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ABSTRACT: Four polymorphs of bis(phthalocyaninato)neodymium(III) were reproducibly and
selectively crystallized by the slow evaporation of saturated solutions. The obtained phase
depended on the initial oxidation state of the NdPcz molecule and the choice of solvent. Singlecrystal X-ray diffraction studies were used to correct previous mis-identifications and provide
missing coordinates for the γ-phase as well as a detailed comparison of molecular structure and
crystal packing in all NdPc2 polymorphs. The primary feature in all phases is columnar stacking
based on parallel π-π interactions, with a variety of slip angles within those stacks as well as
secondary interactions between them. Chemical redox and acid-base titrations, performed on redissolved crystals demonstrate that NdPc2+ and NdPc2- are easily obtained through weak oxidizing
and reducing agents, respectively. Additionally, we show that the protonated form of the NdPc 2complex has a nearly identical UV-Vis spectra to that of neutral NdPc2, explaining some of the
confusion over chemical composition in previously published literature.
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INTRODUCTION
Bis(phthalocyaninato)lanthanoid (LnPc2) compounds were first reported by Kirin and Moskalev
in the mid-1960s.1 In these compounds, a trivalent lanthanoid ion is sandwiched between two
macrocyclic phthalocyanine (Pc) ligands, with the four isoindole nitrogen atoms of each Pc
coordinating to the lanthanoid. The resulting double-decker complexes generally have a square
antiprism coordination sphere. Since the 1960s, these species have been intensely studied due to
their unique properties, including electrochromism2, semiconductivity3, photoconductivity3, and
high chemical and thermal stabilities4, which arise from the intramolecular π-π interactions of the
Pc ligands and the presence of 4f orbitals on the metal center.5 Because of these properties,
diphthalocyanine complexes have been integrated in solar cells6 and field effect transistors7, and
studied as molecular magnets8 and information storage materials.9
Modifications of Kirin and Moskalev’s original synthesis resulted in double-decker compounds
across the lanthanoid series10-25 (with the exception of radioactive promethium), as well as for
several actinoid26-31, p-block32-35, and transition metals.36 Crystals of varying quality used in
structure determinations were grown through electrochemical methods, solvent-solvent diffusion,
and sublimation. Several polymorphs and a dichloromethane solvate phase have been identified
for homoleptic, unsubstituted double-decker compounds (Table 1). The γ-phase, densest of the
non-solvated phases, is the most commonly observed.
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Table 1. Reported MPc2 Polymorphs

Phase

α-phase

Space Group P4/nnc

β-phase

γ-phase

δ-phase

CH2Cl2 solvate
N/A
phase

C2/c

P212121

C2/c

Pnma

a = 19.0 Å
Unit
Cell a = b = 19.9 Å
Parameters c = 6.4 Å

a = 8.8 Å

b = 19.1 Å

b = 10.6 Å

c = 15.5 Å

α = β = γ = 90°a α = γ = 90°
β = 116.1°
Pr,b,13
Nd,b,15,17,18
Metal Center
Er,b,23
Eu,c,31
c,31
Am

a

Sn,33 Ce,b,24
Nd,b,16
Th,27,29
Pa,30 U26,29

c = 50.8 Å
α= β = γ = 90° a

a = 13.4 Å

a = 28.1 Å
b = 14.2 Å
c = 13.2 Å
α = γ = 90°
β = 115.6°

Y,19,21 In,32 Sn33
Nd,b,17, Gd10, Pr,b,d,12
Tb19,22, Dy19,22, Ndc,18
Lu11

P1̅

a

a = 28.1 Å

b = 13.4 Å

b = 22.9 Å

c = 16.3 Å

c = 7.9 Å

α = 68.7°

α = β = γ = 90° a β = 65.9°
γ = 74.7°
Y21, In21, Lab,25
Bib,35,
Nd14, Zr36
21
10
Tb , Lu

a

c

Unit cell parameters of the neodymium complex. b Crystals grown by electrochemical methods.
Crystallization method unknown. d Authors used non standard I2/c space group.

Bis(phthalocyaninato)neodymium (III) is unique among the double-deckers in forming the α13,17,18

, β-16, γ-18, δ-18, and CH2Cl2 solvate polymorphs14,15. The crystal structures were first

reported in the 1980s, using crystals grown through electrochemical oxidation of the anionic
NdPc2- complex, with the exception of the CH2Cl2 solvate phase, which was obtained by the recrystallization of a powder from CH2Cl2.13-18 These methods often resulted in small, low quality
crystals or powders that led to mis-identified space groups and/or phase identification that was
only possible by comparison with another complex, with no coordinate determination. Though
single crystals of functionalized double- and triple-decker (Ln2Pc3) complexes have been
obtained through solvent-solvent diffusion, there has been limited success with synthesizing

3

NdPc2 in large yields and in growing crystals suitable for X-ray diffraction studies without
electrochemical methods.37-40 This has limited the ability to study the structures of the various
polymorphs and their impact on other properties.
Additionally, there has been confusion in the previously published literature about the exact
chemical composition of the NdPc2 species.14,15 Bis(phthalocyaninato)lanthanoid complexes can
easily undergo oxidation and reduction reactions to give the charged complexes LnPc2+ and
LnPc2-, respectively. The neutral and negatively charged species are deep green or purplish blue,
while the cation is red, making them perfect candidates for identification by UV-Vis
spectroscopy. However, some of the species, e.g. LnPc2 and HLnPc2, can have very similar
spectra, and care should be taken in relying solely on UV-Vis spectra for identification.
Here, we report the straightforward, reproducible and selective crystallization of four of the five
known NdPc2 polymorphs, without the use of electrochemical methods. An investigation of these
polymorphs, conducted by single-crystal X-ray diffraction, allows for a detailed structural
comparison between all five polymorphs. Additionally, through chemical titrations, we provide
the definitive spectra of charged complexes NdPc2+ and NdPc2- as well as protonated HNdPc2.
EXPERIMENTAL SECTION
Materials and Methods
Neodymium (III) acetate hydrate (Alfa Aesar) and phthalonitrile (TCI) were used as received.
Hexanol (ACROS) was dried over Grade 562 3 Å molecular sieves (Fisher) and stored under
nitrogen. Lithium methoxide was prepared by reacting solid lithium metal (Merck) with an
excess of dry, degassed methanol (Fisher).
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Synthesis
All NdPc2 complexes were synthesized according to previously published procedures with some
modifications.10 Phthalonitrile (200 mg, 1.6 mmol), neodymium (III) acetate hydrate (50 mg,
0.15 mmol), and lithium methoxide (200 mg, 5.3 mmol) were added to a round bottom flask and
placed under a protective nitrogen atmosphere. Dry hexanol (10 mL) was then added to the flask,
and the temperature was increased to 160°C. The mixture was left to reflux for 18.5 hours, after
which it was allowed to cool to room temperature. The hexanol was removed under reduced
pressure at 65°C, leaving a blue-green solid. The solid was dissolved in a minimum amount of
acetone via sonication, adsorbed onto silica gel, and purified by column chromatography using a
CH2Cl2/EtOH gradient as eluent. Pure CH2Cl2 eluted one dark blue band containing the NdPc2complex. The volume of EtOH was slowly increased to a maximum ratio of 70:30 v:v
CH2Cl2:EtOH to remove the remaining blue-green and green bands. The green band eluted as
one long band that appeared to contain several different shades of green (see Supplementary
Information), due to different levels of purity. UV-Vis analysis of the fractions indicated that the
blue-green fractions were a mixture of anionic and neutral phases, while green-yellow fractions
were the co-elution of neutral NdPc2 and oligomeric phthalonitrile formed during the reaction.
Dark and light green fractions were neutral NdPc2 with no impurities. Fractions were
characterized by UV-Vis spectroscopy after purification was completed. Single crystals for all
phases were grown by slow evaporation from a concentrated solution, in air, at room
temperature. A solution of neutral NdPc2 in 98:2 v:v CHCl3:EtOH resulted in small (0.4 mm),
dark green rectangular plates, determined to be the α-phase, while pure CHCl3 produced dark
green blocks shown to be the γ-phase. The δ-phase was produced from a solution of anionic
NdPc2- in either 98:2 v:v CHCl3:EtOH or pure CHCl3 as large (1.2 mm), dark green rectangular
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plates. Slow evaporation of a CH2Cl2 solution containing neutral NdPc2 or reduced NdPc2resulted in the CH2Cl2 solvate phase as green needles of various sizes.
X-Ray Structure Determination
Single crystals were isolated from the bulk samples and mounted on MiTeGen micromounts.
Reflection data was collected at 100(2) K with 0.5° ω scans on a Bruker SMART diffractometer
with an APEX II CCD detector using Mo Kα (λ = 0.71073 Å) radiation. The data was integrated
using the SAINT41 program within the APEX II42 software suite. An absorption correction was
applied using SADABS.43 All structures were solved with direct methods using SIR 9244 and
refined with SHELXL 2018/3.45 The WinGX46 software suite was used to refine the γ-, δ- and
CH2Cl2 solvate phases while ShelXle47 was used to refine the α-phase. For every structure, all
non-hydrogen atoms were located in difference Fourier maps and refined anisotropically.
Aromatic hydrogen atoms, while located in the difference Fourier maps, were placed in position
with the HFIX43 command. The hydrogen atoms in the dichloromethane molecule were placed
in position with the HFIX23 command. Platon48 was used to check all structures for additional
symmetry while Mercury49 was used to visualize structures, generate thermal ellipsoid plots, and
create figures. Thermal ellipsoid plots for all phases can be found in the Supporting Information.
Spectroscopic Characterization
Solution UV-Vis spectra were recorded on an Analytik Jena Specord 1500 UV-Vis
spectrophotometer. A few drops of concentrated chromatography fractions were placed in a
quartz cuvette and diluted with CH2Cl2 to a concentration of approx. 2.5×10-7 M. For chemical
redox titrations, several milligrams of single crystals were isolated from the bulk sample, placed
in a quartz cuvette, and dissolved in CH2Cl2. Solutions of iodine (I2, 0.05 M) and triethylamine
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(NEt3, 0.05 M) in CH2Cl2 were added in microliter increments and UV-Vis spectra were
recorded after each addition. This process was repeated, under nitrogen, for acid-base titrations,
using concentrated glacial acetic acid, concentrated 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
and a solution of re-dissolved γ-phase crystals.
RESULTS AND DISCUSSION
Bis(phthalocyaninato)neodymium (III) is synthesized from phthalonitrile and neodymium acetate
in refluxing hexanol using a 10:1 ratio of phthalonitrile to neodymium. This ratio limits the
amount of metal-free phthalocyanine, single- and triple-decker complexes produced in the
reaction. Purification by chromatography gives neutral NdPc2 and anionic NdPc2-, the latter of
which slowly re-oxidizes to give the former in solutions exposed to air. Crystallization by slow
evaporation gives analytically pure NdPc2, though the conditions of crystallization results in four
different polymorphs (Scheme 1): the α-, γ-, δ- and CH2Cl2 solvate phases.
Scheme 1. Crystallization conditions for NdPc2 polymorphs.
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Figure 1. Normalized UV-Vis spectra of the mother liquor of the δ-phase (blue) and crystals
freshly dissolved in CH2Cl2 (red dashes).
The δ-phase is exclusively obtained from mother solutions containing NdPc2-, which O2 oxidizes
in situ to NdPc2. The anion, however, is not substantially incorporated in the resulting crystal
structure, as demonstrated by the UV-Vis spectrum of dissolved crystals (Figure 1). The spectrum
is characteristic of neutral NdPc2 molecules, with three main peaks: a Q band at 678 nm, resulting
from a π-π* HOMO-LUMO transition, a broad intervalence band covering the 450-500 nm range,
due to the delocalization of a radical electron across both Pc ligands, and a B (or Soret) band
around 320 nm corresponding from an additional π-π* transition.50,51 By contrast, the mother
liquor of the δ-phase shows a more intense B band and a split Q band, with one component blueshifted to 638 nm, characteristic of reduced NdPc2-.
While the initial oxidation state of the sandwich complex is determinant in the formation of the
δ-phase, the choice of solvent is crucial for polymorph selectivity when starting from neutral
NdPc2 (Scheme 1): solutions in pure chloroform provide the γ-phase while 98:2 v:v mixtures of
chloroform and ethanol yield the α-phase. Dichloromethane, whenever present, is incorporated in
the solid to form the NdPc2·CH2Cl2 solvate phase. Interconversion between polymorphs is
readily accomplished by dissolving crystals in the appropriate solvent and allowing the saturated
solution to slowly evaporate.
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Figure 2. Space-filling model of the structure of the α-phase, viewed along the [100] (a) and the
[001] directions (b). Color code: Nd, light green; N, blue; C, grey; H, white.
The α-phase, consistently obtained by slow evaporation of a 98:2 v:v CHCl3:EtOH, presents as
continuous columns of NdPc2 molecules arranged in a square lattice reminiscent of the typical
arrangement observed for LnPc2 mono- and bilayers on metallic surfaces,19,53-62 but with every
second stack displaced vertically by a Pc-Pc distance (Figure 2). The asymmetric unit contains
1/8th of the NdPc2 molecule. The remainder of the D4-symmetry complex is generated by a 4fold axis and perpendicular 2-fold axes through the Nd3+ center. The Nd-N distance is
2.476(5) Å, a value that remains constant across all polymorphs. The Nd3+ ion has an
approximately square antiprism coordination geometry with a skew angle (Figure 3) of 40.9°
between the two slightly curved Pc rings. Molecules within the columns interact via cofacial π-π
stacking52 (slip angle φ = 90 o, twist angle ψ = 0, Nd-Nd distance 6.4202(16) Å), while stacks are
separated by weak H∙∙∙H contacts at a distance of 2.3077(5) Å. Additionally, a 87:13 disorder is
observed between two neodymium positions related by a vertical shift of the NdPc2 column by
the length of one Pc-Pc spacing.
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Figure 3. Definition of the skew, slip and twist angles with phthalocyanine rings schematized as
squares.
This disorder combined with the high symmetry of the packing have contributed in the past to a
number of errors in both space group and structure determination.13,17,63 Mossoyan-Deneux et al.
assigned the minor neodymium contribution as a fractional oxide or chloride anion,63 a
hypothesis which can easily be dismissed based on the UV-visible spectra of the freshly
dissolved crystals showing no NdPc2+ signal. Darovsky et al. observed a 72:28 disorder between
the two neodymium positions, which they modeled by a 3×3×1 supercell of columns
alternatively shifted by c/2, accounting for a 75:25 disorder ratio, with the additional disorder
due to the presence of small amounts of the triple decker complex Nd2Pc3. However, we found
no evidence of a super-cell or super-structure in our diffraction data (Figure S4), in agreement
with our significantly lower disorder ratio. Nd2Pc3 was not detected in our UV-visible
investigations, nor was it present in samples of the α-phase obtained by recrystallization of
another polymorph. Given the weakness of the inter-column interactions (weak H∙∙∙H contacts,
no interlocking molecules), and the resulting low enthalpy cost of the shift of a NdPc2 column
across the whole crystal, we hypothesize that the observed disorder is exclusively due to random
surface alignment defects propagated throughout the growth of the crystal.
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Figure 4. Space-filling model of (a) the structure of the β-phase, viewed along the [100]
direction and (b) the monolayer of complexes formed in the (110) plane. Color code: Nd, light
green; N, blue; C, grey; H, white. Hydrogen atoms have been added to the published structure to
facilitate comparison between the polymorphs.
The β-phase was previously grown by electrochemical methods16 and could not be reproduced
by either slow evaporation or solvent-solvent diffusion in this work. We will give here, for
completion, a brief description of the structure as reported by Darovskikh et al.16 The C2symmetry NdPc2 molecule is generated from the asymmetric unit (one Pc ring and half the Nd
center) by a 2-fold axis that runs parallel to the Pc ring and through the Nd3+ center. The resulting
molecule has a square antiprism geometry with Nd-N distances of 2.46-2.48 Å and a skew angle
of 39.0°(±1.2). Compared to the α-phase, the Pc ligands in this phase have a much more
pronounced saucer-shape. The double-decker complexes are assembled via by π-π paralleldisplaced slipped stacking20 in stacks progressing in zig-zag along the [100] direction (Figure
4a). The slip angle within the stack is φ = 49.5o, corresponding to a Nd-Nd distance of 8.458 Å.
The molecule-to-molecule twist angle of ψ = -39o is opposite to the skew angle, yielding a
parallel alignment of the Pc rings facing each other. The stacks are arranged, via H∙∙∙H contacts
at 2.111 and 2.265 Å, in a square lattice almost identical to that of the α phase, but here without
any vertical displacement (Figure 4b).
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̅̅̅̅2] (a) and the
Figure 5. Space-filling model of the structure of the γ-phase, viewed along the [11
[010] directions (b). Color code: Nd, light green; N, blue; C, grey; H, white.
The γ-phase of NdPc2 was first identified in 1984 by comparing its powder pattern to that of the
previously investigated SnPc2 γ-phase.63 The asymmetric unit in this phase is the full NdPc2
molecule, showing barely curved Pc rings and the expected approximately square antiprismatic
coordination mode, with Nd-N bond lengths in the range 2.455(3)-2.475(3) Å and a skew angle
of 40.8°(±0.3). Parallel-displaced π-π interactions organize the NdPc2 complexes in sheets along
the (110) plane, with a bricklayer type stacking (slip angles φ1 = 47.3o, φ2 = 40.8o, twist angles
ψ1 = ψ2 = 0). Nearest Nd-Nd distances within the sheets are 8.852(2) and 10.604(2) Å (Figure
5a). Successive sheets are rotated by 90o along the c axis, inducing alternating angles of
81.78(15)o and 85.33(15)o between the Pc-Pc axes of neighboring sheets (Figure 5b). Contact
between the sheets corresponds to edge-on H∙∙∙H contacts at a distance of 2.30-2.32 Å.
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Figure 6. Space-filling model of the structure of the δ-phase, viewed along the [010] (a) and the
[001] directions (b). Color code: Nd, light green; N, blue C, grey; H, white.
The δ-phase, identified for the first time in 1986, was initially referred to as the β2 polymorph, as
it shares the C2/c space group of the β-phase.18 The reported structure lacks H atoms and shows
abnormal puckering in some of the benzene rings in the Pc ligands. X-ray diffraction studies
conducted on crystals grown from solutions of air-oxidized NdPc2- allow us to now correct the
record. In the δ-phase as in the β-phase, the asymmetric unit of the delta-phase is ½ the molecule,
with the full molecule generated by a 2-fold axis through the Nd3+ center parallel to the Pc ring.
The resulting C2 symmetry NdPc2 complex displays Nd-N distances in the 2.468(3)-2.473(3) Å
range and a skew angle of 42.7°(±0.5), higher than in phases α-γ but still lower than the 45°
value of an ideal square antiprism. The NdPc2 molecules are assembled via slipped stacking π-π
interactions52 in vertical zig-zag columns (slip angle φ = 67o), with shortest Nd-Nd distances of
7.0782(6) Å (Figure 6a). This particular columnar arrangement is correlated with the atypical
curvature of the Pc rings, which take here a sigmoidal shape rather than the most commonly
observed saucer shape. As in the β-phase, the Pc rings facing each other are aligned, as the twist
angle ψ = -42.7° exactly compensates for the skew angle. Instead of the square lattice observed
for the α- and β-phases, the stacks in the δ-phase are arranged in a hexagonal lattice (Figure 6b),
similar to what has been observed for self-assembled monolayers of some substituted
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phthalocyanine complexes.54 The shortest distances between the interwoven neighboring stacks
correspond to C∙∙∙H and H∙∙∙H distances of 2.782(4) Å and 2.31901(15) Å, respectively.

Figure 7. Space-filling model of the structure of the CH2Cl2 solvate phase, viewed along the [010]
direction (a) and the [001] directions (b). Color code: Nd, light green; N, blue; Cl, bright green; C,
grey; H, white.
The last polymorph is a CH2Cl2 solvate phase which has also been previously identified, though
the space group was mis-assigned as P212121 instead of Pnma.14 The asymmetric unit in this
phase is again ½ the molecule, but this time the full molecule is generated by a mirror plane
perpendicular to the Pc rings, imposing a skew angle of exactly 45°. Metal-ligand distances
(2.4629(19)-2.477(3) Å) are identical with those of the other phases. Packing in this phase can be
described by the formation of slipped columns of complexes via parallel π-π interactions (slip
angle φ = 55.3 o, twist angle ψ = 0, Nd-Nd distance 7.8897(4) Å), columns which are arranged in
zig-zag chains (H∙∙∙H = 2.38428(9) Å) oriented perpendicular to the slip direction to form
corrugated sheets (Figure 7). The dichloromethane molecules fill the corrugations. Finally, the
planes of the Pc rings in alternate sheets are tilted by 70 o to give a herringbone-type structure.
Note however that contact between the sheets are limited to relatively short N∙∙∙H distances
(2.64371(10) Å), and that no edge-to-face π-π interactions take place in the structure.
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Figure 8. Spectrophotometric analysis of double-decker neodymium complexes. a) Addition of
I2 (0.05 M in CH2Cl2, approx. 200 eqv.) to a solution of freshly dissolved α-phase crystals in
CH2Cl2 oxidizes neutral NdPc2 (approx. 5×10-7 M, solid black line) to NdPc2+ (dashed red line).
b) Subsequent addition of NEt3 (0.05 M in CH2Cl2, approx. 3.5×103 eqv.) reduces NdPc2+ to
NdPc2- (dotted blue line). c) Addition of acetic acid (approx. 3.5×105 eqv.) to a solution of
freshly dissolved γ-phase crystals in CH2Cl2 protonates NdPc2 (solid black line) to HNdPc2+
(dashed blue line). d) Subsequent addition of DBU (approx. 8×105 eqv.) deprotonates and
reduces HNdPc2+ to NdPc2- (solid purple line). e) Subsequent addition of more acetic acid
(approx. 1.6×106 eqv.) to the previous solution finally gives HNdPc2 (dashed green line).
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Table 2. A comparison of NdPc2 species obtained by different titrations.
Species

NdPc2

NdPc2-

NdPc2+

HNdPc2+

HNdPc2

Q-Band
Wavelength (nm)

678

638, 675

687

677

676

In previously published literature, the CH2Cl2 solvate phase was mistakenly described with the
chemical composition NdPc2H∙CH2Cl2, with the additional proton delocalized over the eight
chemically equivalent isoindole nitrogen atoms.14 Despite an X-ray photoelectron spectroscopy
study, the authors were unable to prove the existence of the acidic H in the structure. In order to
provide definitive references for the easy identification of NdPc2, reduced protonated NdPc2H
and other related species including protonated HNdPc2+, oxidized NdPc2+ and reduced NdPc2-,
we recorded the UV-visible spectra of those species, obtained by chemical redox and acid-base
conversion of high purity samples of NdPc2 (Figure 8, Table 2).64 Oxidation by I2, a kinetically
fast process, yields NdPc2+, characterized by a red shift of the Q band, while NdPc2- is obtained
by slow reduction by NEt3 and shows a split Q band. Addition of a large excess of concentrated
glacial acetic acid to a solution of NdPc2 yields HNdPc2+, which displays a very slightly redshifted Q band and an additional peak at 605 nm. Deprotonation and simultaneous reduction of
HNdPc2+ by a large excess of concentrated DBU or NEt3 yields NdPc2-, which is protonated by a
large excess of concentrated glacial acetic acid to form HNdPc2. The latter complex has a very
similar spectrum to that of neutral NdPc2, explaining in part the confusion in the previous
literature. We therefore recommend that any future speciation done on the basis of UV-Visible
spectroscopy include careful titrations of the material.
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CONCLUSIONS
Our investigation of NdPc2 crystallization showed that is possible to selectively grow crystals of
four polymorphs by solvent slow evaporation, a convenient method affording larger amounts of
material and better quality crystals than the previously reported electrochemical techniques.
Good single crystals of these polymorphs allowed for a detailed structural analysis through
single-crystal X-ray diffraction studies, including the correction of some mis-identifications in
the previously published literature. The packing in all five known polymorphs is dominated by
columnar stacking due to parallel π-π interactions, but some significant differences appear
between phases in the arrangement of the columns, which is expected to have a significant
impact on the conductivity properties of the material. The different polymorphs also exhibit a
range of Nd-Nd distances (6.42-8.85 Å) and skew angles at the Nd center (39-45°) which will
affect the magnetic properties. Additional studies are underway to fully explore the electronic
and magnetic properties of these various polymorphs, and extend those results to other
lanthanoid analogues.
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