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Abstract: A series of four isomorphous, 1:2 (Complex :L) rare cocrystals of coordination
compounds of Ln(III) ions as [Ln(L)(NOs);(H,O)].[L]. (Ln(III) = Gd (1), Tb (2), Dy (3) and
Ho (4)), were synthesized with N, N-diisobutylisonicotinamide (L) using metal-to-ligand
ratio of 1:1. All compounds are dimeric in nature with two co-crystallised L molecules
centro-symmetrically interspersed between two dimeric units with H bonded bridges between
them to form interesting, self-assembled H-bonded tapes along the c¢ axis. Detailed Shape
analysis and Hirshfeld analysis are done to demonstrate geometry around the metal centres
and various non-covalent interactions present in the systems, respectively. Magnetic studies
show that compound 3 is a field-induced Single-Molecule Magnet (SMM) for which the
magnetization relaxes through a combination of Orbach (A = 51 K and 7, = 3.1 x107s) and
Raman mechanisms. Solid state luminescence studies reveal that compounds 1, 2 and 3 are
photoluminescent in the visible range while 4 exhibits luminescence in the NIR region.
Compound 3 shows cold white light emission with CIE (International Commission on
[llumination) coordinates (0.31, 0.30) and CCT (Correlated Color Temperature) value of
6942 K.


mailto:geetahundal@yahoo.com

Introduction:

A high impetus area, in solid-state chemistry dealing with isolation and characterization of
various crystal forms of a given molecule, includes phenomena like polymorphism,
isomerism and co-crystallisation'"" which may impact the physicochemical properties and
end up producing materials with improved performance in their applications.'> Out of these
three phenomena, co-crystallization entails the formation of a phase pure material composed
of two or more compounds (molecular or ionic) in certain stoichiometric ratios, provided they
are not simple salts or solvates' and intentionally playing with positions of molecules in their
crystal lattice, aiming for better products than the parent compounds. Co-crystallisation in
organic compounds is well known to give better pharmaceuticals, agrochemicals, explosives

420 while material chemistry has reported co-crystallized materials with

and pigments
enhanced magnetism, luminescence and mechanical strength.”’?** Growth in organic co-
crystals has been exponential owing to the similar crystallization kinetics and molecular

structures of the components, connected through various non-covalent interactions.>®

However, such reports are rather limited in the case of coordination compounds®’ as
different coordination modes of the precursor metal complexes result in different lattice
packing forces and hence dissimilar crystallization kinetics. Lesser yet are the reports of co-
crystals of a coordination complex of a ligand along with the free ligand. Gao et al.,
reported’ two, multi-component cocrystals of coordination complexes of Cu(Il) and Zn(II)
with the corresponding uncoordinated neutral ligand and anions. However, such co-

crystallization with Ln(IIT) as metal ions finds only one report so far ** and is thus a very rare

phenomenon, to the best of our knowledge and belief.

The interest in lanthanide (III) complexes for the past two decades emanates
from their exceptional potential in the fields of luminescence and molecular magnets owing
to their typical electronic structure. They are the most sought after metal ions in the pursuit of
single-molecule magnets (SMM) due to their high spin values and magnetic anisotropy™
while wide range intense, narrow and long-lived emission bands of their complexes more
than qualify them as the new age luminescent materials. More recently the combination of
these two properties to produce multifunctional opto-magnetic Ln(III) complexes is the new
craze for research in this area.***® For designing of photoluminescent SMM complexes the
choice of the metal ion is the most crucial in terms of the kind of anisotropy in its electron
density (prolate or oblate) followed by its emitting state and sensitizing mechanism. The

latter depends wholly on the choice of ligand that could both sensitize the ion as well as



produce a ligand field further augmenting the anisotropy of the metal ion. The relevant
literature shows that for opto-magnetic materials Dy(III) hits the charts followed by Yb(III),
Tb(III) and Er(Ill) essentially in that order’”* due to its strong magnetic anisotropy> and

possibility of white-light emission.**”!

In the present studies, we are reporting crystal structures of a series of four
isomorphous and iso-structural coordination complexes [Ln(L)(NOs);(H.O)].[L]. (Ln(IIl) =
Gd (1), Tb (2), Dy (3) and Ho (4)), where L is N, N-diisobutylisonicotinamide (Scheme 1),
all of which have crystallized as rare cases (vide supra) of 1:2 co-crystals of a dimeric
complex unit and uncoordinated ligands L. The presence of both coordinated and co-
crystallised free ligands creates a possibility of enhanced antenna effect, both ‘through bond’
and ‘through space’ sensitization mechanisms. The dimers and the free ligands are arranged
in linear tapes, extending into H-bonded 2D networks. All the complexes have been studied
for their magnetic and emission properties in the pursuit of opto-magnetic materials. L has
evidently shown some antenna effect to produce sharp emission spectra for Dy(IIl) and
Tb(III) and Ho(IIl) complex but not for Gd(III) complex where ligand-based emission
dominates the spectrum. Dy(III) complex shows field-induced SMM behaviour with an
effective barrier 51 K and also is a white light emitter with Commission Internationale de

'Eclairage (CIE) chromaticity coordinates 0.310, 0.300.
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Scheme 1. Showing coordination mode of ligand (p—«% n'm")

Experimental section
Synthesis of N, N-diisobutylisonicotinamide (L): Preparation for  N,N-
diisobutylisonicotinamide is the same as reported earlier from our lab.>

Procedure for synthesis of complexes:



[GA(L)(NOs);:(HO)]2[L] 2 (1): GA(NOs)3-6H-0 (68 mg, 0.2 mmol) in 20.0 mL of acetonitrile
and ligand (L) (66mg, 0.2mmol) in 20.0 mL of methanol, were mixed together and refluxed
with continuous stirring overnight, in a 50 mL round bottom flask. A clear solution was
filtered out and its volume reduced to half by heating and then kept for slow evaporation. A
viscous liquid appeared after a week. After 2 weeks crystals appeared in the viscous liquid.
Crystals are separated from the liquid and washed with few drops of ice-cold methanol. Pale
white block shaped crystals were obtained in 38% yield. IR (Vma/cm™): 1595, 1281, 2967,
Anal. Found: C, 40.36; H, 5.32; N, 11.17. Calc. for Complex 1: C, 40.13; H, 5.15; N, 11.22%.
[Th(L)(NO3);(H:0)]:[L] 2 (2): Compound 2 was synthesized in a similar way to 1, except that
Gd(NOs);-6H,O was replaced by Tb(NOs);-6H,O (68 mg, 0.2 mmol). Pale white, block
shaped crystals of 2 were obtained in 32% yield.IR (Vma/cm™): 1595, 1284, 2974 .Anal.
Found: C, 40.52; H, 5.59; N, 11.81. Calc. for Compound 2: C, 40.32; H, 5.68; N, 11.63%.

[Dy(L)(NO3);:(H:0)]:[L] 2 (3): Compound 3 was synthesized in a similar way to 1, except that
Gd(NOs);-6H,O was replaced by Dy(NOs);-6H,O ( 86 mg, 0.2 mmol). Pale white, block
shaped crystals of 3 were obtained in 31% yield. (IR (Vma/cm™): 1591, 1277, 2964, Anal.
Found: C, 40.44; H, 5.58; N, 11.79. Calc. for Compound 3: C, 40.61; H, 5.51; N, 11.67%.

[Ho(L)(NO3)3:(H20)].[L] 2 (4): Compound 4 was synthesized in a similar way to 1, except that
Gd(NOs);-6H,O was replaced by Ho(NOs);-6H,O (88 mg, 0.2 mmol). light orange, block
shaped crystals of 4 were obtained in 36% yield. IR (Vmx/cm™): 1587, 1281, 2978, Anal.
Found: C, 40.15; H, 5.54; N, 11.71. Calc. for Compound 4: C, 40.35; H, 5.61; N, 11.93%.

Methods: Details about Instrumentation, X-ray data collection and structure solutions,
Hirshfeld analysis, colour purity calculations can be found in the supporting information. A
summary of the crystal data is given in Table 1.

Table 1. Crystallographic Data for compounds (1-4)

Identification code Compound 1 Compound 2 Compound 3 Compound 4
Empirical formula CseHooGd2N 14024 Cs6Ho, TbaN 14024 CscHoaDy>N14O004 CssHoxH02N 14024
Formula weight 1659.93 1663.27 1670.43 1675.29
T(K) 150(2) 150(2) 150(2) 150(2)
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2/c P2/c P2/ P2yc
Absorption coefficient (mm™) 1.759 2.049 1.988 2.113
Crystal Size (mm?®) 0.22x0.18 x 0.19x0.16 x0.12 0.18 x 0.16x 0.12 0.22x0.18x0.14
a(A) 0.16 13.433(2) 13.785(2) 13.758(2)

b (A) 13.926(5) 9.276(6) 9.5764(17) 9.5642(16)
c(A) 9.559(3) 28.901(2) 29.667(5) 29.606(5)




a(®) 29.656(12) 90 90 90
B (°) 90 97.770(2) 97.893 (2) 97.948(4)
v () 98.411(13) 90 90 90
V (A% 90 3568(2) 3879.3(12) 3858.3(11)
7 3905(2) 2 2 2
F(0 0 0) 2 1696 1700 1704
Reflections collected 1692 57916 22708 52001
Independent Reflections 64923 8602 7294 8582
Final R indices 9716 R1=0.0376 R1=10.0477 R1=0.0498
R1=0.0668 wR2=0.0994 wR2=0.1092 wR2=0.1052
R indices (all data) wR2=0.1287 R1=0.0473 R1=0.0772 R1=0.0898
R1=0.1180 wR2=0.1048 wR2=0.1231 wR2=0.1176
MA) wR2=0.1463 0.71073 0.71073 0.71073
Di(mg/m’) 0.71073 1.548 1.430 1.442
Completeness to theta = 25.242° 1.412 99.2% 98.9% 99.9%
Data / restraints / parameters 100% 8602/8/443 7294 /9 /439 8582/ 11/439
Goodness of fit on F2 9716 /9/ 439 1.002 1.085 0.909
CCDC No. 0.946 1976162 1976163 1976164
1976161

Result and Discussion

Crystal and molecular structure of compounds:

As all compounds are isomorphous and isostructural therefore the detailed description of only
1 has been given below and the molecular structures of (2-4) and their important bond
distances and bond angles are given in the supplementary information (ESI, Table S1, Figure

S1-S3).

[Gd(L)(NO3)(H20)]2[L2](1): The asymmetric unit (ESI, Figure S4) of 1 shows a Gd(III) ion,
coordinated by a bidentate, bridging ligand L, three nitrate ions, one water molecule and a
non-coordinating L co-crystallized along with the complex. In the molecular structure of the
dimeric compound 1 (Figure 1) Gadolinium centres are separated from one another by a
distance equal to 8.458 A. Both Gd(III) metal ions are nine-coordinated with the ligand
having a p’—x,, n'm' mode (scheme 1) with Gd-N(Py), 2.611(4) A and Gd-O(amide),
2.301(4) A. Six positions around the metal ion are occupied by three bidentate chelating
nitrate ions (av. Gd-O (nitrate) distance, 2.460 A) and one remaining position is occupied by
a water molecule (Gd-O, 2.344(5)A). The arrangement around the metal centre leads to a
coordination sphere with a spherical capped square antiprism (Cs,), symmetry. (The deviation

from ideal symmetries has been determined by SHAPE analysis™, ESI, Figure S5 Table S2).



Figure 1. Showing the molecular structure of complex 1 along with the co-crystallized

ligand.

The dihedral angles between the amide group and the pyridine ring are 75.48° and 61.52° for
the coordinated and free L, respectively showing a rotation of 13.96° for the amide group in
coordinating position. This, along with the dimeric nature of the complex allows strong 7 -m
interactions between two pyridine rings in the dimer, with centroid---centroid 3.625 A (ESI
Figure S6). The d, . distances and displacement angles were calculated as 1.48 A and 24.09°.
A unit cell packing for complex 1 is shown in ESI Figure S7. Two co-crystallised L
molecules are centro-symmetrically interspersed between two successive dimeric units
forming a bridge between them via H bonding through their N6 (pyridine) and O11 (amide)
atoms (Figure 2). Each dimeric unit is involved in this H-bonding using its water molecule,
O1W which acts as a double H-bond donor to N6 (Py) and O11 (amide) of the free L
molecules, forming H-bonded tape along the ¢ axis (Figure 2, Table S5 for H-bonding
distances and symmetries). This tape is further supplemented by C-H...O interactions
between nitrate group and methylene protons of the free ligands. Further, these tapes are

extended to a 2D network in the bc plane as these dimeric units are connected to each other
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by hydrogen bonding between oxygens of nitrate group and aromatic protons, down the b

axis (C4—H4---08,C4-H4---010, Figure 3).

Figure 2. Showing the hydrogen bonding of the dimeric unit with cocrystallized ligand along

the ¢ axis forming 1D chains.

Figure 3. Showing the hydrogen bonding between dimeric units along b axis.

Figure 4a shows the self-assembly of two centrosymmetric, co-crystallized ligands between
two dimers, along the ¢ axis which gives a robust crystal structure. The absence of these co-
crystallised L molecules generates voids between two dimeric units, which are being
efficiently filled by these two L molecules (Figure 4b). These free L molecules seem to have
stabilized the crystal structure in the ratio M:L 1:2 despite the fact that the reactions were run
in the M:L ratio of 1:1.



(b)

Figure 4. (a) Showing 1D representation of crystal packing along the ¢ axis (cocrystalising L
are shown in blue color (b) space-filling representation with and without free L along the ¢

axis.

IR spectroscopy: Compound 1 shows a strong band at 1595 cm™ which describes that amide
oxygen is participating in coordination.**>Presence of broad band for von at 3400 cm™ in 1
shows coordinating water. The vc n(amide) and vcy stretching bands are assigned to 1476
cm' and 2979, cm™, for 1. Three bands at 1423 cm™, 1281 cm™ and 1016 cm™ appear due to
asymmetric NO,, symmetric NO, and N-O stretching modes of coordinating nitrate group
(FigureS7). > Similar bands have been observed for other compounds (2-4) and are given in

the supplementary material (ESI, Figure S8-11, Table S3).



Thermogravimetric analysis

Thermogravimetric analysis was performed to check thermal stability of compounds (1-4)
(Figure S1-S4). All complexes follow the same trend of decomposition, losing two
coordinated water molecules up to 150 °C, endothermically. All L. molecules (coordinating
and free) are decomposed in the temperature range of 200-300°C, exothermally. Further they
decomposition coordinating nitrates takes place up to 500° C, leaving behind the metal
skeleton residues after 700 °C. The detailed analysis for each compound is available in the

ESI (Figure S12-S15).

Powder X-ray Diffraction studies
To confirm the phase purity of the bulk material correspond to the single crystal structure of
complexes (1-4), the powder X-ray data were collected at room temperature. The

experimental and simulated patterns show the phase purity of samples.(ESI, Figure S16-S19)

Hirshfeld analysis: To check the participation of various non-covalent interactions in the
crystal structure, we performed the Hirshfeld surface analysis on all complexes, dividing the
studies into three cases which differ in the part of the molecule considered as input for
plotting Hirshfeld surface (HFS) i.e. case (I) the dimeric unit only, case (II) cocrystallized L
only and case (III) both the dimer and the co-crystallized L. The results have been explained
below for the complex 1 and are fully replicated by the remaining structures (2-4) as well

(ESI, Figure S25-S27).

In case (I) dnom surface shows that the dimeric unit is participating in the self-assembly
employing H-bonding interactions through water molecules (red spots) (Figure 5a and ESI
Figure S20) to N(pyridine) and O(amide) of the free L. molecules. Similarly, this surface is
connected with other dimeric units through hydrogen bonding from oxygens of nitrate group
(color light red). In case(Il), N(pyridine) and O(amide) from the free L are the potential
interaction points (Figure 5b, red spots) which are connected via water molecules to two

different dimeric units holding them perfectly in a linear tape (ESI, Figure S21).



O(Nitro)---H{aromatic) REyeidina}—Eibar)

O(Amide)---H(water)

H(water)---O(amide)

H(water)--- N(Pyridine)
(a) (b)

Figure 5. d..m surfaces showing (a) Case I- O(Nitro)---H, H(water)---O(amide) and
H(water)---N(pyridine) between the adjacent molecules for the dimeric unit (b) case II
Showing the O(amide)---H, N(pyridine)---H interactions between the adjacent molecules for

L. Red spots represent the strong point of interaction on the d..m surface.

Comprehensive 2D fingerprints for all three cases are depicted in Figure 6 while the
interaction- wise plots for each case are given in ESI (Figure S22-24). For case(I) (Figure 6a)
of the dimeric unit shows a long and sharp spike and a short and blunt spike for O...H/H...O
interactions, representing that it acts more of a H-bond donor (through water molecules) than
a H-bond acceptor (through oxygens of nitrate groups). For case(Il), L. acts largely as H-
bond acceptor for O...H/H...O interactions, due to N(pyridine)/O(amide ) and weakly as H-
bond donor through methylene protons therefore again an unsymmetrical pair of spikes is
obtained (Figure 6b). Whereas the complete unit (case (II1)) shows (Figure 6¢) a pair of very
symmetrical spikes due to a mutual balance in H-bond donation and acceptance between the

successive units in the crystal structure.

de

06 O--H/H--0 d 0/ O—=H/H--0 HoH

U5 U8 TU T2 T4 T6 T8 20 T 76 78 d 0:-H/H--0
U6 U8 TU T2 T4 16 T8 20 ZZ 24 26 Z8 U6 U8 TU T2 T4 16 T8 20 22 24 26 23

(a) (b) (c)

Figure 6. Showing 2D fingerprint plots for (a) case I (b) case II (¢) case 111
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The quantitative participation (%) of each type of interaction, for all three cases in complexes
1-4 are shown in ESI, Figure S25-S27. These percentages are nearly equal for all complexes
and also indicate that O...H/H...O H-bonding interactions are the most dominating ones after
H...H interactions. These are followed by N(Py)...H except in case II where C..H are
comparable to N...H for the obvious reason of being a HFS of the free L only.

Magnetic Properties

Static magnetic measurements: Static magnetic measurements were performed for all
compounds (1-4) in temperature range 2-300K are shown in Figure 7. For compound 1 yumT
is equal to 15.9 cm® K mol™ at room temperature which is in good agreement with the
expected value (15.8 cm’ K mol™, 8S;,, §= 7/2, L= 0,g= 2) for two uncoupled Gd(III)
ions.”” Towards lower temperatures the value remains constant up to 20 K after which it
decreases abruptly to 14.3 cm® K mol™ at 2 K. For compound 2 yuT is equal to 23.5 cm® K
mol™ at room temperature which is in good agreement with the expected value (23.6 cm® K
mol™, "Fs, S =3, L =3,J=6, g =3/2) for two uncoupled Tb(III) ions. *’ On lowering the
temperature it decreases steadily up to 100 K after which there is an abrupt decrease to a
value of 16.9 cm® K mol™ at 2 K.*” For compound 3, room temperature yuT is 28.2 cm® mol™
K which is in good agreement with the expected value (28.3 cm® K mol™, ®His», S =5/2, L =
5,J =15/2, g = 4/3) for two uncoupled Dy(IIl) ions. yuT remains constant down to 150 K
while cooling and then starts decreasing to a minimum of 17.3 ¢m® K mol™” at 2 K. For
compound 4, yvT values are measured as 27.8 cm’mol'K which is close to the expected
value (28.1 cm*K mol™,°fy, S=2, L =6, J =8, g = 5/4) for two isolated Ho (III) ions. >’ The
compound also shows abrupt decrease below 100K and gives a value of 9.0 cm® K mol™ at 2
K. For all the compounds, the decrease of the yuT can be attributed to the thermal
depopulation of the m, levels and intermolecular antiferromagnetic dipolar interaction while
antiferromagnetic exchange interactions are excluded, analysing the exchange pathway
between the spin carriers. At 2 K, the field dependence of the magnetization shows a classical
behaviour with values at 50 kOe (ESI, Figure S28-31) far away from the expected saturation
values in the multiplet ground state framework. This is due to the presence of magnetic

anisotropy and/or low-lying excited states.>®
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Figure 7. Showing thermal dependence of yuT for 1 (Red), 2 (purple), 3 (Green) and 4
(blue).

Dynamic magnetic measurements. None of the four compounds display out-of-phase, ym’’,
signal in zero external dc field and only 3 shows a non-zero yum’” when an external dc field is
applied (ESI, Figure S32-S34). In case of 3, an extended Debye model is used, * (see ESI)
relaxation time (t) has been calculated at fitting the frequency dependence of yum’ (in-phase)
and yum’’ (out-of-phase) simultaneously at various applied dc field and plotted as log (1) vs
field. (See ESI, Figure S35). It is found that log (t) values are almost constant from 1000-
3000 Oe and from yum’ vs v shows that at 2 kOe curve is better in shape. So dynamic
magnetic measurements have been carried out at 2 kOe dc magnetic field for temperatures
between 2 and 8 K for 3 (Figure 8). It shows a clear frequency dependence below 8 K with a

maximum well visible in the range (1-1000 Hz) up to 6 K.
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xM“(cm3mol'1)

1 10 100 1000
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Figure 8. Frequency dependence of the out-of-phase (up) and in-phase (below) components

of the ac magnetic susceptibility under applied field 2 kOe for compound 3.

Using the extended Debye model, relaxation time (t) has been calculated at fitting the

frequency dependence of ym’ (in-phase) and ywm’’ (out-of-phase) simultaneously at each

temperature (see ESI, Figure S36-S39 Table S4, ).*** Relaxation time distribution parameter,
o is large (0.33-0.52) in the low-temperature range (2-3.0 K) which suggests multiple

relaxation processes occurring in this temperature range. This may be due to the presence of

dipolar interactions in the lower temperature region.®’ Further, we fitted these relaxation

times to the following equation 2 to find the relaxation pathway.

tl=tlexp(-A/T)+ CT* e 2
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From the data fitting it is found that best parameters are obtained by Raman + Orbach
pathway (Figure 9) for compound 3 which gives us an activation energy barrier around
35.3(2) ecm™ (51 K) and relaxation time 3.1(1)x107s that falls well within the limit of a good
SMM?® in a temperature range of 2-6 K. Constant value obtained for Raman process is
C=1.034(2) and n=4.92(2) (where C and n are the Raman constant and exponential,
respectively) which is greater than 4 and falls in the expected criteria for Raman relaxation

pathway.*

The absence of slow relaxation in compounds 2 and 4 can be explained on the basis of the
fact that both of them (Tb(III) and Ho(III)) are non-Kramers ions. As it is well known that for
a Kramers ion like Dy(IIl), there is always a bistable ground state, which has a necessary
contribution to SMM behaviour, the lowest energy doublet has high [M,| and the complexity
of the relaxation phenomena is related to the number of relaxation paths available. The latter
could be anyone or all of the following i.e. reversal of magnetization in the lowest energy
doublet via QTM, thermal mechanism via an excited state or quantum tunnelling of
magnetization within an exciting doublet which is thermally activated. Comparing with
Dy(III) ion, the Tb(III) and Ho(III) are non-Kramers ions, so their respective complexes will
possess a bistable ground state only if they are presented in a highly axial symmetric ligand
field.***> As the coordination geometry is the same in all the complexes being reported here
(vide supra) therefore the ligand field shows same amount of distortion from spherical
symmetry. This distortion can support an oblate ion to accentuate its magnetic anisotropy,
albeit to a limited extent (due to the donor atom at the capping position). Therefore all three
complexes (2-4) of oblate ions should show SMM properties but the absence of any such
behaviour for 2 and 4 may be due to them being non-Kramers ions, with crystal field not

being sufficiently axial.
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Figure 9. Temperature dependence of relaxation time log t (black circles) with the best
fitting curve (Red solid line) obtained by a combination of Raman and Orbach mechanisms

with the parameters give in the text.

Photophysical Properties: Solid-state photophysical properties of compounds (1-4) are
measured at room temperature. It is found that compounds 1-3 exhibit luminescence
properties in the visible region and compound 4 exhibits luminescence properties in the NIR
region. For Compound 1, upon excitation at 382 nm, its emission spectrum gives broadband
around 509 nm (19646 cm™) (Figure 10a), which has been assigned as an intra-ligand
transition. This is done due to the fact that the free ligand (Figure S40, ESI) also shows a
broad band in the same range. It is well known that for Gd(III) ion the energy gap between
the ground state (®S7») and the excited state (°P7p) is very large = 32000 cm™ which makes
energy transfer impossible from the triplet state of ligand to the excited state of the metal
ion.* For compound 2, peaks are clearly visible at 489 nm (20449 cm™), 544 nm (18382 cm’
", 583 nm (17152 ¢cm™), 622 nm (16077 cm™) including less intense peaks at 650 nm (15384
cm?), 668 nm(14970 cm™), 679 nm (14727 cm™), upon excitation wavelength 365 nm
(Figure 10b). These correspond to °Ds>*Fs, *Ds>Fs, *Dy>*Fs, *D4s>F; and less intense
(Figure 10b (inset)) *Ds=>*F,, *Ds>*Fy, *Ds>*F,. For compound 3, excitation wavelength is
360 nm, which gives emission at 482 nm (20746 cm™), 573 nm (17452 cm™), 668 nm (14970
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cm™), corresponding to *Fon=>°Hsa(blue band), ‘Fon—=>°Hizn(Yellow band), *Fon>Hiin(Red

Band) (Figure 10c). Compound 4, on excitation at 395 nm, shows emission at 970 nm (10309

cm™) in the NIR region corresponding to °Fs—=>°I; transitions (Figure 10d). Excitation spectra

for compound 1-4 are given in ESI Figure S37.
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Figure 10. Room-temperature emission spectra of (a) 1 at Aewm(nm) = 509 (A = 382 nm) (b)

2 at Aem(nm) = 489 , 544, 583, 622 , Inset- less intense peaks at 650 nm, 668 nm, 679 nm
(Aex =365 nm) (c) 3 at Aem(nm) =482, 573, 668 (Aex = 360 nm) (d) 4 at Aem(nm) =970 (Aex =

395 nm).
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"Compound 2-4 show luminescence peaks as expected in compounds due to the successful
energy transfer to the excited states of the lanthanides.®” The excitation spectra (Figure S41)
suggests that both antenna effect from the organic ligand and direct f-f excitations are
involved in the sensitization mechanisms. From the luminescence data it is expected that
triplet state energy of ligand L will lie (2500-4500 cm™) higher than the D4 (20449 ¢cm™),
*Fon (20746 cm™) excitation state energies in Tb(III) and Dy(IIl), respectively and much
lower than °P,, (32000 cm™) excitation level of GA(III).* A schematic diagram representing
the observed transitions and images for solid-state luminescence images under 365nm UV
lamp for compound 1-3 are shown in Figure 11. Solid-state UV absorbance spectra for the

ligand is shown in ESI Figure S42.
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Figure 11. Schematic representation of energy level (Jablonski, Tailbones) diagram of the
energy transfer process involved in the luminescence of compounds 1-4. (Inset) Solid State

luminescence for compounds 1-3 under 365nm UV lamp.

CIE Coordinates and CCT value calculations: The CIE chromaticity diagram (CIE 1931)%
for 1-3 is shown in Figure 12. CCT (Correlated colour temperature) values are calculated by
using the McCamy polynomial equation® (Equation 3) from the CIE co-ordinates(x,y) as

following:

CCT =-449 n’ +3525n* - 6823.3n + 5520 ~  ——m- 3
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Where n=(x-X.)/(y-y.) where x,y are chromacity coordinates and x.=0.332 , y.=0.186 are the
coordinates of chromaticity epicenter given by McCamy et. al.* CIE chromaticity coordinate

values, CCT, and colour purities for Compounds 1-3 in the solid-state are given in Table 2.

# Compound 1
A Compound 2
H Compound 3

CIEY

0 0.2 0.4 0.6 0.8
CIEX

Figure 12. CIE chromaticity diagram (1931 CIE standard) for the compounds 1-3.

It is found that for compound 3 CIE coordinates (0.31, 0.30) lie close to NTSC standard
value for white light (0.310, 0.316).” Recent literature reports show that Dy(III) compounds
are capable of producing white light as one component.”™ In terms of colour purity compound
3 displays very low colour purity which is essential for good white light emitter.”'In general,
the accepted CCT values should be greater than (> 5000 K) and (< 5000 K), for cold and
warm light emission, respectively’”” The CCT value observed for 3 is 6942 K hence it may

serve as a cold, white light emitter in lighting applications.”

Table 2: Representing CIE coordinates, CCT and % purities for compounds 1-3.

Compound CIE x CIEy CCT Purity %
1 0.30 0.54 6164 535
2 0.26 0.53 7021 41.8
3 0.31 0.30 6942 11.6




Conclusions

Four isomorphous and iso-structural complexes of L with Ln(III) having co-crystals with the
free ligand L are being reported for the first time in the case of lanthanides. The self-
assembly of two-component co-crystals is stabilized due to strong H-bonding interactions
between them. Dynamic magnetic studies reveal that compound 3 is a field-induced SMM
with an effective energy barrier around 51 K and with 3.1 x 107's relaxation time. Complexes
(2-4) display enhanced photoluminescence of the metal ions owing to the efficient antenna
effect of the L organic chromophore while 1 shows only L centered luminescence. The
Dy(IIT) complex exhibits good opto-magnetic properties and is a promising multi-functional
material. The complex gives cold-white light emission with CIE coordinates (0.31, 0.30) and
CRT value around 6942 K which can be used for light-emitting material. The synthetic
strategy using co-crystallization approach might be an efficient approach to enhance both
luminescent and magnetic properties by 1) increasing the amount of organic ligand in the
crystal lattice or/and allowing through bond and through space energy transfer to the
lanthanide ion and ii) by playing the role of spacer to provide efficient magnetic isolation to

the spin carriers.
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A series of four isomorphous, 1:2 (Complex :L) cocrystals of dimeric coordination
compounds of Ln(III) ions as [Ln(L)(NO3);(H>O)],[L]. (Ln(IIT) = Gd (1), Tb (2), Dy (3) and
Ho (4)), were synthesized with N, N-diisobutylisonicotinamide (L) along with two co-
crystallised L molecules centrosymmetrically. Compound 3 turns out to be a promising opto-
magnetic material by being a field-induced Single-Molecule Magnet (SMM) (A = 51 K) and
shows cold white light emission with CCT value of 6942 K.
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