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Abstract

An in situ hydrolysis of the P-CI bonds of the carbophosphazene [ {NC(NMe3)}2{NPCl>}]
(L"“?) in the presence of hydrated lanthanide(IIT) nitrates in a dichloromethane and methanol (2:1)
solvent mixture afforded a series of novel 1D  coordination  polymers:
[ {Ln(L"P9%)3(NO3),(CH30H)(H20)} (Cl)]n {where Ln(III) = Gd (1), Tb(2), Dy(3), or Er(4) and
LHP92 5 the hydrolyzed carbophosphazene (LPC?) ligand}. X-ray crystallographic analysis
revealed that complexes 1-4 are isostructural and crystallized in the monoclinic crystal system
having P2;/c space group. The coordination polymers are formed because of the involvement of
the geminal P(O)(OH) moieties of the carbophosphazene ligand. Each lanthanide (III) ion is 9-
coordinate (90) in a distorted muffin geometry. Magnetic measurements revealed that both Dy"!!
and Er'! analogues exhibit field-induced single-molecule magnet (SMM) behavior at 0.8 kOe and
2.2 k Oe, respectively. At such dc fields, the dynamic magnetic susceptibility displays complex
behavior with a triple magnetic relaxation contribution for 3, while two contributions were
identified for 4. The observed static and dynamic magnetic behavior for complexes 1-4 were

further rationalized with the aid of BS-DFT and CASSCF/SO-RASSI/SINGLE ANISO

calculations.
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Introduction

Cyclophosphazenes are among the most widely studied inorganic heterocyclic ring
systems. ! This interest stems from many reasons. &7 One, the rich diversity of stereo- and
regioselective patterns observed in the nucleophilic substitution reactions of the six- and eight-
membered rings such as N3P3Cls and N4P4Cls have been a topic of considerable attention. *° Two,
the polymerization of N3P3Clg to [NPCl2], and the subsequent macromolecular substitution of the
P-Cl bonds by nucleophiles, has been a principal synthetic route for a large family of
polyphosphazenes. 1! Indeed, the latter is the most prominent family of inorganic polymers. A
third reason of interest has been the utility of the cyclophosphazene motifs as support for the
construction of multi-site coordination ligands. ® 7 We and others have actively delineated this
aspect of the cyclophosphazene chemistry in some detail.®° Closely related to cyclophosphazenes
are cyclocarbophosphazenes which can be considered as hybrids between the former and the
organic heterocyles, s-triazines.!> !* Thus, cyclocarbophosphazenes have one or two carbon atoms
in the skeletal ring in place of phosphorus. We have been engaged in developing the coordination
chemistry of cyclocarbophosphazenes.!* !° Thus, for example, we have observed that selective
P-N bond hydrolysis occurs in the interaction of [{NP(3,5-MexPz).} {NC(3,5-Me2Pz)},>] with
various metal ions leading to the formation of ensembles of variable nuclearity. '® On the other
hand, we were also able to demonstrate hydrolytic stability in ligands such as the guanidine
derivative, [{NCCIl}2{NP(NC(NMez)2)2} 1], the hydrazone ligands,
[{NC(N(CHs3)2) }2{NP{N(CH3)N=CH-CsH3-(0-OH)(m-OCH3) }2}] and
[{N2P2(0O2C12Hg)2} {NP{N(CH3)N=CH-CsH3-(0-OH)(m-OCH3)}2}], or the pyridyloxy ligands,

[NC(NMe2)2[NP(p-OCsHaN)2] and [NC(NMe:)]2[NP(m-OCsH4N)2].'> 17 In view of this we were
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curious to investigate the coordination behavior of [{NC(NMe2)}2{NPCL}] (LF?) towards
hydrated metal salts with a view to examine if the P-Cl bond could be hydrolyzed and if the in situ
generated P(O) motifs could be engaged in coordination leading to a coordination polymer chain.

In view of our extensive interest in lanthanide ion complexes as molecular magnets such as single-

)18—20 )21—23

molecule magnets (SMMs and single-ion magnets (SIMs we chose to examine the
reactivity of (L?“"?) with hydrated lanthanide nitrates. Accordingly, herein, we report the synthesis,
structure and magnetic studies of the 1D coordination polymers,
[ {Ln(L"P9%)3(NO3)2(CH30H)(H20)} (C1)]a { Ln(III) = Gd (1), Tb (2), Dy (3), or Er (4). While the
Dy'™! analogue exhibits zero-field out-of-phase magnetic susceptibility signals, which could be

well resolved on the application of a moderate dc magnetic field, the Er'™"

analogue revealed a slow
magnetic relaxation behavior observed under 2.2 kOe applied magnetic field. We carried out BS-
DFT and CASSCF/SO-RASSI/SINGLE ANISO calculations to understand and rationalize the

observed magnetic behavior.
Experimental

Chemicals and solvents purchased from commercially available sources (Sigma Aldrich and Alfa
Aesar) were used without further purification. All the reactions were performed under aerobic
conditions unless otherwise mentioned. The carbophosphazene ligand [ {NC(NMe»)}2{NPCl>}]
(L) was synthesized according to literature procedure.'* 1617 Solid state FT-IR spectra were
recorded using KBr pellets on a Perkin-Elmer FT-IR spectrometer in the 400 to 4000 cm! range.
Thermogravimetric analyses (TGA) were carried out by using a TGA 550 TA instruments, under
an atmosphere of dinitrogen, at a heating rate of 10 °C per minute. The dc magnetic susceptibility
measurements were performed on immobilized solid polycrystalline sample with a Quantum

Design MPMS-XL SQUID magnetometer between 2 and 300 K in an applied magnetic field of
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0.02 T for temperatures of 2-20 K, 0.2 T for temperatures of 20-80 K and 1T for temperatures of
80-300 K. The ac magnetic susceptibility measurements were performed on a Quantum Design
MPMS-XL SQUID for frequencies between 0.1 and 1000 Hz and a Quantum Design PPMS
magnetometers for frequencies between 100 and 10000 Hz. These measurements were all
corrected for the diamagnetic contribution as calculated with Pascal’s constants. To prevent
desolvation of the samples, they have been introduced at 150 K under a flux of helium in both
SQUID and PPMS magnetometers. It may be mentioned that the thermal gravimetric analysis
(TGA) data (Figure S17, ESI) indicates that when the temperature reaches 70°C, the sample
experiences a weight loss of around 8.5%, equivalent to the departure of two methanol molecules
from the crystal lattice. This indicates that the compound is quite stable and does not lose solvent

during the temperatures where the magnetic measurements were carried out.

Synthesis of 1-4
[{Gd(LHPO2)3(NO3)2(CH30H)(H20)} (CD]a (1)

The carbophosphazene LP“2? (0.2 g 0.7812 mmol) was dissolved in 30 mL of
dichloromethane/methanol solvent mixture (2:1) and then Gd(NO3)3-6H>O (0.117 g, 0.2604
mmol) salt was added to this solution. The reaction mixture was stirred for two hours at room
temperature and then filtered. Colorless block-shaped crystals of 1 suitable for X-ray diffraction
were isolated from the filtrate within 24 hours by the slow evaporation of the solvents. Yield 0.135
g, 35% (based on Gd), FT-IR (Figure S16): v-on = 3390 cm™; v.p.on =3192 cm™; v.cn = 1626 cm®
' vp-0 = 1101 cm™’. Elemental analysis: Cal. C, 26.09; H, 6.01; N, 17.52, Found: C, 26.30; H,

5.95; N, 17.59.
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[{Ln(LHP02)3(NO3)2(CH;OH)(H20)} (CD]a (Ln = Tb™ (2); Dy (3); Er'! (4)). A similar

procedure as used for the preparation of 1 was used to prepare 2-4. The details are given below.

2: Yield 0.160 g, 46% (based on Tb), FT-IR (Figure S16): v-on = 3380 cm’'; vp.on = 3182 cm™!;
v.c=N = 1622 cm™; vp-0 = 1097 cm!. Elemental analysis: Cal. C, 26.37; H, 6.01; N, 17.57. Found:

C,26.58; H, 6.29; N, 17.80.

3: Yield 0.145 g, 39% (based on Dy), FT-IR (Figure S16): v.on = 3372 cm™'; v.p.on = 3180 cm™!;
v.c=N = 1620 cm™!; v_p-0 = 1093 cm™!. Elemental analysis: Cal. C, 26.30; H, 5.99; N, 17.52. Found:

C, 26.05; H, 5.50; N, 17.34.

4: Yield 0.150 g, 43% (based on Er), FT-IR (Figure S16): v.on = 3382 cm™’; v.p.on = 3170 cm™!; v.
c=N = 1630 cm™; v.p—0 = 1104 cm’'. Elemental analysis: Cal. C, 26.20; H, 5.97; N, 17.46. Found:

C, 26.06; H, 5.70; N, 17.30.
X-ray crystallography

For the single crystal X-ray data collection, we have used the Rigaku Xtal LAB X-ray
diffractometer (MoKq, A =0.71073 A) instrument at 297 K temperature. The data integration (with
narrow frame algorithm) and empirical absorption correction (SCALE3 ABSPACK scaling
algorithm program) were performed using CrysAlis™ software. For structural solution and
elucidation Olex-2 software** was used. The direct methods in SHELXTL used to solve the
structure and refinement by the full matrix least-squares method on F? (SHELXL-2014).2> 26
(CCDC 2296556-2296559). Data for compounds 2-4 were collected multiple times. Due to poor
crystal quality, we observed a low data completeness: 84.7% for compound 2, 89% for compound

3, and 89.2% for compound 4. However, all other crystallographic parameters are in the acceptable
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limits. There were few disordered solvents in the crystals, these solvents were squeezed using the
solvent mask. The relevant information regarding the masked solvents is appended in the

respective CIF files.

Computational Methodology

For the calculation of the single-ion anisotropy and spin-Hamiltonian parameters (SH) of the

L and Er'™) in 2-4, we have carried complete active space

individual paramagnetic ions (Tb", Dy
self-consistent field (CASSCF) calculations®’ using MOLCAS 8.2 code.?® All the calculations
were performed on the X-ray crystal structures where the position of hydrogens was optimized at
BP86% 3 level of theory and def2-SVP basis set.>!" *2 For calculations of SH parameters in the
CASSCEF framework, the active space is comprised of the CAS (n,7) (where n = 8, 9, and 11,
representing the number of active electrons in the seven 4f-based active orbitals of Tb™, Dy and
Er'l, We have employed the basis set from the ANO-RCC library (see Table S9 for detailed basis
set contraction scheme).*® 3* The Dy(IlI) ion has 4f° configuration and possesses a ®His» ground
state and using an active space of CAS(9,7), we have computed 21 spin-free sextet states. Here,

we have not calculated other higher excited states for the Dy

ion, as the 21 roots are significant
enough to describe the magnetic properties.’>° This methodology has been very robust in
computing the magnetic properties of lanthanide complexes.**** For Tb'!! ion, with an active space
of CAS (8,7) we have computed seven septets and 140 quintet spin-free states. On the other hand,
for Er'" ion, we have computed 35 quartets and 112 doublet states using an active space of
CAS(11,7). The computed spin-free states for each Ln'" centre were subsequently mixed using a

spin-orbit restricted active space spin-interaction (SO-RASSI) to calculate the spin-orbit states.*’

These computed spin-orbit states were taken to the SINGLE_ANISO module*® to extract the g-
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values, crystal field parameters, ab initio blockade barrier and d.c. magnetic properties (magnetic

)47

susceptibility and magnetization). Resolution of identity Cholesky decomposition (RICD)*" was

turned on to save the disk space. The computed relative energies of the spin-free states, spin-orbit

I

states, and the g-values for all Ln™ ions are provided in the Supporting Information.

Scalar relativistic density functional theory (SR-DFT) calculations were performed to compute the
isotropic magnetic exchange interaction between the Gd"' centers in 1, using the ORCA 4.2.1
code.*® # Calculations were performed using the B3LYP®° level of theory on the dimeric model
complex extracted from the chain structure (see ESI for details). Here, we have used an all-electron
scalar relativistic effect (SARC) basis set for Gd and DKH adapted reconstructed version of def2-
type basis sets for rest of the atoms; DKH-def2-TZVP for the atoms in the first coordination sphere
(N, P, and O), and DKH-def2-SVP for C, and H atoms. Scalar relativistic effects were treated by
Douglas—Kroll-Hess (DKH) approximation.>* Grimme’s dispersion with Becke-Johnson damping
(D3BJ) was incorporated to account for the dispersion interaction as implemented in the ORCA.
233 In order to accurately estimate the sign and the magnitude of the magnetic exchange, J, the
SCF iterations were executed at the "VeryTIGHTSCEF" criterion without the use of auxiliary basis
and convergence accelerators, as mentioned in previous studies.’*>® The broken-symmetry DFT
calculations were performed by flipping the spin on one of Gd(III) centers using the spin-flip
approach as implemented in ORCA. The computed broken-symmetry calculations were verified
by analyzing the spin density on individual Gd" atoms. The exchange interaction JGs.cs was

calculated using the Yamaguchi spin-projection formula.’
Results and Discussion

As mentioned above, we have observed varied coordination behavior of cyclocarbophosphazene-

based ligands, which depended on the hydrolytic sensitivity of the P-N bonds involved. Thus,
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while [{NP(3,5-Mex2Pz),} {NC(3,5-Me2Pz)},] afforded a complex involving a tetrameric Cu'
ensemble containing P-O-P and P-O-Cu linkages'® (Scheme S1), the reaction of [{NC(p-
OCsHsN)}2{NP(NC(NMe:z)2)2}] {where NC(NMez)> is 1,1,3,3-tetramethyl-guanidine} with
Pd(CH3CN):Cl, afforded a stable complex [{NC(OCsH4N)}2{NP(NC(NMez)2)2}3{PdCl>}]."* A
few more examples of stable metal complexes with cyclocarbophosphazene derived ligand

systems reported by us and others are also documented. !> ¢!

Furthermore, we were able to prepare hydrolytically stable multi-site coordination ligands based
on the carbophosphazene platform, which was used to prepare 3d/4f heterometallic complexes.'®
With this background, we were intrigued to examine the possibility of utilizing the P-Cl containing

LP2? as the ligand. The latter was prepared by the reaction of

carbophosphazene
[{NCCI}2{NPCl,}] with MeaxNCH>NMeo. In this reaction, a selective cleavage of the C-Cl bond
occurs, along with a C-N bond cleavage in the reagent, leading to an exclusive substitution at the
carbon center. This reaction, developed by Elias and co-workers, is very useful in preparing
carbophosphazenes with varied substituents.®> We reasoned that L would undergo controlled
hydrolysis upon reaction with a hydrated metal salt and although the coordination behavior of such
an in situ generated motif was not predictable a priori it was reasonable to assume that if both the
P-Cl bonds are hydrolyzed, the resulting P(O)(OH) motif can assist the formation of a coordination
polymer. This expectation was realized in the building of the 1D coordination polymers 1-4
(Scheme 2). It is to be noticed that in the coordination polymers, the carbophosphazene motif
present is the hydrolyzed form of the ligand L2, [{NC(NMe,)} {HNC(NMey)} {P(O)(OH)}] (
LHP02) In the latter, the in situ generated P(OH), undergoes a tautomerism to the observed

P(O)(OH) motif. Efforts to generate the ligand L""°?, containing the P(O)(OH) motif, directly

rather than through the in situ route as described above, leads to complete degradation of the
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compound. Indeed, we tried to hydrolyse the carbophosphazene ligand, L'

, In protic solvents
such as methanol or ethanol but we observed an immediate white precipitation as soon as it is
added to the corresponding alcoholic solution of lanthanide (III) nitrate hydrate salt. This may be
due to the very fast hydrolysis of the P-Cl bonds. We would also like to mention that the reaction
of the hydrated lanthanide salts with L’? was carried out in dry methanol under inert conditions

and obtained the same products as described above thus strongly implicating the water of

crystallization of the lanthanide salts in the observed in situ hydrolysis of LF?,

(o) —1®
2
cl_ Cl N_(/‘\S\, (/\)
D4 Me,NCH,NMe, Cl\p’C| 1/3 Ln(NO3)3-xH,0 " NS dCH3
NI/ B NN "0 e » o O Ho o~
oo Retoe 20t N APy DM MeOH 1) g o gonN,
2 | Stirring 2 hrs., RT \\p/ N hen
HN="\ Hr\f‘ r\{
\N*\ 1 —
| Ny — J) \
L | _In

Ln = Ggd" (1 )’ TbIII (2)’ DyIII (3) or ErIII 4)

Scheme 1. General synthetic route to isolate metal complexes 1-4.

X-ray crystallographic data analysis revealed that 1-4 are isostructural. All of them crystallized in
the monoclinic, P2;/n space group. Since all four complexes (1-4) are isostructural 1D

coordination polymers, 3 is chosen as a representative example to describe the structural features

1T

of these complexes. Each of the Dy centers is nine-coordinate in an all-oxygen coordination

environment comprising of three L"P°2, one methanol, one water and two chelating nitrate ligands.

11T

The carbophosphazene L"P? ligands were found to provide the linkage between the Dy centres
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through the repeating P-O-Dy as well as P-OH-Dy units to form a 1D coordination architecture

(Figure 1). While two of the L'?°? ligands act as bridging units between adjacent Dy'!

centers, the
third ligand uses only the P-OH unit and functions as a terminal ligand. We have witnessed the

distortion and significant bond parameter changes in the rings of carbophosphazene ring after

hydrolysis and coordination to Ln(III) ion in all the coordination polymers, 1-4. In Scheme 3, we

LPC12 LHPOZ

have compared the bond parameters of and its hydrolyzed form present in the
representative structure 3. Compared to the P-N (P1-N1 and P1-N3) bond distances of 1.577 A in
the free ligand LPC, these bonds are increased by ~ 0.10 A for LH*9? in 3. A slight increment in
all the bond (P-N and C-N) lengths is observed in LHP92 while from Scheme 3, it is clear that
significant changes occurred in P-N bonds compared to C-N bonds. In one of the three
carbophosphazene rings of the coordinated LHP9? ligands in all the structures (ring 1), the P atom
is found to highly deviate from the coplanarity with other atoms (C and N) of the ring. Due to the
change in the P-N bond distances and slight distortion in the carbophosphazene ring of L1792 the

bond angle ZN1-P1-N3 = 97.89° (ring 1) and £N6-P2-N8 = 98.70° (ring 2) are found to be

significantly smaller compared to L"“? (/N1-P1-N3 = 117.14°).
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Scheme 3. The bond parameters of carbophosphazene rings in LP“"? (A) and its hydrolyzed form

I :

LHP02 in complex 3 (B), respectively. The other ligands around Dy ion in 3 were omitted for

clarity.
These bond parameter variations are consistent with literature precedents. '

The P-O-Dy bond angles involved in the bridging coordination linkage are [ ZP1-O(H)2-Dyl =
138.1°; ZP2-04-Dyl = 154.8°] and one P-O-Dy [£P2-O5-Dyl1# = 138.9°] (where Dyl# is the
symmetrically generated atom or metal center present in the extended structure). Continuous shape
measurement (CShM)® (Table S2) confirms a small deviation from the muffin (Cs) geometry

M Selected bond lengths and bond angle parameters are listed in the caption of Figure

around Dy
1 while the remaining data are given in Table S3. The Dy-O bond lengths involving the LHF0? are
Dy-02 (2.292 A), Dy-04 (2.358 A) and Dy-O5 (2.420 A). The bond lengths of Dy-Olw (2.358
A) and Dy-O1 (2.436 A) have been observed for Dy-O bonds involving coordinated water and

methanol ligands respectively.
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Figure 1. Ball and stick model of the crystal structure of the representative complex 3. (A) 1D
grown structure along a-axis (B) Full ligand atmosphere around Dy in which the symmetrically
generated ligand is shown in transparent. Hydrogen and disordered atoms have been omitted for

clarity. The muffin (Cs) geometry (C) around Dy'!

. The connecting green broken lines in panel C
is showing the distorted pentagonal arrangement of five oxygen atoms. Bond distances: Dy-O1 =
2437 A, Dy-02=2.291 A, Dy-04 =2.357A, Dy-O5=2.421 A, Dy-06 =2.426 A, Dy-O7 = 2.534
A, Dy-09 = 2.468 A, Dy-0O10 = 2.494 A and Dy-O1W = 2.358 A. Bond angles: P1-0O2-Dyl =

138.09° and P2-O4-Dyl = 154.76°
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The average bond length for Dy-Onitrae bond is found to be 2.480 A. A careful structural
examination revealed that the five donor oxygen atoms (O1, O2, O4, Olw and O5) from ligands

I while four other oxygen

are found to be located at distorted pentagonal plane (Dsn) around Dy
donor atoms (06, O7, O9 and O10) from the two chelating nitrate ligands are present above and
below the pentagonal plane (Fig. 1C). This gives rise to an opportunity to replace these axial
bidentate chelating nitrate ligands by monodentate, highly charge density ligands such as halides

(X)) or alkoxides (‘BuQ) to generate isostructural complexes having pseudo Ds, geometry around

Dy, This is a possibility that we plan to investigate later.

The packing diagram of 3 reveals that two single chains are found to be propagating (Fig. S2 in
ESI). An intrachain hydrogen bonding is observed along the chain. The H-bonding involves the -
NH part of the carbophosphazene ring with one of the oxygen donor atoms of the chelating nitrate
ligand and with coordinated P=O of another carbophosphazene ligand. An average distance of
7.112 A was observed for the intermetallic Dy---Dy separation along the polymeric chain while

the closest interchain Dy---Dy distance was found to be 8.616 A (Fig. S2 in ESI).
Magnetic Properties

Direct current (dc) magnetic susceptibility measurements were performed on the immobilized
polycrystalline powder samples of 1-4 under an external magnetic field of 0.02 kOe, 0.2 kOe and

10 kOe in the temperature range of 2-20 K, 20-80 K and 80-300 K (Fig. 2), respectively. The

observed room temperature )T value of 7.81 cm™ K mol™ for 1 corresponds to one Gd™ (3S,
264 = 2.0, yuT =7.87 cm™ K mol ™) present in the asymmetric unit. Upon cooling, the yyT value

was found to be almost constant down to 13 K and below this temperature the yxT product started

decreasing and reaches a minimum value of 7.53 cm™ K mol™” at 2 K. The low temperature
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decrease of ymT value can be mainly attributed to antiferromagnetic interactions. The room

temperature yuT values of 11.51, 13.60 and 11.60 cm™ K mol ! respectively for 2-4 were found to
be slightly lower (for 2 and 3) and higher (for 4) compared to the calculated T values of 11.82
cm™ K mol™! for Tb™ (g1, = 3/2, "F¢), 14.17 for Dy™ (gpy = 4/3, *His12) and 11.48 cm™ K mol™! for
Er' (ggr = 6/5, *1152) ion present in the respective complexes.®* Unlike for 1 which consists of
isotropic Gd", T values were found to decrease gradually down to 50 K for 2-4 mainly due to
the depopulation of m, levels. Upon further cooling below 50 K, fast or sudden decrease in yuT
values were observed which reaches minimum values of 6.37, 9.16 and 6.21 cm™ K mol™ (for 2-
4 respectively) at 2 K which can be attributed to the associated magnetic anisotropy and or

antiferromagnetic dipolar interactions.

A) 144 B) .
Al
X 124
‘7_12 64
(o]
E m
=. A A XSS \l—\/l:@
©_ 10 & Gd(1) & Tb(2) =z [ORCAY
£ O Dy@3) O Er (4) — 4-
° = Calculated == PHI Fit s
b~ & Gd(1) © Tb(2)
= 84 VMMMV IR VRS RIS RV R M VSV RV VR N W & Dy(3) & Er (4)
N 2+ —— Calculated =—— PHI Fit
64
0
0 75 150 225 300 0 10 20 30 40 50

T/K H/kQOe

Figure 2. Direct current (dc) thermal dependence magnetic susceptibility under 1 kOe magnetic
field (A) and magnetization data collected at 2 K (B) for 1-4. The solid purple line represents PHI

fitted data for 1 and the solid red lines represent the ab initio computed data for 2-4.

The field dependent magnetization (MH = f(H)) measurements were performed on all the

complexes 1-4 at 2 K (Fig. 2B). In the case of 1, an initial linear response of magnetization was
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observed with the applied magnetic field, while at the higher applied field, the magnetization
gradually becomes independent of the magnetic field and reaches a saturation value of 6.91 Nug
at 50 kOe corresponding to the ground spin state S = 7/2 (g = 2). In the case of 2-4 a similar
response of magnetization was observed at the lower applied magnetic field as in the case of 1 and
upon further increasing the magnetic field up to 50 kOe the magnetization reaches the values of
5.05,4.99 and 4.82 Nug respectively without saturation. The observed lower magnetization values
for 2-4 further suggest the presence of magnetic anisotropy in these systems due to strong spin-

orbit coupling resulting from an unquenched orbital angular momentum.

To understand the SH parameters associated with Gd™ ion in 1, we have fitted
simultaneously magnetic susceptibility and magnetization data using PHI program.®® The excellent
fit reproduces the dc magnetic data well with gz = 2.0 (fixed), D = 0.05 cm™ and zJ = -0.002 cm"

' (Fig. 2). This reflects that in 1 a slight contribution of magnetic anisotropy is probably present.

In order to investigate the slow-magnetic relaxation behavior in 2-4 we have performed
frequency dependent alternating current magnetic susceptibility measurements on their
polycrystalline samples. In the absence (Ha = 0 kOe) only compound 3 displayed an out-of-phase
component (yu” = f(v)) at the highest frequencies (Fig. 3a). Under an applied external dc magnetic
field (Hac # 0 kOe) both compounds 3 and 4 presented ym’’ signal sign of slow magnetic relaxation

while 2 did not.

In the case of 2 no out-of-phase signals were observed both in the absence of dc field as
well as on the application of dc magnetic field up to 3 kOe which corroborates that the tunnel
splitting between the ground state non-KD doublets of Tb'™ ion is very high and triggers a fast
magnetic relaxation through tunneling process. The absence of field induced SMM behavior of 2

under such a high applied dc magnetic field further suggests that the energy of low-lying excited
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state non KDs are not separated significantly from the ground state and allows a high tunnel
splitting for magnetic relaxation.

In the case of 3, application of the dc field led to the appearance of two distinct ym’’ contributions
at high (HF) and low frequency (LF) (Figures S3 and 3a). This indicates that a magnetic relaxation
pathway through the tunneling processes (QTM) between the ground M states is present in 3. The
data have been analysed in the framework of the extended Debye model (Table S4) accounting for
two relaxation contributions (t) (Equation S1). The field dependence of the relaxation times is
depicted in Figure 3b. A small dc field of 0.8 kOe was selected as a good compromise value. The
thermal dependence of the magnetic susceptibility of 3 under an applied dc field of 0.8 kOe was
measured in the frequency range of 0.1-1000 Hz (Figures S4 and 3c) and 100-10000 Hz (Figure
S5). From the ym”’(v) plot (Figure 3c¢), three contributions could be identified. The data have been

analysed in the framework of the extended Debye model (Table S5)%6 ¢

accounting for two
relaxation contributions using the Equation S1 for the 0.1-1000 Hz frequency range and in the
framework of the extended Debye model (Tables S6 and S7) accounting for two single relaxation
contributions using the Equation S2 for the 100-10000 Hz frequency range. The three thermal
dependence of the relaxation plot (log (1) = f(T)) at low frequency (LF), middle frequency (MF)
and high frequency (HF) were fitted using the Equation 1:

Uy

_ B _ ( T]

1 4 1 1 £k n

T T,H)=AH T +————+71, e*'? '+ (1 E

( ) 1 12 2 0 — ql

From left to right, the terms are the expressions of Direct, QTM and thermally activated (Orbach
and Raman) contributions. The LF, MF and HF contributions have been fitted by considering
Orbach (Ugy = 111(15) K, 1o = 5.43(10) x 10"''s) and Raman (C; = 1.33(3) x 102 s'K™and n =

6.09(21)) processes (Figure S6), Raman process (C2 = 8.65(25) x 102 s K™and n = 8.36(27))
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only and Raman (C3 = 13.18(11) s K™and n = 6.81(70)) and direct (A = 1.05(1) x 10® s K"! Oe”

™ with m = 4 (fixed)) processes (Figure S7), respectively. The n exponents are weaker than the

theoretical one for a Kramer lanthanide ion (n = 9), indicating an involvement of acoustic phonons

(lattice vibrations) in the Raman relaxation mechanism. Nevertheless, the n values obtained for 3

are higher than the n values found for the recent lanthanide organometallic single-molecule

magnets®7!

weak, and the Raman processes mainly involve optical phonons.
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Figure 3. (a) Field dependence of the ac ym’” magnetic susceptibility for 3 at 2 K in the 0-1.8 kOe

field range. (b) Field dependence of the relaxation times (t) for the HF (open circles) and LF (full
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black circles) contributions. (c) Frequency dependence of ym’’ in the 2-7 K temperature range
under the applied dc field of 0.8 kOe. (d) Thermal dependence of the log(t) for the three LF (black),
MF (orange), and HF (grey) contributions. Full and empty dots are data extracted from 0.1-1000
Hz squid and 100-10000 Hz PPMS measurements, respectively. Full red lines are the best-fitted

curves with parameters given in the test.

In the case of 4, slow magnetic relaxation was detected under an applied dc field (Figures S8 and
4a). Two ym’’ contributions are growing when the applied dc field value increases. The field
dependence of the relaxation time can be plotted by using the extended Debye model (Table S8),
accounting for two relaxation contributions using Equation S1. The silent feature of ya/” signals in
the absence of dc field for 4 consisting of prolate Er'!! ion suggests the weak or insufficient charge
densities provided from the equatorial ligands to favor an uniaxial magnetic anisotropy, as
suggested by the computational investigation with gr and g, # 0, allowing an efficient magnetic
relaxation through QTM. However, the application of a 2.2 kOe dc field was found to be a suitable
compromise value to reduce the QTM process and induce a slow-magnetic relaxation in 4 (Figure
4b). Under such dc field, a clear frequency dependence of the magnetic susceptibility was observed
(Figures S9 and 4c) with two HF and LF contributions. The data have been analyzed in the
framework of the extended Debye model (Table S8), accounting for two relaxation contributions
using Equation S1. The best fit of the log(t) vs T plot for the LF contribution was obtained with a

combination of Orbach (U.y = 40.8(8) K and 1, = 5.73(14) x 1071%s) and direct (A = 6.45(3) x 10-

121K Oe™ with m = 4 (fixed)) relaxation processes (Figure 4d).
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The presence of multiple out-of-phase magnetic susceptibility contributions could be attributed to

74, 75 111

Ln(III) ions in different coordination environments crystallographically independent Ln
ions’®, or to the presence of significant dipolar interaction.”” The latter origin could be discarded
because the ac magnetic susceptibility was carried out under an applied dc field. Nevertheless
taking into account that the ac magnetic susceptibility was measured at low temperature while the
X-ray structure was refine at room temperature, the presence of several lanthanide centres with
different geometries at low temperature might not be rule out because lowering temperature could
lead to significant change of the geometry of lanthanide ions.”® Moreover the presence of multiple
" contributions might be attributed to an intramolecular mechanism of multiple relaxation times
at the single ion level because several relaxation modes might exist in the systems, as demonstrated
by L. F. Chibotaru and Coll.”’ To the best of our knowledge, that is the first time that three distinct
relaxation times are identified in the experimental frequency range for a Dy(IIl) compound.

Nevertheless, the origin of such multiple ya,” contributions cannot be unambiguously determined

at this stage.

Computational Studies on 1-4

To shed light on the origin of magnetic anisotropy of Ln(III) ions and rationalize the slow magnetic
relaxation observed in 2-4, we carried out CASSCF-based ab initio calculations on the X-ray
crystal structures (see computational methodology for details). Here, we have used mononuclear
model complexes of coordination polymers 2-4 (see Figure S10 in the ESI for model structure),
computed the SH parameters of individual ions, and analyzed the nature of magnetic anisotropy
and how it is associated with slow relaxation. In complex 2, the Tb(III) is a non-Kramers ion

possessing a 4f 8 electronic configuration with a ’F ground state configuration. For Tb!, CASSCF
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computed spin-free septet spans over a range of ~ 565 cm™ while the computed 140 quintets range
from ~25660 cm™! to ~95574 cm™! (see Table S10). The first excited spin-free septet state is placed
at ~ 91 cm™! above the ground state. SO-RASSI computed spin-orbit spectrum corresponding to
the Fe ground state spans over a range of ~ 300.5 cm™. The computed g-value (g:-) for the ground
state pseudo-Kramers doublet (pseudo-KD) is ~17.625, representing an Ising-type anisotropy. The
computed g-tensor and energies of the low-lying pseudo-KDs are provided in Table S13. A
wavefunction decomposition analysis indicates the ground state to be primarily m, [£6): 95.9%|+6)
+ 3.4% [+4) with a small admixing from the other 3.4% [+4) excited pseudo-KD. This small
admixing results in a non-negligible tunnel splitting of 0.28 cm™!, which is significant enough to
induce the quantum tunneling of magnetization (QTM) within the ground state pseudo-KD. The
orientation of the ground state g.. axis nearly passes through one of the farthest -O atoms (~ 30
degrees) of the attached nitrate ligand. The first excited pseudo-KD is primarily m, [+5): 33.4%]£5)
+ 27.3% |+4) +23.5% [£3) + 10.2% [+2) (see Table S17), which is heavily mixed with other low-
lying excited pseudo-KDs resulting in a significant tunnel splitting of the ~0.9 cm™ for the first
excited pseudo-KD. The non-collinearity in the main anisotropic axes (g:-) of the ground and first
excited pseudo-KD, along with significantly large tunnel splitting for the first excited KD,
indicates that the magnetic relaxation will likely occur through the first excited pseudo-KD. This
suggests a theoretical barrier height of ~35 cm™ for 2. Moreover, the reasonably large tunnel
splitting value within the ground state (0.28 cm™) indicates the presence of the QTM. The smaller
gap between the ground and first excited pseudo-KD and associated large tunnel splitting suggests
that the ligand field lacks a higher axial environment. The large extent of QTM and a small barrier
for TA-QTM via the first excited pseudo-KD indicates why complex 2 lacks any SMM

characteristics.
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On the other hand, Dy and Er'"! are the natural targets for designing SMMs with high blocking
temperatures by virtue of being Kramers ions. However, the ligand field criteria for achieving the
large barrier height for Dy"! and Er'! are opposite to each other due to the differences in the
electron cloud shape of these ions (oblate/prolate).?% 3! For oblate type Dy ion in complex 3, the
CASSCF computed spin-free sextet states span over an energy window of ~ 35348 cm™!, with the
first excited KD ~ 9 cm™ higher in energy from the ground state. SO-RASSI computed energy of
the low-lying eight KDs generated from the ®His, ground state spans over a range of ~ 486 cm™
with the first excited KD at ~ 152 cm™ (Table S11). CASSCF computed low-lying SOC energy
spectrum, and associated g-tensors for Dy'" ion in 3 are listed in Table S14. The computed ground
state g-values are highly axial in nature (g« = 0.0298, g,, = 0.0440 and g.. = 19.5632) and indicate
the stabilization of the my [£15/2) with a small admixture (3.0%) of the [+9/2) excited state (see
Table S18). On the other hand, for 4, the energies for the low-lying eight KDs emerging from the
11512 ground state span over an energy range of ~ 329 cm’!, with the first excited KD being located
at ~42 cm’! higher in energy from the ground state (Table S12). Our calculations revealed axiality
in the ground state g-values (g« = 0.965, g,,= 1.931 and g.. = 15.056), with a dominant transverse
component in the g-value (g« and gy, >> 0) for complex 4 (Table S15). Decomposition of the
ground state wavefunction indicates stabilization of my [£15/2): 67.8% [£15/2)+ 11.3% [+9/2) +
7.5% |£11/2), primarily as the ground state, which is largely mixed with other excited states (see
Table S19). For complex 3, the main anisotropic axis (gz:) is oriented towards the attached -NO3
ligand perpendicular to the equatorial plane formed for three carbophosphazene ligands, water,
and methanol molecules coordinated to the Dy(III) ion. The CASSCF computed beta spin density
shows a typical disk-type feature located mainly on this equatorial plane (see Figure 5). Alongside,

the CASSCF computed Loprop charges on the axial atoms (-O from NOs ligands) are smaller than
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the Loprop charges present on the other ligands, which further supports the preference of the g-
tensor orientation along the minimum electrostatic region in 3 (see Figure S12 in ESI). Contrarily
for 4, we have noticed that the ground state g-tensor is oriented towards the weakly coordinated -
H>O molecule and is in line with prolate type electron cloud shape. The computed beta-spin density
for 4 lacks a prolate-type electron cloud shape; it rather shows a spherical shape, indicating an
unfavorable ligand field for maximizing the magnetic anisotropy of Er(IIl) ions. Due to non-
collinearity in the computed main magnetic axes (g.) of the ground and first excited KD, the
magnetic relaxation is likely to occur via the first excited KD for models 3 and 4. This sets the
theoretical barrier height (Uca) to be ~ 152 cm™ and ~ 42 cm™ for 3 and 4, respectively.
Additionally, the presence of a transverse component in the ground state g-values for both 3-4
indicates the quantum tunneling of magnetization (QTM) as another prominent pathway for
magnetic relaxation. The significantly large transverse g-values for 4 suggest that the extent of
QTM is expected to be significantly large in this complex compared to 3. Alongside, the computed
experimental static dc magnetic properties (magnetic susceptibility and magnetization data) are in
reasonably good agreement with the experimental data, highlighting the goodness of the computed
spin-Hamiltonian (SH) parameters. Moreover, the lower experimental energy barrier values for 3
(77.1 cm™) and 4 (28.4 cm™") compared to the computational ones can be reasonably explained by

the involvement of under-energy barrier magnetic relaxation processes such as Raman and direct.

Due to the muffin-like Cs geometry around Ln'™

ions, it is very difficult to predict the suitability
of the ligand field of the oblate/prolate type ions. Thus, to gain insight into the nature of the ligand
field and its suitability with Ln'"! ions, we have analyzed the crystal field parameters (CF) as

implemented in MOLCAS. In the SINGLE ANISO module, the CF parameters are computed

using the following Hamiltonian,
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Herp = X 20-_¢Bi Of ... (1)

where B,f and 0,? are the crystal field parameters and Stevens’ operator, respectively. The
computed CF parameters have been widely used to predict the nature of the ligand field (axial vs.
nonaxial) and how it affects the associated QTM in various mononuclear lanthanide-based single-
molecule magnets.** 8% The axial component of the CF parameters, i.e., By (where k =2, 4 6
and q = 0) is used as a marker to predict the axial behavior of the ground state m,level of the metal
ion concerning the ligand field. Our computed CF parameters for 2-4 indicate that both the axial
and nonaxial terms (where q # 0) B,f parameters are of comparable strengths in all the cases. This

indicates that the ligand field offered is not suitable for stabilizing the pure largest m, state of Tb',
Dy, and Er'"ions. This is in accordance with the muffin type (Cs) geometry (low-symmetry) that
lacks any suitable ligand field to stabilize either prolate/oblate ion specifically. Moreover, among
2-4, the values of the axial term BY are -2.4, -3.70 and -0.65 for Tb, Dy and Er'™ ions

respectively (see Table S16). The computed B value for oblate type Tb™ and Dy™ ion is much

larger compared to prolate type Er'" ion, indicating a comparatively stronger axial ligand field for
oblate type ions. Alongside, the largest value of BY for Dy among 2-4 indicates that the ligand

field preferably offers more axiality for Dy

, suppressing the QTM to a large extent in 3 compared
to 2 and 4. The observed trends in CF parameters corroborate why zero-field out-of-phase

magnetic susceptibility signals are absent in 2 and 4.

To shed light on the nature of magnetic relaxation, we have also computed the ab initio blockade
barrier for all three complexes. The calculated transverse magnetic moment between the ground
state KDs is very large ~1.2E-02pug (0.48 ug) (usually <10E-06 for complete quenching of QTM)

for Dy and (Er'"), respectively in 3 and 4.8”%° This indicates that QTM is one of the plausible
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mechanisms for magnetic relaxation in 3 and 4; however, it is the most dominating mechanism for
4. For 2, we have noticed a large tunnel splitting the value of ~ 0.3 cm™ indicative of a large QTM
(~10E-3 for top-performing Tb-based SIMs) *+“® within the ground state. On the other hand, the
computed transverse magnetic moment between the ground and first excited KDs is significantly
larger than the number connecting ground state doublet for all the complexes. This indicates that
the major relaxation pathway in all the complexes occurs via the first excited KD (see Figure 5).
The matrix element joining the first excited KD (green color in Figure 5) represents the TA-QTM
pathway via this KD. The non-collinearity between the ground and excited KDs sets the theoretical
barrier height of ~152 cm™ (42 cm™) for complexes 3 (4), respectively. For 2, the theoretical barrier
height was observed to be ~ 35 cm™! and with a tunnel splitting of 0.9 cm!, indicative of dominant
relaxation via the first excited pseudo-KD. The computed magnetic relaxation pattern agrees well
with the experimental observation where 3 shows zero-field relaxation, while the giant QTM

(tunnel splitting) within the ground state diminishes zero SMM behavior for 3 and 4.

The further proceeding attempt was to determine the isotropic magnetic exchange interaction
between the Gd'" centers in 1 using the ORCA 4.2.1 software suite. These calculations were carried
out using broken-symmetry density functional theory (BS-DFT) analysis on the dimeric model
complex extracted from the chain structure (see Figure S10), as detailed in the section on
computational methodology. These broken-symmetry DFT calculations have shown a track record
in computing the sign and magnitude of the magnetic exchange interaction in various
binuclear/polynuclear lanthanide-based complexes.*> ** °7-1% The results obtained from the BS-
DFT calculations indicate a weak antiferromagnetic interaction strength of -0.00049cm™! between
the intrachain Gd™! centers. This weak interaction can be due to the significant separation (~7.172

A) between the two Gd™ centers, which are bridged by the P(O)(OH) motif. The overlap integrals
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between the corresponding 4f-orbitals were computed, and no such substantial overlaps were
found among the seven corresponding 4f-orbitals (see Figure S13 and Table S20), which is in line
with observed antiferromagnetic interaction. Analysis of the spin density depicts that the Gd(III)

centers have a spin density of ~7.02, the result of quite a modest spin polarization (Figure S14).
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Figure 5. CASSCF computed the orientation of the main magnetic axes (g--) along with beta-spin
density for a) complex 3 and b) complex 4. CASCCF computed blockade barrier ¢) for 3 and d)
for 4. The dark grey horizontal bars indicate the KDs as magnetic moments' function. The red,
blue, and green arrows represent the possible QTM/TA-QTM, Orbach, and Raman relaxation
pathways. The corresponding-colored numbers are transverse magnetic moments representing the

possibilities for the pathway.
Conclusion

We have isolated a series of novel 1D chains of Ln! {where Ln"' = Gd (1), Tb(2), Dy(3), Er(4)}
coordination polymers through an in situ hydrolysis of P-Cl bonds of carbophosphazene ligand.
Dynamic magnetic studies revealed that Dy"" and Er'" analogs show field-induced slow magnetic
relaxation behavior under an applied dc magnetic field of 0.8 kOe and 2.2 kOe, respectively. An

111,

unprecedented triple magnetic relaxation contribution was observed in the case of Dy " while two

for Er'! analogs, respectively. We have rationalized our experimental findings with BS-DFT and

CASSCF/SO-RASSI/SINGLE ANISO theoretical calculations.
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