can find a thorough discussion of the 

crystal classes of achiral NCS racemates in Wang, et al.9 A key 

takeaway point is that in achiral NCS racemates when enantio-

mers are related by mirror planes or glide planes the crystal adopts 

a polar structure (point group: m, mm2, 4mm, 6mm, or 3m). 

In this work we set out to investigate the crystal symmetries of 

hybrid chromium(III) chlorides containing the chiral molecule 

(R/S)-α-methylbenzylammonium, which has been shown to tem-

plate chirality in many different hybrid metal halide structures.10,11 

The compounds that are the subject of this study are enantiomor-

phic crystals, ((R)-(+)-α-methylbenzylammonium)2(mer-

[CrIIICl3(H2O)3])Cl2 ((R)-1) and ((S)-(–)-α-methylbenzylammo-

nium)2(mer-[CrIIICl3(H2O)3])Cl2 ((S)-1) as well as the racemic 

crystal (rac-α-methylbenzylammonium)2(mer-

[CrIIICl3(H2O)3])Cl2 ((rac)-1). These compounds can be thought 

of as a co-crystal between mer-[CrIIICl3(H2O)3]0 and α-methylben-

zylammonium chloride. (R)-1, (S)-1, and (rac)-1 belong to a 

group of hybrid metal halide hydrates with the general formula 

A2(mer-[MIIIX3(H2O)3])X2  or A’(mer-[MIIIX3(H2O)3])X2,  where 

A is a protonated amine, A’ is molecule with two protonated 

amines groups, M is a metal with a +3 oxidation state, and X– is a 

halide. We were unable to find structures containing molecules 

with a single protonated amine group, however, two compounds 

with the general formula A’(mer-[FeIIICl3(H2O)3])Cl2 were found 

in the Cambridge Structural Database (April 2024).12,13 

This work discusses in detail the covalent bonding in the mer-

[CrCl3(H2O)3]0 complexes and the non-covalent interactions (dis-

persion forces and hydrogen bonding) that stabilize the structures 

through single crystal X-ray diffraction studies. We studied the 

optical and magnetic properties of each compound as well as their 

thermal stability. Our discussion on the packing of chiral mole-

cules containing aromatic rings aims to provide a crystal engineer-

ing strategy for the stabilization of polar, achiral racemates. 

 

Experimental Section 

The following reagents were purchased and used as received: (R)-

(+)-α-methylbenzylamine (ChiPros®, produced by BASF, 

≥99.0%), (S)-(–)-α-methylbenzylamine (ChiPros®, produced by 

BASF, ≥99.0%), CrCl3·6 H2O (Aldrich, purum p.a., ≥98% (RT)), 

and HCl (Fisher Scientific, 37%, aq). 

Single crystals of (R)-1, (S)-1, and (rac)-1 were similarly grown 

by the solvent evaporation method in a corrosion resistant chemi-

cal hood. For example, take the synthesis of (R)-1. First, CrCl3·6 

H2O (1.58 mmol, 421.9 mg) and 4.0 mL of 12.1 M HCl (aq.) were 

added to a 20 mL glass vial. Next, (R)-(+)-α-methylbenzylamine 

(3.17 mmol, 0.403 mL) was slowly added to the above solution, 

generating white smoke in the neutralization process. The solution 

was stirred on a hot plate at 100 °C until all solids were dissolved 

then the stir bar was removed. The solution in the vial was then 

left on the hot plate at 100 °C without a lid for approximately 10 h 

to concentrate the solution and initiate crystallization. Small green 

block crystals were isolated from the mother liquor for single-

crystal X-ray diffraction studies. The remaining crystals were put 

in a drying oven at 80 °C for 0.5 h to remove excess solvent then 

using an agate mortar and pestle were ground into a light green 

powder for bulk sample analysis. Yields for all three compounds 

were quantitative. Caution: Volatilization of concentrated hydro-

chloric acid solutions can be dangerous; exposure may cause se-

vere skin burns, eye damage, and respiratory irritation. Be sure to 

implement engineering controls (performing in a chemical hood), 

wear proper PPE, and minimize the amount of acid volatized. Full 

synthetic details for all three compounds can be found in the Sup-

porting Information.  
Single-crystal X-ray diffraction (SCXRD) studies were conducted 

on a Bruker D8 Venture Diffractometer-Mo-TXS equipped with a 

Bruker PHOTON III detector and a molybdenum rotating anode 

source (λ = 0.71073 Å) operating at 50 kV and 50 mA. Crystal 

temperatures during data collection were controlled using an Ox-

ford Cryosystems Cryostream. Data were integrated using the 

SAINT software program14 and scaled using the SADABS soft-

ware program.15 Crystal structures were solved by intrinsic 
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phasing using SHELXT.16 Non-hydrogen atoms were first refined 

isotropically followed by anisotropic refinement by full matrix 

least-squares calculations based on R2 using ShelXL.17 Hydrogen 

atoms were first located in the difference map then positioned ge-

ometrically and allowed to ride on their respective parent atoms. 

Powder X-ray diffraction (PXRD) data were collected using a 

Bruker D8 Advance diffractometer (40 kV, 40 mA; sealed Cu X-

ray tube) equipped with a Johansson-type quartz monochromator 

and a Lynx Eye XE-T position-sensitive detector. PXRD refine-

ments were performed using the Topas-Academic (ver. 6) soft-

ware package.18 Crystal structures were visualized with the 

VESTA (ver. 3) software program.19 

UV-visible diffuse reflectance spectroscopy (DRS) data were col-

lected from 250–850 nm with a PerkinElmer Lambda 950 spec-

trometer equipped with a 60 mm InGaAs integration sphere. The 

spectrometer was calibrated by using a Labsphere Certified Re-

flectance Standard. DRS data were converted to absorbance using 

the Kubelka-Munk transform. Absorbance peaks were fit in 

OriginPro 9 (Academic) using three Gaussian peaks.20  Photolu-

minescence emission data were collected on powders with a 

Horiba Fluorolog-3 (Xenon source, 2 nm excitation and emission 

slit widths, 0.125 nm step size, 0.2 s integration time) equipped 

with a solids sample holder. Circular dichroism (CD) measure-

ments of powdered samples were collected from 250-850 nm with 

a Jasco J-815 CD spectrometer in the reflection geometry. DC 

magnetic susceptibility measurements were measured using a 

Quantum Design Magnetic Property Measurement System 

(MPMS) SQUID magnetometer. Powdered samples of approxi-

mately 55 mg were encapsulated in gel capsules, which were in-

serted into the center of a plastic straw and then mounted in the 

magnetometer. Data were collected between 2 K and 300 K under 

both zero-field-cooled (ZFC) and field-cooled (FC) conditions 

with an applied field of 1000 Oe. Thermal gravimetric analysis 

(TGA) measurements were performed on a TA Instruments TGA 

550 in platinum pans. Samples were heated from ambient temper-

ature to 690 K at a rate of 10 K/min under a nitrogen stream of 25 

mL/min. 

 

Results and Discussion 

Structure. The crystal structures of (R)-1, (S)-1, and (rac)-1 were 

determined at 100 K through SCXRD studies. Full details of the 

SCXRD studies can be found in the Supporting Information (Ta-

ble S1). PXRD studies of powders of each compound at room 

temperature reveal they maintain their 100 K crystal structures up 

to room temperature and are phase pure (Figure S1).  

The enantiomorphs, (R)-1 and (S)-1, both have C2221 (#20) space 

group symmetry with similar sized unit cells of ~2400 Å3 (Table 

1). C2221 (#20) is a non-centrosymmetric space group which is 

chiral and non-polar. Each enantiomorph can be thought of as a 

co-crystal between mer-[CrCl3(H2O)3]0 and the corresponding en-

antiomer of α-methylbenzylammonium (α-MBzA) chloride. The 

crystal structures of (R)-1 and (S)-1 are nearly identical except for 

their handedness and therefore for simplicity only the structure of 

(R)-1 will be discussed here. The crystal structure of (S)-1 is de-

picted in the Supporting Information (Figure S2). 

 

Table 1. Crystal structure summaries of ((R)-(+)-α-MBzA)2(mer-

[CrCl3(H2O)3])Cl2 ((R)-1), ((S)-(–)-α-MBzA)2(mer-

[CrCl3(H2O)3])Cl2 ((S)-1), and (rac-α-MBzA)2(mer-

[CrCl3(H2O)3])Cl2 ((rac)-1). 

Composition (R)-1 (S)-1 (rac)-1 

Empirical         

formula 
C16H30Cl5CrN2O3 

Formula 

weight 

(g/mol) 

527.67 

Temperature 

(K) 
100 100 100 

Crystal        

system 

Orthorhom-

bic 
Orthorhombic Monoclinic 

Space group C2221 C2221 Cm 

a (Å) 7.3695(4) 7.3666(4) 7.3599(3) 

b (Å) 10.4283(4) 10.4278(5) 31.024(1) 

c (Å) 31.233(1) 31.225(1) 6.2449(2) 

α (°) 90 90 90 

β (°) 90 90 123.322(1) 

γ (°) 90 90 90 

V (Å3) 2400.3(2) 2398.7(2) 1191.51(8) 

Z 4 4 2 

Cr–Cl (trans 

to Cl) bond 

length (Å) 

2.3105(7) 2.3093(7) 2.3060(7) 

2.3105(7) 2.3093(7) 2.3060(7) 

Cr–Cl (trans 

to H2O) bond 

length (Å) 

2.3035(7) 2.3045(9) 2.3099(9) 

Cr–O (trans to 

H2O) bond 

length (Å) 

1.988(1) 1.989(1) 1.979(4) 

1.988(1) 1.989(1) 1.998(4) 

Cr–O (trans to 

Cl) bond 

length (Å) 

1.999(1) 2.001(3) 2.003(3) 

 

First we focus on the isolated mer-[CrCl3(H2O)3]0 pseudo-octahe-

dra which pack into layers separated by bilayers of organic mole-

cules (Figure 1). Cr–ligand bond distances for ligands trans to the 

same ligand type (i.e., Cl– trans to Cl–) are 1.988(1) Å for Cr–O 

bonds and 2.3105(7) Å for Cr–Cl bonds, consistent with prior 

studies.21,22 The H2O and Cl– ligands trans to one another have 

Cr–ligand bond lengths of 1.999(1) Å and 2.3035(7) Å, respec-

tively. The subtle shortening of the Cr–Cl bond and the lengthen-

ing of the Cr–O bond can be explained by the trans influence ef-

fect. Ligands trans to one another use the same orbitals on the 

metal for bonding, for σ-bonding interactions with Cr those would 

be the 3dz2 and 3dx2–y2 orbitals. Cl– is a stronger σ-donor than 

H2O, meaning the O of the H2O ligand cannot donate electrons to 

the metal as well. This weakens the σ-bonding interaction be-

tween Cr and H2O, leading to a longer Cr–O bond length. Within 

a given layer, mer-[CrCl3(H2O)3]0 pseudo-octahedra pack in a par-

allel direction with their dipoles along the [010] direction, how-

ever, in the adjacent layer the pseudo-octahedra pack in the exact 

opposite direction, with dipoles along [01̅0], canceling any net di-

pole moment.  
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Figure 1. Crystal structure of (R)-1 at 100 K along (a) the a-axis 

and (b) the b-axis. (c) Hydrogen bonding network in (R)-1. Cr-

centered pseudo-octahedra are blue. Chlorine, oxygen, nitrogen, 

carbon, and hydrogen are represented by green, red, blue, black, 

and white spheres, respectively. Thick black lines denote hydro-

gen bonds. 

 

Sitting above and below the void in each mer-[CrCl3(H2O)3]0 

layer are isolated Cl– anions which function as hydrogen bond ac-

ceptors with the three water molecules coordinating chromium 

(Figure 1c). O–H…Cl– hydrogen bond distances and angles range 

from 2.29(4) Å to 2.34(4) Å and from 158(4)° to 169(4)°, respec-

tively. Not only do these free Cl– anions help with charge balance, 

but they also help stabilize the mer-[CrCl3(H2O)3]0 isomer by sta-

bilizing the water ligands in the equatorial plane through hydro-

gen bonding interactions. 

Finally, the last component of the enantiomorphic structures is the 

α-methylbenzylammonium molecule. Like the isolated Cl– anions, 

the (R)-α-MBzA+ molecules sit above and below the voids in the 

mer-[CrCl3(H2O)3]0 layers, and are symmetry related to one an-

other by 2-fold rotation axes and 21 screw axes. (R)-α-MBzA+ 

molecules form organic bilayers between mer-[CrCl3(H2O)3]0 lay-

ers, packing with a herring-bone pattern stabilized by CH–π edge-

to-face interactions between aromatic rings across the bilayer 

(Figure 1b). The strength of the CH–π edge-to-face interaction is 

dictated by 1) the C–H…phenyl ring centroid distance and 2) the 

C–H…phenyl ring centroid angle. Shorter distances and angles 

closer to 180° are indicative of stronger interactions. In (R)-1, C–

H…phenyl ring centroid distances and angles are 2.918 Å and 

142.22°, respectively. C–H…phenyl ring centroid distances and 

angles for each structure can be found in Table S2.  

The –NH3
+ groups of the (R)-α-MBzA+ molecules are anchored to 

the mer-[CrCl3(H2O)3]0 layers with hydrogen bonds. Each (R)-α-

MBzA+ molecule acts as a hydrogen bond donor and forms three 

hydrogen bonding interactions (Figure 1c). The first interaction is 

a hydrogen bond with an isolated Cl– anion (2.4127(6) Å and 

160.7(1)°). The second interaction is a bifurcated hydrogen bond 

between an equatorial Cl– anion (2.3360(1) Å and 150.3(1)°) and 

an axial Cl– anion (2.8659(5) Å and 119.7(1)°) coordinated to a 

single chromium. The third interaction is another bifurcated hy-

drogen bond between an isolated Cl– anion (2.6611(5) Å and 

152.4(1)°) and an axial Cl– anion (2.7955(7) Å and 117.5(1)°) co-

ordinated to chromium. Hydrogen bond distances, donor-acceptor 

distances, and hydrogen bond angles in each structure can be 

found in Tables S3-S5.  

The racemic crystal, (rac)-1, has Cm (#8) space group symmetry 

with a unit cell volume (V = 1191.51(8) Å3) roughly half that of 

the enantiomorphic crystals (R)-1 and (S)-1 (V = ~2400 Å3) and 

unit cell dimensions of a = 7.3599(3) Å, b = 31.024(1) Å, c = 

6.2449(2) Å, and β = 123.322(1)°. The structural components of 

the racemate are similar to the enantiomorphs; isolated mer-

[CrCl3(H2O)3]0 pseudo-octahedra layers, isolated Cl– anions, and 

α-MBzA+ molecules (Figure 2). However, there are crucial differ-

ences that stabilize this structure in the space group Cm (#8); a 

non-centrosymmetric, achiral, polar space group.  

 

 

Figure 2. (a) Crystal structure of (rac)-1 at 100 K along the c*-

axis. (b) Hydrogen bonding network in (rac)-1. Cr-centered 

pseudo-octahedra are blue. Chlorine, oxygen, nitrogen, carbon, 

and hydrogen are represented by green, red, blue, black, and white 

spheres, respectively. Thick black lines in (a) represent mirror 

planes (m). R and S labels represent layers of (R)-(+)-α-

methylbenzylammonium molecules and (S)-(–)-α-methylben-

zylammonium molecules, respectively. Thick black lines in (b) 

denote hydrogen bonds. 

The driving force for the stabilization of this polar structure ap-

pears to be the packing of (R)-α-MBzA+ and (S)-α-MBzA+ mole-

cules in the structure. The α-substituted methyl group of each en-

antiomer makes it sterically unfavorable for both enantiomers to 

pack into the same side of the organic bilayer. Therefore, each en-

antiomer packs into its own half of the organic bilayer resulting in 

parallel alignment of molecular dipole moments along the [100] 

direction and a bisecting mirror plane relating the enantiomers by 

symmetry (Figure 2a). This creation of enantiomerically pure or-

ganic layers templates the packing of mer-[CrCl3(H2O)3]0 units to 

orient in a parallel fashion from one mer-[CrCl3(H2O)3]0 layer to 

the next, with mer-[CrCl3(H2O)3]0 dipole moments pointing in the 

[001] direction. The separation of α-MBzA+ enantiomers into 
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separate layers does not disrupt the CH–π edge-to-face interac-

tions across the organic bilayer, instead, the interaction appears to 

be slightly stronger in the racemate as compared to the enantio-

morphs (Table S2). Stronger phenyl ring interactions could be a 

contributing factor to the slightly higher density of (rac)-1 (1.471 

g/cm3 at 100 K) compared to (R)-1 (1.460 g/cm3 at 100 K) and 

(S)-1 (1.461 g/cm3 at 100 K).  

The hydrogen bonding motifs in (rac)-1 remain the same as in 

(R)-1 and (S)-1, however, the strengths of some hydrogen bonds 

change. Hydrogen bonds made between water molecules coordi-

nated to chromium and isolated Cl– anions are elongated (average 

in (R)-1 of 2.32 Å; average in (rac)-1 of 2.40 Å), while hydrogen 

bonds between α-MBzA+ molecules and isolated Cl– anions are 

shortened (average in (R)-1 of 2.54 Å; average in (rac)-1 of 2.47 

Å). Hydrogen bonds made between α-MBzA+ molecules and Cl– 

anions coordinated to chromium are elongated, much more so for 

those made to axial Cl– anions (average in (R)-1 of 2.83 Å; aver-

age in (rac)-1 of 2.93 Å). 

The mer-[CrCl3(H2O)3]0 pseudo-octahedra in (rac)-1 still have 

elongated Cr–O bonds for water molecules trans to Cl–
 anions, 

however, the corresponding shortening of Cr–Cl bonds for Cl– an-

ions trans to water molecules isn’t observed. This difference in 

trans influence between (rac)-1 and the enantiomorphs likely 

arises to subtleties in the hydrogen bonding, which also influences 

metal–ligand bond distances in these compounds. 

 

Optical Properties. Cr3+ is in a 6-coordinate, pseudo-octahedral 

ligand environment in all three compounds, reported with Cr3+ 

site symmetries in (R)-1, (S)-1, and (rac)-1 of 2, 2 , and m, respec-

tively. Using a Tanabe-Sugano diagram for a d3 transition metal in 

an octahedral crystal field, the crystal field splitting (Δoct) and 

Racah parameter B (an approximation for the strength of the bond 

between the metal and the ligand) can be estimated. For a d3 tran-

sition metal in an octahedral crystal field there are three allowed 

d-to-d transitions, from lowest to highest energy they are: 4A2g → 
4T2g, 4A2g → 4T1g(F), and 4A2g → 4T1g(P).  

Absorbance data of (R)-1 and (S)-1 are nearly identical showing 

two broad, lower intensity peaks centered at ~670 nm and ~470 

nm as well as a high intensity peak centered at ~260 nm (Figure 

3a). The peaks centered at ~670 nm and ~470 nm are assigned to 

the 4A2g → 4T2g and 4A2g → 4T1g(F) d-to-d transitions of Cr3+. The 

peak centered at 670 nm has a shoulder at ~700 nm that we attrib-

ute to lower energy d-to-d transitions, resulting from splitting of 

the t2g and eg orbitals of Cr3+ in low symmetry ligand fields. Simi-

lar splitting of the 4A2g → 4T2g band is seen in solution phase ab-

sorbance measurements of low symmetry [CrCl3(H2O)3]0 (aq.), 

whereas it is absent in spectra of octahedral [Cr(H2O)6]3+ (aq.).23 

These two lowest energy peaks span most of the visible spectrum 

except the green region (~550 nm), the lowest energy of the two 

extending into the near-IR with negligible absorbance by 850 nm. 

The high intensity peak centered at ~260 nm coincides with the 

absorbance of α-MBzA which has an absorbance maxima at ~260 

nm arising from π-to-π* transitions within the aromatic ring.24 

The high intensity of this peak relative to the d-to-d transitions is 

consistent with the high molar absorption coefficients of π-to-π* 

transitions.25 Using Δoct = 1.83 eV and Racah parameter B = 0.080 

eV values calculated from the two lower energy transitions, the 

highest energy d-to-d transition (4A2g → 4T1g(P)) is calculated to 

occur at ~300 nm (Table 2). Consequently, this transition is ob-

scured by overlap with the peak from π-to-π* transitions within 

the α-MBzA molecules. The absorbance data of (rac)-1 closely 

resembles that of the enantiomorphic crystals apart from higher 

relative intensities of the two lower energy peaks and a small red-

shift in the higher energy peak (Figure 3a). 

 

 

Figure 3. (a) Absorbance and (b) circular dichroism data for (R)-

1, (S)-1, and (rac)-1. 

 

The energies of the A2g → 4T2g  and 4A2g → 4T1g(F) transitions are 

consistent with previously reported spectra for [CrCl3(H2O)3]0 in 

solution as well as bathochromic shifts in the absorbance 
bands from chromium(III) complexes with fewer coordinating 
Cl– ligands (Table S6 and Figure S3). 

 

Table 2. Absorbance peaks in the DRS data. The position of the 
4A2g → 4T1g(P) transition is calculated to be ~300 nm from the 

values of Δoct = 1.83 eV and B = 0.080 eV. 

Compound (Ad-

justed R2
 of Fit) 4A2g → 4T2g  4A2g → 4T1g(F) π → π* 

(R)-1 

(0.99726) 
671 nm 469 nm 258 nm 

(S)-1 

(0.99625) 
671 nm 470 nm 260 nm 

(rac)-1 

(0.99179) 
672 nm 469 nm 267 nm 
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Given their crystal classes (222 for the enantiomorphs and m for 

the racemate), all three compounds should be optically active and 

display circular dichroism (CD). CD spectra were collected on 

powdered samples in the reflection geometry over the same spec-

tra range as the DRS data (Figure 3b). (R)-1 and (S)-1 have clear 

CD signals which mirror each other closely. At the absorbance 

peak centered at 671 nm, (S)-1 displays a positive Cotton effect 

and (R)-1 a negative Cotton effect. Curiously, neither enantio-

morph demonstrate any Cotton effect at the absorption bands cen-

tered at 470 nm or 260 nm. (rac)-1 doesn’t show much CD signal 

despite belonging to the optically-active crystal class, m. We can 

rationalize this weakened CD signal by the fact that in the crystal 

class m, optical activity is equal and opposite in two perpendicular 

directions of each crystallite and because of the close to random 

orientation of crystallites in a powder, optical activity is dimin-

ished.26 

Room temperature photoluminescence emission data were col-

lected on (R)-1 from 700 nm to 1000 nm using an excitation 

wavelength of 671 nm (Figure S4). There is no indication of emis-

sion above the background, which isn’t terribly surprising given 

the fact that aqua ligands are known to be capable of quenching 

Cr3+ luminescence.27 While Cr3+ is a well-known luminescent ion 

in stiff lattices like ruby (Al2O3:Cr3+), when coordinated by aqua 

ligands high frequency O–H vibrations increase the rate of non-ra-

diative relaxation from excited states.28 We hypothesize that the 

aqua ligands coordinated to Cr3+ quench any potential room tem-

perature photoluminescence in these compounds, however, photo-

luminescence may well emerge at low temperature where the ther-

mal population of high frequency O–H vibrations is diminished.  

 

Magnetism. Temperature-dependent magnetic susceptibility 

measurements were collected on (R)-1, (S)-1, and (rac)-1 from 

300 K to 2 K and under a magnetic field of 1 kOe. All three com-

pounds exhibited Curie paramagnetic behavior down to 2 K. χ–1 v. 

T plots were fit using the Curie-Weiss law (Curie and Weiss con-

stants in Table S7) and μeff were determined to be 3.81 μB, 3.82 

μB, and 3.82 μB for (R)-1, (S)-1, and (rac)-1, respectively. These 

μeff values align well with the calculated spin-only μeff(calc.) of 

3.87 μB for a d3 Cr3+ ion. The Wiess constants range from −0.09 K 

to +0.16 K, from which we can conclude that coupling between 

neighboring Cr3+ ions is negligible. We attribute this behavior to 

the large separations between Cr3+ magnetic centers and the lack 

of covalent bonding between [CrCl3(H2O)3] complexes. The 

shortest intra-layer Cr–Cr distance in (R)-1 is 6.3847(3) Å, which 

rules out direct exchange interactions between 3d orbitals of adja-

cent Cr3+ centers. The fact that no ligand binds to more than one 

Cr3+ center helps to explain why superexchange interactions are 

also exceedingly weak. 

 

 

Figure 4. Magnetic susceptibility and inverse susceptibility for (a) 

(R)-1, (b) (S)-1, and (c) (rac)-1. In all compounds, the zero-field-

cooled and field-cooled data lie directly on top of each other (Fig-

ure S5). 

 

Thermal Stability. Thermogravimetric analysis (TGA) data were 

collected on powdered samples of (R)-1, (S)-1, and (rac)-1 (Fig-

ure 5). TGA data for all three samples are nearly identical, unsur-

prising given their compositional similarities, therefore for brev-

ity, only TGA data of (R)-1 will be discussed. (R)-1 is ideally 

comprised of 10.25 weight % H2O, 59.75 weight % (R)-(+)-α-

MBzACl, and 30 weight % CrCl3. Decomposition appears to hap-

pen in roughly two steps: loss of water from the structure and vo-

latilization of the organic. The loss of water from the structure 

starts at 389 K and ends at 451 K, representing a loss of 11.26 

weight %. The volatilization of (R)-(+)-α-MBzACl starts slowly 

at 487 K, increases rapidly at 547 K, slows down at 603 K, and 

ends at 681 K, representing a loss of 61.68 weight %. The residual 

of 27.06 weight % suggests only anhydrous CrCl3 remains, which 

is likely given that CrCl3 isn’t reported to volatilize until 776 K.29 

In order to definitively identify the species volatilizing and the 

phases remaining after each decomposition step, more qualitative 

measurements like mass spectroscopy or PXRD are required. 
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Figure 5. Thermogravimetric analysis (TGA) data of (R)-1, (S)-1, 

and (rac)-1 powders. 

 

TGA data collected on (R)-1 indicates that dehydration starts at 

390 K and ends at 450 K, however, that data doesn’t lend any in-

sight into what might be going on structurally. To evaluate this, 

light green (R)-1 powder was placed in an alumina crucible which 

was then heated in a box furnace at 383 K for 2 h to dehydrate the 

sample. After 2 h at 383 K, the sample was quenched to room 

temperature to minimize any rehydration. After dehydration, the 

powder had turned a violet color which, with the absence of wa-

ter, suggests the formation of CrCl3 which is violet in color.30 

Within 5 min of removing the sample from the box furnace, the 

powder was packed into a PXRD sample holder and covered with 

a piece of Kapton tape to prevent rehydration. PXRD data of the 

dehydrated sample featured a broad peak centered at 6.28° 2θ and 

the amorphous feature of the Kapton tape, however, no other 

Bragg reflections were observed (Figure S6). The lack of crystal-

linity in the sample makes it difficult to say if the sample has seg-

regated into CrCl3 and MBzACl or is a homogeneous but amor-

phous phase.  

 

Conclusions 

Three new NCS hybrid metal halides, one of which is a polar, 

achiral racemate, have been synthesized and characterized. Simi-

lar to the stabilization of other [CrCln(H2O)6–n]3–n coordination 

isomers in the solid state, hydrogen bonding plays a vital role in 

stabilizing mer-[CrCl3(H2O)3]0 in these compounds. We were able 

to substantiate the absorbance data of  [CrCl3(H2O)3]0 in solu-

tion22,23 with solid state measurements of the mer-[CrCl3(H2O)3]0 

isomer, using a d3 octahedral Tanabe-Sugano diagram to calculate 

Δoct = 1.84 eV and B = 0.080 eV. Cr–Cr distances in these com-

pounds are too large to see any exchange interactions for coopera-

tive magnetism and all three compounds are paramagnetic down 

to 2 K and have exceedingly small Weiss constants. After dehy-

dration by heating, the compounds change color to violet, indicat-

ing the possible formation of amorphous CrCl3. 

This result demonstrates a crystal engineering strategy to stabilize 

non-centrosymmetric crystal structures from racemic mixtures of 

chiral molecules or molecular ions. When it is energetically favor-

able to for chiral molecules to pack into bilayers (i.e., chiral aro-

matic amines), achiral racemic crystals can form enantiomerically 

pure layers which are symmetry related by a mirror plane and 

thereby stabilize a non-centrosymmetric structure. This is an at-

tractive approach for the synthesis of non-centrosymmetric 

crystals, because it does not require enantiopure starting materials. 

While this strategy does not work in all cases, studies such as this 

help to better define the conditions under which this strategy can 

be effective.  
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