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Double-decker bis(tetradiazepinoporphyrazinato) rare earth 
complexes: crucial role of intramolecular hydrogen bonding 
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e
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 Victor E. 
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A series of homoleptic bis{tetrakis(5,7-bis(4-tert-butylphenyl)-6H-1,4-diazepino)[2,3-b,g,l,q]porphyrazinato} lanthanide 

sandwich complexes [tBuPhDzPz]2Ln (Ln = Lu, Er, Dy, Eu, Nd, Ce, La) were prepared and their physicochemical properties 

were studied to gain insight into the nature of specific interactions in diazepinoporphyrazines. The effect of annulated 

diazepine moieties and Ln ionic radius on the properties of the complexes was investigated in comparison to double-

decker phthalocyanines. A combination of experimental and theoretical studies revealed the presence of two types of 

hydrogen bonding interactions in the metal-free porphyrazine and the corresponding sandwich complexes, namely, 

interligand C–Hax…Nmeso hydrogen bonding and O–H…NDz ligand–water interaction. The interligand hydrogen bonding 

imparts the high stability of the ligand dimer and the double-decker compounds in reduced state. This work is the first 

comprehensive investigation into fundamental understanding of unusual properties of diazepine-containing 

macroheterocycles. 

Introduction 

Phthalocyanines (Pcs) are commonly known synthetic 

tetraazaporphyrinoids with excellent thermal and chemical 

stability. Owing to an impressive variety of functional 

properties, these remarkable chromophores possess 

numerous applications in catalysis, photonics, electronics and 

medicine.
1-4

 An important class of Pc analogs with nonplanar 

π-extended system includes seven-membered ring-fused 

porphyrazines, specifically diazepinoporphyrazines. Since the 

discovery of diazepinoporphyrazines in 1999
5
, these 

macroheterocyclic molecules have attracted significant 

interest due to their unique structural features and unusual 

physicochemical properties.
6-10

 

 Intrinsic spectral properties of diazepinoporphyrazines, 

such as Q-band splitting in the UV-vis spectra of their metal 

complexes, were initially thought to be associated with n-π* 

transitions caused by lone-pair electrons of the nitrogen atoms 

in the diazepine ring(s).
5-7

 However, recent studies challenged 

this concept and showed that specific properties of 

diazepinoporphyrazines can result from the formation of 

stable dimers.
11-13

 Nevertheless, the nature of interligand 

interactions in diazepinoporphyrazines still remains unclear. 

Conversely, sandwich-type tetrapyrrole rare earth (REE) 

complexes, in particular bis(Pcs), represent prime examples of 

compounds whose spectral properties are determined by the 

extent of intramolecular π-π interactions.
14

 Jiang and co-

workers developed a common theory that helps to understand 

the structure-property relationship for this class of 

molecules.
14-17

 Consequently, double-decker Pc derivatives, 

which are being actively investigated as promising materials 

for sensing devices, optoelectronics and spintronics,
14-16, 18-29

 

can serve as ideal model systems to study the character of 

interligand interactions. 

 Recently, we reported the first examples of 

tetradiazepinoporphyrazine-based sandwich-type lanthanide 

complexes and assumed the presence of additional 

intramolecular interactions between the macrocycles.
30-32

 To 

shed light on the nature of the specific interactions in 

diazepinoporphyrazines, herein we provide the first 

comprehensive study on a series of sandwich double-decker 

tetradiazepinoporphyrazine lanthanide compounds including a 

detailed experimental characterization and theoretical study of 

the corresponding free-base porphyrazine. Insights into self-

assembly of the complexes are provided, which can be further 

exploited in future work. 
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Experimental section 

Chemicals and instrumentation. Lanthanide acetylacetonates 

Ln(acac)3 were prepared according to the reported method
33

 

and dried under high vacuum for 4 h at 50 °C prior to use. All 

other reagents and solvents were purchased from Sigma-

Aldrich and used as received. When necessary, solvents were 

purified following standard procedures. Analytical thin layer 

chromatography (TLC) was performed on ALUGRAM® Alox 

N/UV254 aluminum oxide precoated sheets (Macherey-Nagel). 

Size exclusion column chromatography was carried out using 

Bio-Beads S-X1 resin (BIORAD) eluted with CH2Cl2. 

 Electronic absorption spectra were recorded on Hitachi U-

2900 (UV-vis) and Hitachi U-4100 (UV-vis-NIR) 

spectrophotometers. Matrix-assisted laser 

desorption/ionization time-of-flight (MALDI-TOF) mass spectra 

were acquired on a VISION-2000 mass spectrometer with α-

cyano-4-hydroxycinnamic acid (CHCA) as the matrix. High-

resolution MALDI mass spectra were recorded on a Bruker 

Ultraflex II TOF/TOF instrument with CHCA as the matrix. 
1
H 

NMR, 
13

C NMR, 
1
H-

1
H COSY, 

1
H-

13
C HSQC,

 1
H-

13
C HMQC and 

1
H-

13
C NOESY spectra were collected on a Bruker Avance 500 

spectrometer (500 MHz) with samples dissolved in CD2Cl2 at 

22 °C, unless otherwise specified. Chemical shifts are given in 

parts per million (ppm) relative to TMS (SiMe4). Dynamic light 

scattering (DLS) measurements were performed using a 

Photocor Complex particle size analyzer. The electron spin 

resonance (ESR) spectra were recorded on a Benchtop ESR 

spectrometer Adani CMS8400 at 25 °C. 

 Cyclic voltammetry (CV) and square-wave voltammetry 

(SWV) were conducted in a conventional three-electrode cell 

with Pt-disk (2.0 mm in diameter) working and Pt-foil counter 

electrodes. The saturated calomel reference electrode (SCE) 

was connected to the solution through a salt bridge, and the 

junction potential of the reference electrode was corrected to 

a ferrocenium
+
/ferrocene (Fc

+
/Fc) reference pair. o-

Dichlorobenzene (o-DCB, 99% SigmaAldrich, HPLC-grade), 

freshly passed through an Al2O3 layer, was used as the solvent, 

and 0.15 M [Bu4N][BF4] (TBABF4, Sigma-Aldrich, dried under 

vacuum at 80 °C) was used as the supporting electrolyte. The 

sample solution (1–5 x 10
-4

 M) was purged with nitrogen for at 

least 20 min before measurements were taken. The scan rate 

in the CV measurements was varied from 0.02 to 1.00 V s
-1

. A 

frequency of 10 Hz and an amplitude potential of 0.05 V were 

used for SWV. All measurements were performed at ambient 

temperature (22 ± 1 °C). 

 Field-emission scanning electron microscopy (FE-SEM) was 

carried out using a Hitachi SU8000 high resolution microscope. 

Images were acquired in secondary electron mode with a 0.7 

kV accelerating voltage and 4–5 mm working distance. A 

target-oriented approach was utilized for the optimization of 

the analytic measurements.
34

 Before measurements, the 

samples were mounted on a 25 mm aluminum specimen stub 

and fixed by conductive silver paint. Sample morphology was 

studied under native conditions to exclude metal coating 

surface effects.
35

 

Thermoanalytical investigations were carried out on an STA 

409 PC Luxx (Netzsch) simultaneous thermal analyzer coupled 

with a QMS 403C Aëolos quadrupole mass spectrometer. 

Measurements were performed in an alumina crucible within a 

temperature range of 40–1000 °C (heating rate 10 °С min
-1

) 

under an argon or air atmosphere. 

 Magnetic circular dichroism (MCD) spectra were collected 

on a JASCO J-725 spectrodichrometer equipped with a JASCO 

electromagnet that produces magnetic fields of up to 1.03 T 

(Tesla) with both parallel and antiparallel fields, and its 

magnitudes were expressed in terms of molar ellipticity per 

tesla ([]M/deg M
-1

 cm
-1

 T
-1

). 

 All quantum chemical calculations were performed with 

the ORCA electronic structure program
36

 using the standard 

generalized gradient approximation (GGA) functional BP86. 

Ahlrichs split-valence def2-SV(P) basis set
37

 was used on first- 

and second-row elements, while the relativistic small-core 

Stuttgart/Dresden effective core potentials (ECPs), which 

replace 28 core electrons SD(28,MWB) and the corresponding 

valence basis sets using a segmented contraction scheme 

SD(28,MWB)-SEG, was used for lanthanides.
38

 To significantly 

speed up the calculations, the resolution of identity (RI) 

approximation,
39, 40

 also known as the density fitting 

approximation, was exploited. For the first- and second-row 

elements described by the Ahlrichs def2-SV(P) basis set, the 

corresponding well-tested Weigend auxiliary def2-SVP/J basis 

set
41

 was used while for lanthanides the auxiliary basis set was 

constructed automatically by the ORCA program. Dispersion 

forces were taken into account by the DFT-D3 atom-pairwise 

dispersion corrections with Becke-Johnson damping developed 

by Grimme and co-workers.
42, 43

 Calculations for open shell 

lanthanide complexes were done using the spin unrestricted 

formalism. Default DFT integration grids were used: Grid2 (a 

pruned Lebedev-110 grid) for the SCF iterations and Grid4 (a 

pruned Lebedev-302 grid) during the final energy evaluation 

after the SCF convergence. Tight SCF and geometry 

optimization convergence criteria were used; no symmetry 

constraints were imposed during the geometry optimization. 

For ligand dimers, harmonic vibrational frequencies were 

calculated analytically to verify that a geometry optimization 

has found a true potential energy minimum and not a saddle 

point. The Natural bond orbital (NBO) analysis of Weinhold 

and co-workers was done using the stand-alone NBO 6.0 

executable.
44

 

Synthesis of tetrakis(5,7-bis(4-tert-butylphenyl)-6H-1,4-

diazepino)[2,3-b,g,l,q]porphyrazine (1). Ligand 1 was 

synthesized according to the previously described procedure
30

 

and exists in the dimeric form (see the Supporting 

Information). 

General procedure for the preparation of double-deckers 2a–

g ([
tBuPh

DzPz]2Ln). A mixture of ligand 1 (0.031 mmol) and 

Ln(acac)3 (0.017 mmol) was dissolved in dry o-DCB (3 mL), and 

1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 46 mg, 0.31 mmol) 

was then added. The solution was refluxed and stirred for 1.5–

3.5 h under an argon atmosphere until the complete 

disappearance of the starting ligand. The course of the 

reaction was monitored by TLC (Al2O3, CH2Cl2:THF 20:1 V/V) 
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Scheme 1 The synthesis of double-decker complexes 2a–g. 

and UV-vis spectroscopy. After the removal of the solvent 

under reduced pressure, the residue was washed with 80% 

aqueous MeOH (4 × 50 mL) and dried under high vacuum. The 

crude product was purified by gel permeation column 

chromatography (Bio-Beads S-X1, CH2Cl2) to give the title 

compound 2 as a bluish-green solid. 

Bis{tetrakis(5,7-bis(4-tert-butylphenyl)-6H-1,4-diazepino)[2,3-

b,g,l,q]porphyrazinato} lutetium (2a). UV-vis (CH2Cl2) λmax/nm 

(log ε): 369 (5.09), 620 (4.86), 722 (4.78). 
1
H NMR (500 MHz; 

CD2Cl2) δ/ppm: 7.99 (32H, br s, H
o-Ar

), 7.48 (32H, br s, H
m-Ar

), 

6.02 (8H, br s, H
eq

), 5.13 (8H, br s, H
ax

), 1.50 (144H, s, H
tBu

). 
13

C 

NMR (500 MHz; CD2Cl2) δ/ppm: 154.2, 149.7, 142.1, 134.8, 

129.8, 126.1, 39.2, 35.4, 31.6. MS (MALDI-TOF/TOF; HCCA): 

m/z 3444.775 [M+H]
+
; calculated for C216H226LuN32: 3444.814. 

Bis{tetrakis(5,7-bis(4-tert-butylphenyl)-6H-1,4-diazepino)[2,3-

b,g,l,q]porphyrazinato} erbium (2b). UV-vis (CH2Cl2) λmax/nm: 

368 (5.12), 621 (4.89), 714 (4.80). 
1
H NMR (500 MHz; CD2Cl2) 

δ/ppm: 21.20 (32H, br s, H
o-Ar

), 14.24 (32H, br s, H
m-Ar

), 33.75 

(8H, br s, H
eq

), 67.44 (8H, br s, H
ax

), 5.51 (144H, s, H
tBu

). MS 

(MALDI-TOF/TOF; HCCA): m/z 3436.963 [M+H]
+
; calculated for 

C216H226ErN32: 3436.805. 

Bis{tetrakis(5,7-bis(4-tert-butylphenyl)-6H-1,4-diazepino)[2,3-

b,g,l,q]porphyrazinato} dysprosium (2c). UV-vis (CH2Cl2) 

λmax/nm: 367 (5.24), 628 (4.91), 707 (4.85). 
1
H NMR (500 MHz; 

CD2Cl2) δ/ppm: -17.29 (32H, br s, H
o-Ar

), -5.43 (32H, br s, H
m-Ar

), 

-45.83 (8H, br s, H
eq

), -113.08 (8H, br s, H
ax

), -6.20 (144H, s, 

H
tBu

). MS (MALDI-TOF/TOF; HCCA): m/z 3433.047 [M+H]
+
; 

calculated for C216H226DyN32: 3432.801. 

Bis{tetrakis(5,7-bis(4-tert-butylphenyl)-6H-1,4-diazepino)[2,3-

b,g,l,q]porphyrazinato} europium (2d). UV-vis (CH2Cl2) 

λmax/nm (log ε): 368 (5.20), 631 (5.03), 699 (4.89). 
1
H NMR (500 

MHz; CD2Cl2) δ/ppm: 9.00 (32H, br s, H
o-Ar

), 8.02 (32H, br s, H
m-

Ar
), 8.42 (8H, br s, H

eq
), 10.01 (8H, br s, H

ax
), 1.82 (144H, s, H

tBu
). 

MS (MALDI-TOF/TOF; HCCA): m/z 3423.041 [M+H]
+
; calculated 

for C216H226EuN32: 3422.793. 

Bis{tetrakis(5,7-bis(4-tert-butylphenyl)-6H-1,4-diazepino)[2,3-

b,g,l,q]porphyrazinato} neodymium (2e). UV-vis (CH2Cl2) 

λmax/nm: 367 (5.28), 634 (5.18), 687 (5.00). 
1
H NMR (500 MHz; 

CD2Cl2) δ/ppm: 6.41 (32H, br s, H
o-Ar

), 6.65 (32H, br s, H
m-Ar

), 

2.55 (8H, br s, H
eq

), -2.94 (8H, br s, H
ax

), 1.01 (144H, s, H
tBu

). MS 

(MALDI-TOF/TOF; HCCA): m/z 3414.124 [M+H]
+
; calculated for 

C216H226NdN32: 3413.784. 

Bis{tetrakis(5,7-bis(4-tert-butylphenyl)-6H-1,4-diazepino)[2,3-

b,g,l,q]porphyrazinato} cerium (2f) was characterized in our 

previous paper.
32

 

Bis{tetrakis(5,7-bis(4-tert-butylphenyl)-6H-1,4-diazepino)[2,3-

b,g,l,q]porphyrazinato} lanthanum (2g). UV-vis (CH2Cl2) 

λmax/nm (log ε): 370 (5.25), 637 (5.31), 673 (5.02). 
1
H NMR (500 

MHz; CD2Cl2) δ/ppm: 7.98 (32H, d, 
3
J = 6 Hz, H

o-Ar
), 7.47 (32H, 

d, 
3
J = 7.3 Hz, H

m-Ar
), 6.05 (8H, d, 

2
J = 11.7 Hz, H

eq
), 4.69 (8H, d, 

2
J = 12.7 Hz, H

ax
), 1.50 (144H, s, H

tBu
). 

13
C NMR (500 MHz; 

CD2Cl2) δ/ppm: 154.4, 154.3, 148.3, 142.4, 134.5, 129.9, 126.1, 

37.9, 35.4, 31.6. MS (MALDI-TOF/TOF; HCCA): m/z 3409.169 

[M+H]
+
; calculated for C216H226ErN32: 3408.779. 

Results and discussion 

Synthesis 

In this study, we extended our previous work
30-32

 and 

synthesized a series of double-decker complexes, including 

representatives of early, middle and late lanthanides (Scheme 

1). Hitherto undescribed double-decker complexes of erbium 

(2b), dysprosium (2c) and europium (2d) were prepared and 

purified in the same manner as previously reported 2e,g
31

 

(Scheme 1 and Table S1). 

 All compounds obtained were structurally characterized by 

high-resolution mass spectrometry, NMR and UV-vis-NIR 

spectroscopy. The MALDI-TOF/TOF mass spectra of 2a–g 

clearly show an intense peak of a protonated molecular ion 

[M+H]
+ 

with precise isotopic pattern supplemented with 

fragmentation peaks of a weak intensity (Table S1 and Figs. 

S1–S7). 

 Notably, the formation of sandwich-type complexes 2a–g 

took place under the relatively mild reaction conditions 

previously developed for the selective synthesis of lanthanide 

mono(Pcs).
45

 Moreover, the corresponding early lanthanide 

double-deckers demonstrated high stability towards 
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Fig. 1 DFT-optimized structures of the ligand dimer: (A) front view; (B) top view; (C) front view with water molecules incorporated. Tert-butyl substituents were omitted for 

shortening the calculation time. 

dissociation as compared with Pc counterparts.
46-48

 This 

suggested the presence of additional interligand interactions in 

tetradiazepinoporphyrazine lanthanide double-decker 

complexes provided by the diazepine moieties. 

DFT study and NMR spectroscopy 

To gain insight into the structural features of sandwich-type 

tetradiazepinoporphyrazine lanthanide complexes, we 

analyzed the structure of the free-base ligand and the double-

decker compounds obtained using two-dimensional NMR 

techniques combined with quantum chemical calculations as 

discussed below. Although this approach assumes no 

comprehensive information about the atomic coordinates, it 

provides basic knowledge of the structure of compounds in 

solution. 

 Recently, it was shown that magnesium(II) 

tetradiazepinoporphyrazinate exists in the form of H-type 

dimer in solution in the absence of strong coordinating 

agents.
11, 12

 Another study revealed that the complicated 

nature of the UV-vis spectrum of 

tribenzodiazepinoporphyrazine ligand, with three intense 

bands in the Q-band region, is due to propensity of this 

compound to form H- and J-type aggregates via intermolecular 

hydrogen bonds.
13

 In this work, using a combination of 

diffusion-ordered NMR spectroscopy (DOSY) (Table S2), UV-vis 

and fluorescence experiments (Figs. S37–S41), we first 

demonstrated the existence of ligand 1 in dimeric form in 

solution. Furthermore, the ligand was found to retain dimeric 

structure regardless of the concentration (Figs. S40 and S41). 

Geometry optimization of the free-base ligand 1 at the 

BP86/def2-SV(P) level of theory further confirms the dimeric 

structure of 1, leading exclusively to H-type dimer. The 

calculations also demonstrate the presence of the strong 

hydrogen bonding interactions, denoted as C–H
ax

…N
meso

, 

which involve diastereotopic protons at C6 position of 

diazepine rings, occupying an axial orientation (H
ax

), and meso-

nitrogen atoms (N
meso

) of the adjacent macrocycle (Fig. 1). 

 NBO analysis revealed that hydrogen bonding between 

ligands in dimer 1 is formed by occupation of nonbonding 

molecular orbital (MO) localized predominantly at the C–H
ax 

bond of the one ligand with lone-pair electrons of the N
meso

 

atom of the opposite ligand. The presence of eight hydrogen 

bonds along with π-stacking contributes to the stabilization of 

tetradiazepinoporphyrazine dimers as compared with Pc 

analogs, which exhibit only π-π stacking interactions.
2, 14

 Of 

particular note is that the nonplanar structure of 1,4-diazepine 

heterocycle and its ability to change conformation through 

ring inversion and rotation of phenyl substituents
49

 (Fig. 1A) 

serve as prerequisites for the formation of self-complementary 

dimeric structure of ligand 1 with inward orientation of the 

eight diazepine moieties (Fig. 1). 

 Hydrogen bonding and the unique complementary 

configuration of diazepine moieties provide the distance 

between the planes of ligand dimer 1 of 3.23 Å and rotation 

angle of 45°, which are comparable to those in double-decker 

lanthanide complexes 2 (3.21 Å for 2g; 2.95 Å for 2a) and meet 

the symmetry of the coordination sphere of the lanthanide 

center, i.e. square antiprism. Thus, the closeness of geometries 

of the ligand dimer (Fig. 1) and the lanthanide complex (Fig. 2) 

reduces the steric barrier to the formation of the double-

decker compounds. This leads to a significant decrease in 

temperature required for the formation of lanthanide 

bis(tetradiazepinoporphyrazinates) (Scheme 1) down to the 

value at which selective synthesis of lanthanide mono(Pcs) 

occurs.
45

 Given that the calculated distance between the 

macrocycles in La complex 2g is 3.21 Å, which is less than that  
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Fig. 2 DFT-optimized structure of the double-decker 2. 

in the ligand dimer (3.23 Å), the stability of the latter towards 

dissociation indicates a potential stability of 2g, as described in 

earlier work.
31

 

 Moreover, the theoretical calculations (Figs. 1 and 2) 

suggest the propensity of macrocycles in lanthanide 

tetradiazepinoporphyrazine double-deckers, unlike Pc and 

porphyrin analogs, to preserve the mutual orientation with 

rotation angle close to 45°, regardless of the nature of 

lanthanide ion. This effect is of fundamental interest for the 

study of magnetic properties as a function of the symmetry of 

the coordination sphere of the lanthanide center.
50, 51

 

 As discussed below, double-deckers 2 contain water 

molecules in their structure. To evaluate the spatial position of 

water, its presence in ligand 1 near the centers of potential 

hydrogen bonding such as N
meso

 atoms of the macrocycle and 

nitrogen atoms of diazepine fragments (N
Dz

) was simulated. 

Simulation showed that the most advantageous position of the 

water, while maintaining dimeric structure of the ligand, is 

close to the N
Dz

 atoms (Fig. 1C). Moreover, geometry 

optimization of the ligand dimer with water molecules initially 

localized between the planes of macrocycles near N
meso

 atoms 

led to displacement of water towards N
Dz

 atoms. In this case, 

hydrogen bonds O–H…N
Dz

, each involving the protons of one 

water molecule and two N
Dz

 atoms of the adjacent diazepine 

fragments, are formed (Fig. 1C). Since the distance between 

the decks in each sandwich complex 2 is smaller compared to 

ligand dimer 1, it can be assumed that water will be located 

outside the complexes near the N
Dz

 atoms as in the case of 1. 

 Due to the stability of double-deckers 2a–e,g in the anionic 

(reduced) form, denoted as [
tBuPh

DzPz]2Ln
III

H, NMR spectra of 

reasonable quality were obtained (Figs. S8–S19) without the 

addition of reducing agents required in the case of REE 

bis(Pcs).
52, 53

 Of special note is cerium complex 2f which was 

isolated in a neutral diamagnetic form [
tBuPh

DzPz]2Ce
IV

, 

incorporating Ln ion in the tetravalent oxidation state, as 

discussed recently.
32

 Full assignment of proton signals in the 

NMR spectra was made using COSY and NOESY 2D NMR 

spectroscopy (Table 1 and Figs. S20–S36). 

Table 1 1H NMR data (δ, ppm) for double-deckers 2a–g in CD2Cl2 

Compd Ho-Ar Hm-Ar Heq Hax HtBu HH2O 

1 7.99 7.46 6.10 4.70 1.50 
2.10–

2.60 

2a 7.99 7.48 6.02 5.13 1.50 2.70 

2b 21.20 14.24 33.75 67.44 5.51 6.50 

2c -17.29 -5.43 -45.83 -113.08 -6.20 -7.00 

2d 9.00 8.02 8.42 10.01 1.82 3.02 

2e 6.41 6.65 2.55 -2.94 1.01 2.10 

2f 8.05 7.52 6.18 5.13 1.52 2.34 

2g 7.98 7.47 6.05 4.69 1.50 2.86 

 

The
 1

H NMR spectra of [
tBuPh

DzPz]2Ln
III

H containing 

paramagnetic Ln ions demonstrated characteristic lanthanide 

induced shifts (LIS) of the proton signals (Table 1) with the 

values dependent on both Ln nature and distance between Ln 

ion and the corresponding proton. Thus, Er and Eu (2b and 2d, 

respectively) induce the downfield shift of the proton signals, 

while Dy and Nd (2c and 2e, respectively) result in the upfield 

shift, with the highest LIS values characteristic for Er and Dy 

complexes. It is worth noting that in going from diamagnetic 

2a to paramagnetic 2b–e, the equatorial protons at the C6 

position of diazepine rings (H
eq

) undergo a much stronger 

paramagnetic LIS compared with H
o-Ar

 protons of phenyl rings 

despite the similar distance to the Ln ion. This is in good 

agreement with DFT optimized geometry of the sandwich 

complexes, where all diazepine rings in the macrocycles have 

the uniform conformation in which the diastereotopic protons 

are directed to the Ln ion. It should also be noted that the LIS 

effect was also observed in the case of H2O protons, which 

indicates the involvement of water molecules in the sandwich 

structure. Small values of this shift (Table 1) imply insignificant 

influence of Ln paramagnetic effect due to the shielding of the 

Ln center by 
tBuPh

DzPz macrocycles according to the DFT 

calculations (Fig. 1C). The position of water predicted by the 

calculations is further supported by the strongest NOESY 

correlation, and thus shortest distance, between H2O protons 

and H
o-Ar

 protons of phenyl rings (Figs. S24, S30, and S36). 

Electronic absorption spectra 

The UV-vis behavior of complexes 2a–g agrees with their 

double-decker structure. The spectra generally correspond to 

classical REE bis(Pcs)
54-56

 but also exhibit additional features. 

As is well known, Pc double-decker complexes predominantly 

exist as the neutral π-radical forms.
19, 55, 57

 Unlike bis(Pcs), the 

isolated double-deckers 2a–g exist in the anionic form 

[
tBuPh

DzPz]2Ln
III

H (Fig. 3), except for cerium compound 2f which 

was isolated in the neutral diamagnetic form [
tBuPh

DzPz]2Ce
IV 

owing to metal-centered Ce
III

/Ce
IV

 oxidation, as reported 

recently.
32

 The anionic forms can be chemically oxidized at the 

ligand side, e.g. by treatment with molecular iodine or 

bromine, giving the corresponding neutral form [
tBuPh

DzPz]2Ln
III
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Table 2 UV-Vis-NIR data for double-deckers 2a–g in CH2Cl2 

Compd λmax, nm (log ε) 

 reduced state [tBuPhDzPz]2LnIIIH neutral state [tBuPhDzPz]2LnIII 

 B(Soret) Q1 Q2 B(Soret) Q RV IVa 

2a 369(5.09) 620(4.86) 722(4.78) 342sh, 377 599sh, 653(5.00) 865(3.91) 1216sh, 1305 

2b 368(5.12) 621(4.89) 714(4.8) 344sh, 377 601sh, 654(5.02) 861 1222sh, 1334 

2c 367(5.24) 628(4.91) 707(4.85) 346sh, 379 601sh, 656(5.05) 857 
1214sh, 1351, 

1427sh 

2d 368(5.20) 631(5.03) 699(4.89) 349sh, 380 602sh, 660(5.13) 853 
1195sh, 1376sh, 

1476 

2e 346sh, 367(5.28) 634(5.18) 687(5.00) 363 607sh, 664(5.20) 846 1577 

2fb 344sh, 371(5.30) 635(5.34) 678(5.03) - - - - 

2g 350sh, 373(5.25) 638(5.31) 674(5.02) 365 610sh, 671(5.25) 839 1780 

a The spectra were recorded in CCl4. b The data are given for the reaction mixture. 

(Fig. S42). Note that in the UV-vis spectra of the neutral forms 

of 2a–g the characteristic π-radical blue valence (BV) band at 

450–500 nm is poorly defined owing to absorption of 

diazepine moieties in this region. The π-radical nature of the 

neutral forms is confirmed by the presence of red valence (RV) 

and intervalence (IV) absorption bands in the NIR region (Fig. 

4), whose line-shape and position correlate with the nature of 

REE. Table 2 summarizes all UV-vis-NIR data. 

 

Fig. 3 UV-Vis spectra of reduced forms of complexes 2a–g in CH2Cl2. The spectrum of 2f 

is given for the reaction mixture. 

 The presence of an unpaired electron in the neutral forms 

of the complexes ([L
2-

Ln
3+

L
·-
]

0
, where L = 

tBuPh
DzPz) is also 

supported by the ESR spectroscopy. Intense ESR signal with a 

g-factor value of 2.0022 was observed (Fig. 5), which is very 

close to that of a free electron and typical for organic 

radicals.
58

 

 

Fig. 4. NIR spectra of neutral forms of 2a–g in CCl4. 

 

Fig. 5 ESR spectrum of 2g recorded in toluene at 298 K. 
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 Similarly to bis(Pcs), clear REE size effect on the UV-vis-NIR 

spectra of 2a–g can be observed; along with increasing the 

ionic radius from Lu (2a) to La (2g), the Q-band splitting values 

in the anionic form decrease (Fig. 6). In the neutral form, 

maxima of the Q and IV absorption bands are linearly shifted 

to the red region of the spectrum, while the opposite tendency 

is observed in the RV-band region (Fig. 6). These correlations 

indicate that π-π interactions between the macrocycles 

become weaker with the increase in REE ionic radius. It is 

worth noting that splitting of the Q-band in the anionic forms 

of [
tBuPh

DzPz]2Ln is more pronounced than that of Pc2Ln,
55

 

which is consistent with stronger interactions between the 

macrocycles in tetradiazepinoporphyrazine lanthanide double-

deckers as discussed above. Moreover, the observed 

hypsochromic shift of the IV-band in 2g relative to lanthanum 

bis(Pcs)
55, 59

 by about 350 nm is also consistent with a stronger 

interligand interactions in [
tBuPh

DzPz]2Ln. 

 
Fig. 6 Plots of Q-band splitting in reduced state (A) and IV in neutral state (B) versus the 

LnIII ionic radius60 for 2a–g. 

MCD 

Figure 7 shows the electronic absorption and magnetic circular 

dichroism (MCD) spectra of compounds in this study. They can 

be interpreted using the knowledge accumulated on 

tetraazaporphyrinoids to date. Compound 1 is a metal-free 

porphyrazine containing seven-membered 1,4-diazepine rings 

consisting of two nitrogen atoms and three double bonds. It 

showed a split Q-band with maxima at 680 (Qx) and 633 (Qy) 

nm and the Soret band at 362 nm. Compared with those of 

metal-free tetrapyrazinoporphyrazine which shows Q-bands at 

648 (Qx) and 612 (Qy) nm and the Soret band at 335 nm
61

, both 

bands are shifted to the red by ca. 20–30 nm. This can be 

interpreted as a practical expansion of the π-system, as seen 

on going from classical Pcs to Pc analogues with seven-

membered rings fused to the porphyrazine core instead of the 

benzene rings in Pcs.
62

 The MCD spectrum of this compound is 

a superimposition of Faraday B-terms that can be observed 

when there is no degeneracy in both ground and excited 

states. Corresponding to the Qx- and Qy- bands, negative and 

positive envelopes were observed, respectively. 

 

Fig. 7 UV-Vis and MCD spectra of compounds 1, 2a and 2g in CH2Cl2. 

 The neutral forms of [
tBuPh

DzPz]2Lu (2a) and [
tBuPh

DzPz]2La 

(2g) are π-radical species. The spectra of these compounds can 

be interpreted based on the knowledge of porphyrin or Pc 

sandwich compounds containing these Ln ions.
63

 In the region 

beyond 600 nm, 2a showed two peaks at 653 and 865 nm (Fig. 

7b), while 2g showed these peaks at 671 and 839 nm (Fig. 7d). 

Namely, going from 2a containing the smaller Lu ion to 2g 

containing the larger La ion, the 865 nm band is blue-shifted to 

839 nm while the 653 nm band is red-shifted to 671 nm. 

Judging by the changes in the position of these bands, the 

small negative MCD envelope corresponding to the 865 and 

839 nm absorption bands, and the intense Faraday A-terms 

associated with the 653 and 671 nm bands, the 865 and 839 

nm bands can be assigned to a transition from the singly 

occupied molecular orbital (SOMO) to the lowest unoccupied 

molecular orbital (LUMO), and 653 and 671 nm bands to that 

from the highest occupied molecular orbital (HOMO) to 

LUMO+1.
63

 

 The spectra of the reduced form of 2g can be analyzed in 

the same way as for the reduced form of the 

tetrapyrazinoporphyrazine sandwich compound containing Lu 

ion.
64

 Distinct differences between the absorption spectra of 

the neutral species and the reduced species are seen in the Q-

band region, i.e. the reduced species alone shows a clearly 

split Q-band. The Q-band splitting of the reduced form of 2g is 
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only 36 nm (840 cm
-1

) compared with 102 nm (2280 cm
-1

) of 

2a and 108 nm (2750 cm
-1

) of the tetrapyrazinoporphyrazine 

sandwich compound containing the Lu ion
64

 due to the larger 

ionic radius of La than Lu. According to the molecular orbital 

(MO) calculation on the reduced forms of the lanthanide 

sandwich Pc compounds by the valence effective Hamiltonian 

approach
65

, the Q-bands at longer and shorter wavelengths 

correspond to transitions from a2 to e1 and b1 to e3 orbitals, 

respectively, under D4d symmetry, i.e. the excited state is 

doubly degenerate. In agreement with these assignments, the 

MCD spectrum showed Faraday A terms corresponding to 

these split Q-bands. This further indicates that the angular 

momentum change is distributed to the split bands. 

Self-assembly 

As mentioned above, the reduced form of 2 can easily be 

converted to the neutral one by the action of oxidants. 

Furthermore, we have found that the UV-vis spectrum of the 

neutral form obtained in the system I2/CH2Cl2 undergoes 

changes over 2 hours mainly in the area of the hypsochromic 

shoulder of the Q-band; this implies the predominant 

formation of H-type aggregates in solution (Fig. 8). 

Interestingly, the rate of this process increases with an 

increase in the ionic radius of REE. Addition of a reducing agent 

to the resulting solution leads to a full regeneration of the 

initial reduced form indicating that oxidation conditions are 

nondestructive for the double-decker molecules and the 

corresponding UV-vis changes are indeed due to the formation 

of H-aggregates. Study of freshly prepared neutral forms of 

complexes 2a,d,g in the medium I2/CH2Cl2 using DLS method 

(Figs. 8, S43, and S44) revealed the formation of nanoparticles 

with an average hydrodynamic radius (Rh) of about 20 nm, 

accounting for approximately 30 molecules, given Rh of the 

molecule of 6.62 Å according to DOSY experiments. The 

observed aggregation is also accompanied by a significant drop 

in the ESR signal intensity (Fig. S45); conversion extent to a 

radical form is only 10% in CH2Cl2 solution. 

 

Fig. 8 UV-Vis spectral changes observed during the aggregation of the neutral form of 

2g in CH2Cl2. Insert: DLS determined particle size distribution in the resulting solution of 

2g (C = 1·10-4 M); Rh = 24 nm. 

 

Fig. 9 FE-SEM images of films formed by 2a (top), 2d (middle) and 2g (bottom) 

compounds. 

We assumed that the strong tendency of neutral forms of 

[
tBuPh

DzPz]2Ln to aggregate in solution is due to the possibility 

of reorientation of the intramolecular hydrogen bonds 

outwards in the double-decker followed by the formation of 

intermolecular hydrogen bonds via inversion of diazepine 

moieties. Thus, weakening of the stabilizing effect of 

intramolecular hydrogen bonding should alter stability of the 

neutral forms of 2 making the resulting stability closer to the 

one of bis(Pcs) and, therefore, should be mainly dependent on 
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Table 3 Half-wave potentials for 2a–e, 2g in o-DCB 

 E1/2 (V) vs. SCE a 

Compd L2Ln4−/ L2Ln5− b L2Ln3−/ L2Ln4− L2Ln2−/ L2Ln3− L2Ln−/ L2Ln2− L2Ln/ L2Ln− L2Ln+/ L2Ln L2Ln2+/ L2Ln+ ΔE1/2 
c ΔE´1/2 

d 

2a -1.98 -1.37 -1.06 -0.68 0.34 0.76 - 0.42 1.02 

2b -1.84 -1.35 -1.09 -0.73 0.36 0.79 - 0.43 1.09 

2c -1.87 -1.34 -1.07 -0.71 0.41 0.83 - 0.42 1.12 

2d -1.83 -1.33 -1.05 -0.71 0.41 0.85 - 0.44 1.12 

2e -1.79 -1.31 -1.06 -0.73 0.48 0. 93 - 0.45 1.21 

2g -1.76 -1.38 -1.01 -0.71 0.53 0.98 - 0.45 1.24 

a E1/2 (Fc+/Fc) = 0.64 V. b L = tBuPhDzPz. c ΔE1/2 = E1/2(L2Ln+/L2Ln) – E1/2(L2Ln/L2Ln-). d ΔE´1/2 = E1/2(L2Ln/L2Ln-) – E1/2(L2Ln-/L2Ln2-). 

the strength of the metal-ligand bond. This was confirmed 

experimentally; in particular, after prolonged storage (for 

more than 24 hours) of the neutral form of lanthanum 

compound 2g in solution, the MALDI-TOF mass spectrum 

revealed the signal of the free-base ligand 1 in addition to the 

protonated molecular ion (Fig. S46). In turn, lutetium complex 

2a does not undergo demetallation even after 5 days, which is 

also confirmed by the MALDI-TOF mass spectrometry data (Fig. 

S47). 

According to the UV-vis data, the reduced forms of 2 reveal 

no aggregation in solution. Meanwhile, a study of their films 

using FE-SEM showed dependence of the solid phase 

morphology on Ln ionic radius. Thus, the films formed are 

characterized by a grainy texture, with the grain size reaching 

30 nm in diameter (Fig. 9). Nanograins, in turn, are able to 

form more complex structures of spherical shape whose size 

increases from about 100 to 400 nm going from 2a to 2g, 

respectively. The increased stability of La complex 2g in 

reduced form
31

 indicates the absence of the tendency to form 

the intermolecular hydrogen bonds in the solid phase under 

these conditions. Thus, complexes 2 in their reduced forms 

tend to exhibit weaker intermolecular interactions, but being 

anionic in nature they effectively form supramolecular 

structures through dispersion interactions. Thus, the 

mechanism of formation of nanostructures based on 

[
tBuPh

DzPz]2Ln is clearly determined by their redox state. 

Thermal Analysis 

Thermal stability of compounds 2a and 2g was studied using 

thermogravimetry (TG) and differential thermogravimetry 

(DTG) (Fig. 10). The nearly identical TG-MS results of 2a and 2g 

indicate that nature of REE have no noticeable effect on the 

complex decomposition behavior. According to evolved gas 

analysis (mass-spectrometry), the removal of physically 

adsorbed water takes place until 100 °С (m/z 17 and 18) and 

thereafter the dehydration of crystalline water occurs (Fig. 

S48). Under an inert atmosphere (Ar), complexes start to 

decompose when heated above 300 °C, while decomposition 

of the complexes in air begins at ca. 250 °С. Results obtained 

demonstrated sufficiently high thermal stability of double-

deckers [
tBuPh

DzPz]2Ln comparable to that of substituted REE 

bis(Pcs).
66, 67

 For details please see the Supporting Information.  

 

Fig. 10 TG and DTG curves for 2a and 2g. 

Electrochemistry 

The electrochemical properties of complexes 2a–e,g were 

measured in o-DCB by cyclic voltammetry (CV) and square-

wave voltammetry (SWV) at a platinum disk electrode within a 

potential window from -2.0 to 2.0 V (vs. SCE). Table 3 lists the 

reduction potentials of the complexes, and Figure 11 depicts 

representative voltammograms. The pattern of the redox 

transitions (Figs. 11, S50, and S51) was similar to that of REE 

bis(Pcs)
54, 56, 68, 69

 and included six quasi-reversible ligand-

centered processes, which are two one-electron oxidations 

and four one-electron reductions. It is worth noting that the 

open circuit potential in the solution of the initial form was in 

the range of 0.15–0.25 V (vs. SCE), i.e. below the potential of 

L2Ln/L2Ln
−
 transition, confirming that the complexes have been 

isolated in the reduced form. As compared to the 

corresponding REE bis(Pcs)
68

, a significant shift (by an average 

of 0.25 V) of all reduction potentials to positive values was 

observed, which agrees with the hypsochromic shift of the IV-

band compared to bis(Pcs). The potential shift indicates the 

strong electron withdrawing nature of the diazepine moieties, 

which stabilizes the reduced forms of the complexes. The 

redox transition L2Ln
2+

/L2Ln
+ 

usually observed for bis(Pcs) was 

not found for [
tBuPh

DzPz]2Ln within the available potential 

window, most probably due to the anodic shift of the 

transition beyond 2.0 V (vs. SCE). 
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Fig. 11 CV of complexes 2a, 2d, 2g (0.5–1.0 mM, o-DCB, 0.15 M TBABF4, scan rate of 0.1 

V/s). E1/2(Fc+/Fc) = 0.64 V. 

 The value of ΔE1/2 (Table 3) varies in a narrower range 

(0.42–0.45 V) compared to bis(Pcs) (0.38–0.45 V for tert-butyl-

substituted complexes
68

), and was higher than that of 

naphthalocyanines (0.31–0.34 V)
70

. According to the literature 
71

, such ΔE1/2 values may demonstrate promising 

semiconducting properties of 2a–g. The potential difference 

between the L2Ln
−
/L2Ln

2-
 and L2Ln/L2Ln

− 
transitions, denoted in 

Table 3 as ΔE´1/2, corresponds to the HOMO-LUMO gap of the 

reduced form.
68

 The value of ΔE´1/2 increases by 0.22 V in the 

line from 2a to 2g, which agrees with the hypsochromic shift of 

the Q2-band (Table 2) and indicates a decrease in the degree of 

interactions between the macrocycles along with increasing 

the REE radius. The range of ΔE´1/2 values for the complexes 

corresponds to that of phthalo- and naphthalocyanines.
68, 70

 

Conclusions 

A series of sandwich double-decker 

tetradiazepinoporphyrazine-based lanthanide complexes have 

been synthesized and characterized using experimental and 

theoretical methods. According to the TG-MS data the 

compounds possess sufficiently high thermal stability. 

Electrochemical studies showed a significant shift of all the 

potentials towards positive values as compared to the 

corresponding Pc counterparts, which indicates a strong 

electron withdrawing nature of diazepine fragments and, 

therefore, a higher stability of 2a–g towards oxidation. Using 

quantum-chemical calculations and NBO analysis we 

demonstrated for the first time the existence of intermolecular 

hydrogen bonds provided by the complementarily arranged 

diazepine fragments in the tetradiazepinoporphyrazine ligand. 

Thus, the introduction of diazepine heterocycles into the 

porphyrazine macrocycle leads to the appearance of additional 

interligand interactions, namely hydrogen bonding, which 

facilitates the formation of double-decker compounds 2a–g 

compared to REE bis(Pcs) and stabilizes the corresponding 

early lanthanide double-decker complexes towards 

dissociation. The possibility of reorienting the intramolecular 

hydrogen bonds outwards in the double-decker via inversion 

of diazepine moieties promotes aggregation of the complexes. 

The mechanism of aggregation is shown to be dependent on 

the redox state of the compound. The specific interactions 

involving diazepine heterocycles allow us to offer sandwich 

tetradiazepinoporphyrazine-based lanthanide complexes as 

promising blocks for the creation of ordered supramolecular 

architectures. Owing to the fixed mutual orientation of the 

decks with rotation angle close to 45°, double-deckers 2a–g 

represent promising materials for single-molecule magnet 

studies. Moreover, LIS of H2O protons in the NMR spectra of 

paramagnetic complexes 2 make these compounds potentially 

attractive as magnetic resonance contrast agents. 
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