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This report has been prepared and submitted as part of the fulfillment to the grant
supported by the Thailand Research Fund, grant number RSA5980026 entitled “Design and

synthesis of new lanthanide metal-organic frameworks for carbon dioxide capture applications”.
This research project led to four high impact Q1 (ISI) and one Q2 (ISI) international publications,
as well as the established knowledge on gas sorption and ratiometric photoluminescent sensing
properties of the lanthanide benzene dicarboxylate frameworks which consequently lead to an
extension to a new project with practical implementation.

Here, I would like to declare sincere gratitude to the Thailand Research Fund and Chiang
Mai University for the financial support and therefore opportunity to conduct research in this field
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. ABSTRACT .

Massive release of greenhouse carbon dioxide from anthropogenic activities has
imposed a grave threat to our global warming and environments, leading to an earnest demand
for novel technologies to mitigate carbon dioxide emission including the capture and
sequestration. Whilst the sequestration technologies have been well developed, the capture
technologies require a lot more research works as none of the existing technologies fulfills the
target performance criteria. By virtue of exceptionally high active surface area, remarkably
large void volume, structural and chemical tunability and potential scalability to industrial
scale, porous coordination polymers and metal organic frameworks have surfaced with a great
new hope for unprecedented carbon dioxide capture performance. In order to achieve the
target performance criteria, high adsorption capacity and selectivity are required. Several
strategies have been proposed including the installing of desired functionalities on the organic
linkers, the generation of coordinative unsaturated or open metal sites to the frameworks and
the introduction of framework flexibility without disrupting framework hydrothermal
stability.

Here, new coordination polymers/metal organic frameworks have been designed and
synthesized by putting two major strategies into practice, including the generation of
coordinative unsaturated or open metal sites using lanthanide nodes and the introduction of
framework flexibility through the use of mixed rigid and flexible dicarboxylates. Through the
attempts to synthesize the porous coordination polymers for carbon dioxide capture
application, the recently emerging ratiometric-photoluminescent properties of the yielded
coordination polymers has been revealed leading to an extension of the project to include the
ratiometric photoluminescent temperature sensing. The inherent multifunctional nature of
lanthanide coordination polymers/metal organic frameworks has therefore been
acknowledged.

Through the employment of benzene-1,4-dicarboxylate (BDC?*), 2-nitro-benzene-
1,4-dicarboxylate (NO,-BDC?), phthalic acid (Hzphth), adipic acid (Hzad) and pyridine-2,6-
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dicarboxylic acid (Hzpdc),” eleven series of lanthanide coordination polymers have been

synthesized, including

[La2(NO,-BDC)3(H20)4],
[Ln(L)o5(NO2-BDC)(Hz0)] 3H:0 (Ln=Eu, Tb, Dy, Ho; L=BDC?, BDC2/NO-
BDC?),

[Tm(NO2-BDC):.5(H20)]-H:0,

[Ln2(BDC)3(DMF)2(H20)2] (Ln = Gd, Eu, Tb),
[LnxGdzx(BDC)3(DMF)2(Hz20):]x (Ln = Eu, Tb),
[Ln(pdc)(Hz0)s]5-3C1 (Ln = Pr, Nd, Sm, Eu, Gd),
[Ln(pdc)(Hpde)(H20)2]-3H;0 (Ln = Pr, Nd, Sm),
[Ln(pdc)(H20)4]5-:3C1 (Ln = Sm, Eu),

[Nd;(ad)(phth), (H20)4],

[Ln(ad)o.s(phth)(H20)2] (Ln = Eu, Gd, Tb, Dy, Er, Tm, Ew/Tb), and
[Lo(bdc)o.s(phth)(H20)2] (Ln = Eu, Tb, Ho, Er, Tm, Gd, EwTb).

Among these complexes, [Ln(L)o.s(NO.-BDC)(H,0)]'3H,0 (Ln=Eu, Tb, Dy, Ho; L=BDC?,

BDC?*/NQ2-BDC?) are microporous in nature and show excellent selectivity toward carbon

dioxide through the open metal site mechanism. The other dense framework complexes

exhibit outstanding ratiometric photoluminescent temperature sensing performance.
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" EXECUTIVE SUMMARY

Project Title: Design and synthesis of new lanthanide metal-organic frameworks for

carbon dioxide capture applications

Area of Study: Solid state chemistry/Materials chemistry; Chemical crystallography

Coordination chemistry

Keywords: Metal-organic framework; Coordination polymer; Lanthanide

Dicarboxylate; Carbon dioxide capture; Photoluminescence
Project Budget: 1.4 MB
Project Duration: 16 June 2016 — 15 March 2019

Project Rational & Significance:

Global warming is one of the major vivid threats encountering human civilization
nowadays.™* The burning of the fossil fuel and therefore the emission of the greenhouse gases
especially carbon dioxide has been alleged to be the primary culprits for the rising of the
global temperature, earnestly leading to a demand for technologies to control and/or reduce
the atmospheric emission of carbon dioxide.! The capture and sequestration of the gas have
accordingly been intensively investigated during the last two decades.>™ Whist the
sequestration technologies have been well developed, the capture technologies require a lot
more research works as none of the existing technologies fulfills the target performance
criteria: (7) large capture capacity (ii) high selectivity (iif) optimal affinity (iv) high stability
under capture and regeneration conditions.'t The dominating capture technologies to date are
based on the use of aqueous alkanolamine absorbents, of which the studies revealed several
drawbacks: (7) instability of the absorbents toward heating and water vapor (if) corrosive
toward containing vessels (ii7) restricted absorbent concentration per use and therefore the
restriction in capture performance (iv) large regeneration energy penalty and therefore costly

regeneration process.* The drawbacks of aqueous alkanolamine absorbents have therefore

11.D. Figueroa, T. Fout, S. Plasyski, H. Mclvried, R.D. Srivastava, Inter. J. Greenh. Gas Control 2 (2008) 9-20.
iR, Sabouni,, H. Kazemian, S. Rohani, Environ. Sci. Pollut. Res. 21 (2014) 5427.

$A.B. Rao, E.S. Rubin, Environ. Sci. Tehnol. 36 (2002) 4467-4475.

**M.T. Ho, G.W. Allinson, D.E. Wiley, Ind. Eng. Chem. Res. 47(14) (2008) 4883-4890.

HWEF. da Silva, H.F. Svendsen, Inter. J. Greenh. Gas Control 1 (2007) 151-157.

1Y, Liu, Z.U. Wang, H.-C. Zhou, Greenhouse Sci. Technol. 2 (2012) 239-259.
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drawn attention toward the research on adsorbents as the alternative technologies. Most of the
early studies have been focused on the conventional adsorbents like zeolites and activated
carbon, from which the shortcomings of these conventional adsorbents, i.e. low capture
capacities and difficulty in regeneration processing, have been revealed 3%

The milestone work by A.R. Milward and O.M. Yaghi on the unprecedentedly high
carbon dioxide capture capacities of the metal organic framework materials (MOFs), this new
class of materials have attracted great attention worldwide.i"t MOFs are coordination
complexes possessing an infinitive coordination frameworks and permanent porosity. They
can be regarded as the sub-class of the coordination polymers (CPs). The major reasons
presenting MOFs as the rising candidate for new carbon dioxide capture materials are; (i) the
unprecedentedly high active surface area and remarkably large void volume, (i) their
structural and chemical tunability (iii) potential scalability to industrial scale.}*! One particular
advantage on the use of MOFs is reportedly to be the greatly reduced generation energy
penalty compared to the aqueous alkanolamine absorbents.'? In the context of carbon dioxide
capture, however, two crucial parameters demanding earnest attentions and further
investigation before MOFs can be placed in the real-world carbon dioxide capture processes
includes are the design and synthesis of the structures with improved (i) adsorption capacities
at two different pressure ranges, i.e. high and near ambient, (i) selectivity toward carbon
dioxide (#if) framework stability after the removal of occluded solvents.!*$8 In approaching
such goals, several strategies have been proposed: (i) installing desired functionalities, e.g.
amines, electron donating groups, polarizing groups and hydrogen bonding donating motifs,
on the organic linkers (if) generating coordinative unsaturated or open metal sites to the
frameworks (iii) increasing framework flexibility without disrupting framework hydrothermal

stability (iv) including extraframework metal nanoparticles or cations %!

Despite the
acknowledgement of various strategies or principles, none of the current MOFs or CPs has

reached such requirement yet.

Research Objectives

The primary objective of the research is to design and synthesize new lanthanide
coordination polymers/metal organic frameworks for use in carbon dioxide capture
application. To achieve the desired objective, two strategies have been adopted in the design

and synthesis of new lanthanide CPs and lanthanide MOFs, i.e. (i) the generation of

M. Sevilla, A.B. Fuertes, J. Colloid Interface Sci. 366(1) (2012) 147-154.

***S.R. Batten, N.R. Champness, X.-M. Chen, J. Garcia-Martinez, S. Kitagawa, L. Ohrstrom, M. O’Keeffe, M.P.
Suh, J. Reedijk, Pure Appl. Chem. 85(8) (2013) 1715-1724.

1J.L.C. Rowsell, O.M. Yaghi, Micropor. Mesopor. Mater. 73 (2004) 3-14.

S, Choi, J.H. Drese, C.W. Jones, ChemSusChem. 2(9) (2009) 796-854.

$5H, Li, M. Eddaoudi, M. O’Keeffe, O.M. Yaghi, Nature 402 (1999) 276-279.

""**H. Li, M. Eddaoudi, T.L. Groy, O.M. Yaghi, J. Am. Chem. Soc. 120(33) (1998) 8571-8572.
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coordinative unsaturated or open metal sites by using lanthanide as nodes and (ii) the
introduction of framework flexibility without disrupting their hydrothermal stability by using
mixed rigid/flexible dicarboxylate linkers.

Research Scope & Methodology
Target applications = Carbon dioxide gas capture applications
= Ratiometric photoluminescent sensing
Designed nodes = Trivalent lanthanide metal ions (Ln™)
Designed linkers Mixed flexible and rigid dicarboxylate ligands:
Methodologies = Generation of open metal sites during the work up process in prior
to the carbon dioxide gas adsorption experiments
= Modulation of photoluminescent emission through variation in

antenna and emitting centers

Research Outputs:

Journal Matrix

No. rticle Titl .
_ ° Article Title JIF (Q) Citation
1 T. Chuasaard, K. Panyarat, P. Rodlamul, K. Chainok, S. 3.972 5
Yimklan, A. Rujiwatra*, Structural Variation and Preference QD

in Lanthanide-pyridine-2,6-dicarboxylate Coordination
Polymers, Crystal Growth & Design 17 (2017) 1045-1054.

2 K. Panyarat, S. Surinwong, T.J. Prior, T. Konno, A. 3.649 5
Rujiwatra*, Crystal Structure and Gas Adsorption Behavior of QD
New Lanthanide-benzene-1,4-dicarboxylate Frameworks,

Microporous Mesoporous Materials 251 (2017) 155-164.

3 T. Chuasaard, A. Ngamjarurojana, S. Surinwong, T. Konno, S. 4.700 9
Bureekaew, A. Rujiwatra*, Lanthanide Coordination QD
Polymers of Mixed Phthalate/Adipate for Ratiometric
Temperature Sensing in the Upper-Intermediate Temperature
Range, Inorganic Chemistry 57 (2018) 2620-2630.

4 K. Panyarat, A. Ngamjarurojana, A. Rujiwatra*, Colorimetric 2.891 -
Analysis: A New Strategy to Improve Ratiometric Q2)
Temperature Sensing Performance of Lanthanide
Benzenedicarboxylates, Journal of Photochemistry and
Photobiology A — Chemistry, Accepted.

5 T. Chuasaard, A. Ngamjarurojana, T. Konno, A. Rujiwatra*, 4.700 -
Influences of Mixed Antennae on Ratiometric Thermometry Qn
of Lanthanide

Benzenedicarboxylates, Inorganic Chemistry, Submitted (as of
March 22, 2019).
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CHAPTER 1

.+ Lanthanide Metal Organic Frameworks -

1.1 Introduction to research problem and its significance

Global warming is one of the major vivid threats encountering human civilization
nowadays [1,2]. The burning of the fossil fuel and therefore the emission of the greenhouse gases
especially carbon dioxide has been alleged to be the primary culprits for the rising of the global
temperature [1-7], earnestly leading to a demand for technologies to control and/or reduce the
atmospheric emission of carbon dioxide [8,9]. The capture and sequestration of the gas have
accordingly been intensively investigated during the last two decades [8,9]. Whist the sequestration
technologies have been well developed, the capture technologies require a lot more research works
as none of the existing technologies fulfills the target performance criteria: (i) large capture capacity
(%) high selectivity (i) optimal affinity (iv) high stability under capture and regeneration conditions
[5]. The dominating capture technologies to date are based on the use of aqueous alkanolamine
absorbents, of which the studies revealed several drawbacks: (i) instability of the absorbents toward
heating and water vapor (if) corrosive toward containing vessels (iii) restricted absorbent
concentration per use and therefore the restriction in capture performance (iv) large regeneration
energy penalty and therefore costly regeneration process [10]. The drawbacks of aqueous
alkanolamine absorbents as listed have therefore drawn attention toward the research on adsorbents
as the alternative technologies. Most of the early studies have been focused on the conventional
adsorbents like zeolites and activated carbon, from which the shortcomings of these conventional
adsorbents, i.e. low capture capacities and difficulty in regeneration processing, have been revealed
[9-12].

The milestone work by A.R. Milward and O.M. Yaghi on the unprecedentedly high carbon
dioxide capture capacities of the metal-organic framework materials (MOFs) [13], this new class
of materials have attracted great attention worldwide. MOFs are coordination complexes
possessing an infinitive coordination frameworks and permanent porosity. They can be regarded as
the sub-class of the coordination polymers (CPs). The major reasons presenting MOFs as the rising
candidate for new carbon dioxide capture materials are; (i) the unprecedentedly high active surface
area and remarkably large void volume, (ii) their structural and chemical tunability (iii) potential
scalability to industrial scale [10,14-18]. One particular advantage on the use of MOFs is reportedly

to be the greatly reduced generation energy penalty compared to the aqueous alkanolamine
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absorbents [10]. In the context of carbon dioxide capture, however, two crucial parameters
demanding earnest attentions and further investigation before MOFs can be placed in the real-world
carbon dioxide capture processes includes are the design and synthesis of the structures with
improved (i) adsorption capacities at two different pressure ranges, i.e. high and near ambient, (i7)
selectivity toward carbon dioxide (jii) framework stability after the removal of occluded solvents
[10,17]. In‘approaching such goals, several strategies have been proposed: (i) installing desired
functionalities, e.g. amines, electron donating groups, polarizing groups and hydrogen bonding
donating motifs, on the organic linkers (ii) generating coordinative unsaturated or open metal sites
to the frameworks (iii) increasing framework flexibility without disrupting framework

hydrothermal stability (iv) including extraframework metal nanoparticles or cations [10,12,17,18].

1.2 Literature survey on carbon capture technology

Current technologies for carbon dioxide capture are primarily directed toward the reduction
of carbon dioxide emission from power production at three stages, namely post-combustion, pre-
combustion and oxy-combustion, among which post-combustion has the greatest near-term
potential [9,11]. The dominating capture technologies for the post-combustion processes to date
are based on aqueous alkanolamine absorbents [10,19]. In the process, the amine functional groups
will participate in nucleophilic attack on the carbon atom of the carbon dioxide forming C-N bond
in the forms of either carbamate or bicarbonate species (Fig. 1.1) [10,19,20]. Due to the nature of
‘the amine and the involvement of the C—N bond formation, several drawbacks need attentions: (7)
instability of the absorbents toward heating and water vapor (i) corrosive toward containing vessels
(¢1) restricted absorbent concentration per use and therefore the restriction in capture performance

(iv) large regeneration energy penalty and therefore costly regeneration process [10,21-23].

i 2
¢

MEA carbamate

OH ) OH
N CcO B g + @NH
o/ N T %t O Ho %o T o/ .
OH bicarbonate OH
TEA

Fig. 1.1 Schematic illustration of the reactions between CO2 with monoethanolamine (MEA) and
triethanolamine (TEA) [10]
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Despise several pros; the cons of the processes as listed above especially the large
regeneration energy penalty and costly regeneration process have brought about the need in finding
the other alternative technologies including also the use of adsorbents of which the carbon dioxide
gas is captured by physical interactions rather than chemical bonding. Strategic plan for several

potential carbon dioxide capture technologies and innovations have been proposed (Fig. 1.2).

-3

&’ OTMBGtér-

M. Bislogical Processes

P o CAR Process

Key:
# Post Combusiion

Cost Reduction Benefit —

Pre« Combustion

*» @

Oxy Combustion

Time Ta Commercialization
Fig. 1.2 Cost reduction benefits versus time to commercialization for carbon dioxide capture
technologies [24]

At the early stage of investigation for carbon dioxide adsorbents, activated carbons, zeolites
and zeolite-like materials have been solemnly investigated [10,11,20]. Important criteria have been
set for materials to be considered as appropriate carbon dioxide adsorbents [10,19,24,25]: (i) high
adsorption capacities (22-4 mmol-g") (ii) high selectivity toward carbon dioxide (iii) adequate
adsorption/desorption kinetics (iv) stability during repeated adsorption/desorption cycling (v)
possessing stable microstructure and morphology under several operating conditions (vi) economic
production and regeneration process. According to literatures, although some adsorbents exhibited
high adsorption capacities, e.g. 4.9 mmol-g” (273 K, 0.1 bar) for Na-Y zeolite [26] and 3.2 mmol-g"
' (298 K, 0.1 bar) for activated carbons [27], these adsorbents always exhibit downside in one way

or another.

1.3 Literature survey on porous CPs and MOFs as carbon dioxide capture materials
MOFs, are the coordination networks of one-, two- or three-dimension, built up of metals

or metal clusters as nodes and organic ligands as linkers [28]. For materials to be classified as
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MOFs, it is recommended that the materials should display strong bonding providing robustness
(thermal and chemical stabilities), and comprise of linking units that are available for modification,
geometrically well-defined structures and potential to be engineered both structures and properties
[30]. MOFs are also known as porous coordination polymers (PCPs) [30,31]. Owing to remarkably
high active surface area (up to 5,000 m?>-g"! [31]), exceptionally large void volume (up to 90% [17]),
ability to be structurally and chemically engineered and scalability to industrial scale, MOFs are
located at the forefront for several technological applications, e.g. gas storage, catalysis,
magnetism, drug delivery, molecular separation and sensor [31,32].

In terms of carbon dioxide capture applications, the first report appeared less than two decade
ago by H. Li ef al., and the material was the microporous Zn(BDC)-(DMF)(H20) (BDC = 1,4-
benzenedicarboxylate and DMF = N,N'-dimethylformamide) [13]. The following investigation on
a series of MOFs by A.R. Milward and O.M. Yaghi seven years later has, however, set a milestone
step in the field [33]. Nine compounds as shown in Fig. 1.3 including the square channel MOF2,
the open metal site occupied MOF-505 and Cus(BTC), (BTC = 1,3,5-benzenetricarboxylate), the
hexagonally packed cylindrical channel MOF-74, the interpenetrating framework IRMOF-11, the
functionalized IRMOF-3 and IRMOF-6, and the extra-highly porous IRMOF-1 and MOF-177 [20].
In this work, the carbon dioxide adsorption capacity of 33.5 mmol-g!, which is far greater than that
of any precedent porous nllaterials; 7.4 mmol-g™! at 32 bar for zeolite 13X [34], and 25 mmol-g! at
35 bar for MAXSORB afnorphous carbon [14]. Two more important features of carbon dioixde
capture materials have been proposed following this study: (i) a periodic structure of the materials
for which the sorption and desorption of carbon dioxide is fully reversible (i) a flexibility with
which the chemical functionalization and molecular-level fine-tuning can be achieved for
optimized capacities [33]. Since the discovery of MOF-177 [33], a huge number of MOFs have
been designed, synthesized and characterized for this specific purpose within only the last decade.

According to several reviews [10,11,12,14,18,25], proposed strategies to enhance carbon
dioxide adsorption capacities and selectivity can be summarized as follows: (i) installing desired
functionalities, e.g. amines, electron donating groups, polarizing groups and hydrogen bonding
donating motifs, on the organic linkers (i) generating coordinative unsaturated or open metal sites
to the frameworks (iii) increasing framework flexibility without disrupting framework

hydrothermal stability (iv) including extraframework metal nanoparticles or cations.
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Fig. 1.3 A series of MOFs and IRMOFs investigated for CO, adsorption capacities by A.R.

Milward and O.M. Yaghi in 2005 [34], (b) high pressure isotherm measured at 298 K of MOF-210
[35]
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Based on literatures [10,11,12,14,18,25 and references therein], two observations can be
generalized. The metal and metal clusters employed in the fabrication of these MOFs are mostly
the first row transition metals with Zn at the lead. Some of the reported MOFs exhibit gravimetric
capacity of approximately 70% or higher at high pressures, e.g. ZnsO(BTE)o75(BPDC) (MOF-210,
Fig. 1.4; 74.2% at 50 bar) and ZnsO(BDC)2(H20); (MOF-200; 73.9% at 50 bar) both of which are
built up of Zn4O node and BDC linkers [35], Cus(TCEPEB) (Nu-100; 69.8% at 40 bar; TCEPEB
= 1,3,5-tris[(1,3-carboxylic acid-5-(4-ethynyl)phenyl))-ethynyl]benzene) [36], and ZnsO(FMA)
(69% at 29 bar; FMA = fumarate) [37]. These MOFs would be potential for post-combustion
processes as high pressures are required for such high capacities. Adsorption capacities of the
existing MOFs at near-ambient pressures are noticeably not as high as those reported for the high
pressure processes. Only few examples exhibit gravimetric capacity close to 30%:
Cus(BTC)2(H20) 1.5 (HKUST-1; 27% at 1 bar and 298 K) [28], and Mgz(dobdc) (Mg-MOF-74;
27.5% at 1 bar and 298 K; dobdc = 2,5-dioxido-1,4-benzenedicarboxylate) [38]. Note that both the
HKUST-1 and Mg-MOF-74 contain the open site metal ions [39,38]. It has been concluded that
MOFs possessing a high density of open metal sites tend to adsorb significant amounts of carbon

dioxide even at low pressure [38].

8
o
L4
i
3

Uplake / mg g1

0 10 20 30 40 50 80
Pressure f bar

Fig. 1.4 Framework of MOF-210 and its high pressure isotherm measured at 298 K [25]

It is also apparent that most of the linkers employed in the fabrication of MOFs aiming at
carbon dioxide capture applications are polycarboxylates with the predominance of the
dicarboxylates. Some of the dicarboxylate linkers are illustrated in Fig. 1.5, being classified in to
rigid and flexible types. Although this is not exhaustively summarized, the predominance of the
rigid linkers is apparent. This should be due to the fact that these rigid linkers provide long range
ordering as well as stability to the derived MOFs. Functionalization of these linkers will add

functionality for specific applications. The use of the flexible linkers in these carbon dioxide
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Fig. 1.5 Some dicarboxylate linkers employed in the syntheses of MOFs characterized for carbon
dioxide adsorption (Summarized from Refs. 10,11,12,14,18,25 and references therein)
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capturing MOFs is nonetheless surprisingly very few. The other polycarboxylates besides the
dicarboxylates include tri-, tetra-, hexa- and octacarboxylates. In addition to the polycarboxylate
linkers, the N-donor linkers (Fig. 1.6) have also been used in the derivation of the frameworks; e.g.,
Co(BDP) (41.3% at 40 bar; BDP = 1,4-benzenedipyrazolate) [40], H3[(CusCl)3(BTTri)s] (Cu-
BTTri; 42.8% at 40 bar; BTTri = 1,3,5-benzenetristriazolate) [40], Zn(Melm), (nZif-8; 35.0% at
30 bar; MeIm = 2-methylimidazole) [41], Zn(F-pymo). (26.0% at 28 bar and 273 K; F-pymo = 5-
fluoropyrimidin-2-olate) [42], Zn(Gly-Ala)z (19.0% at 15 bar and 273 K; Gly-Ala = glycylalanine)
[43], H3[(CusCl)s(BTTri)s] (14.3% at 1 bar and 293 K; BTTri = 1,3,5-tri(1H-1,2,3-triazol-4-

yl)benzene) [44]. Limitation and the less success in the use of the N-donor ligands may be noted.
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Fig. 1.7 (a) Sorption and desorption isotherms of Tb(BDC)NOs; [49], and (b)
[Lnz(TPO)(HCOO)]-(Me2NHa)*(DMF)4*(H20)s (Ln = Y(1) and Eu(3)) [50]

1.4 Literature survey on lanthanide MOFs (LOFs) as carbon dioxide capture materials

Due to the feasibility in adopting large coordination number varying from 3 to 12, the
lanthanide metal jons dominated by the trivalent state (Ln'™) exhibit diverse coordination
geometries and behavior governed mostly by the coordinating ligands [45,46]. Such characteristic
of the Ln™ makes the design and synthesis of the metal-organic framework to be very unpredictable
and challenging; especially in the case where permanent porosity is required [47]. This is
particularly the issue as most of the porous frameworks collapse after the removal of the
extraframework species located in the framework voids. Compared to the transition metal MOFs,
the porous frameworks made up of the Ln™ are not yet prevailing and remaining a challenge [47].

The first lanthanide MOF exhibiting permanent porosity even upon solvent removal are
the extended frameworks of Tb™; the microporous Tb,(BDC); [48] and Tb(BDC)NO; [49], both
of which are reported to possess accessible metal sites. The Tb(BDC)NOs is thermally stable up to
320 °C and exhibits zeolite-like sorption behavior toward carbon dioxide (Fig. 1.7) [49]. Since
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then, there has not any reports on the exceptional uptake of carbon dioxide by lanthanide MOFs,
and reports on the studies of these materials for the carbon dioxide capture applications to date are
extremely rare and are listed as follows. Two  isostructural microporous
[Lnay(TPO)2(HCOO)]*(Me;:NH2)«(DMF)¢(H20)s (Ln = Y and Eu; H;TPO = tris-(4-
carboxylphenyl)phosphineoxide; DMF = N,N-dimethylformamide) shows preferential adsorption
of carbon dioxide over nitrogen (Fig. 1.7), and the carbon dioxide uptakes of 25.58% (Y) and
18.42% (Eu) at 20 bar and 273 K [50]. The honeycomb-type channel containing
{{Tb(FDA)s(DMF)]-DMF}. (H2FDA = furan-2,5-dicarboxylic acid) framework was reported to
show significant selective sorption of carbon dioxide over nitrogen and methane and guest
dependent luminescence behavior [51]. The carbon dioxide uptake was reported to be 61 ecm3-g™!
measured at 1 bar and 273 K [51]. The synergistic effect of the exposed open metal sites and
proximal highly localized charge density toward materials with enhanced carbon dioxide sorption
energetics was proposed for a series of lanthanide MOF with fcu topology, synthesized using linear
fluorinated/nonfluorinated, = homo/heterofunctional  ligands [52]. Two  isostructural
[Lnz(pam);(DMF)2(H20)2]'nDMF (Ln = Gd and Dy; Hypam = 4,4’-methylenebis[3-hydroxy-2-
naphthalenecarboxylic acid) were reported last year to show selectivity toward carbon dioxide

sorption over other gases (Fig. 1.8) and to exhibit high methanol vapor uptake [53].

v, (em’g™)

P(Torr)

Fig. 1.8 Carbon dioxide and nitrogen adsorption isotherms observed for
[Gdx(pam)3;(DMF)2(H20).]- nDMF (blue, 195 K; black, 273 K; and red, 298 K for CO; and magenta
273 K, yellow 298 K for N3) (closed and open symbols represent adsorption and desorption
branches) [53]

Research works relating to carbon dioxide capture by lanthanide MOFs has gain rather an attention
this year, reflected via the exceptional increase in number of publications in year 2015 [54-56]. The

enhancement of carbon dioxide capture capacity and selectivity by framework flexibility and

10
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therefore guest-induced structural transformation (Fig. 1.9) of [Sm(HL)(DMA);] (HsL = 5,5'-
(2,3,5,6-tetramethyl-1,4-phenylene)bis(methylene)bis(azanediyl) diisophthalic acid) has illustrated
the striking feature for further framework design [54].

&
Gate apen Gate closed
{¥rons) [cis)

Fig. 1.9 Depiction of carbon dioixde induced structural transformation in [Sm(HL)(DMA),]
framework [54]

1.5 Research project objective

The primary objective of the research is to design and synthesize new lanthanide
coordination polymers/metal organic frameworks for use in carbon dioxide capture application. To
achieve the desired objective, two strategies have been adopted in the design and synthesis of new
lanthanide CPs and lanthanide MOFs, i.e. (i) the generation of coordinative unsaturated or open
metal sites by using lanthanide as nodes and (ii) the introduction of framework flexibility without

disrupting their hydrothermal stability by using mixed rigid/flexible dicarboxylate linkers.

1.6 Structure of the project report

Aiming at carbon dioxide capture application based on lanthanides and dicarboxylate
linkers, several series of lanthanide CPs of both porous (MOFs) and dense frameworks have been
synthesized. Not only the carbon dioxide capturing property, temperature dependent
photoluminescence of the yielded frameworks has become significantly intriguing leading to an
extension of the project to include the ratiometric photoluminescent temperature sensing.

The content of this report is classified according to the chemical and physical properties of

the yielded lanthanide CPs and/or lanthanide MOFs.

11
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Chapter 2
= [Lax(NO2-BDC)3(H20)4]
= [Ln(L)os(NO2-BDC)(H20)]'3H20, Lo=Eu, Tb, Dy, Ho; L=BDC?%*, BDC*/NO,-BDC?*
*  [Tm(NO,-BDC),s(H,0)]-H-0O
Chapter 3
®  [Lny(BDC)3(DMF)2(Hz0)z]s, Ln = Gd, Eu, Tb; H.BDC = benzene-1,4-dicarboxylic
acid; DMF = dimethylformamide
*  [LnGdax(BDC)3(DMF)»(H20),]s Ln = Eu, Tb
Chapter 4
s [Ln(pdc)(H20)4]3:3Cl, Ln = Pr, Nd, Sm, Eu, Gd,
*  [Ln(pdc)(Hpdc)(H20)2]-3H20, Ln = Pr, Nd, Sm
*  [Ln(pdc)(H20)4]3-3Cl, Ln = Sm, Eu
Chapter 5§
*  [Ndx(ad)(phth), (H20)4]
» [Ln(ad)o.s(phth)(H20).], Ln = Eu, Gd, Tb, Dy, Er, Tm, Ew/Tb
Chapter 6
» [Ln(bdc)os(phth)(H20)z], Ln = Eu, Tb, Ho, Er, Tm, Gd, Ev/Tb

It should also note that numbering of the reported complexes are restricted for each chapter

since there are too many new complexes. The consecutive numbering of all complexes is believed

to cause confusion for the readers.
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CHAPTER 2

" Carbon Dioxide Captiure Capacity of -
" Lanthanide benzene-1,4- dicarboxylates |

® Six new lanthanide metal organic frameworks were synthesized
using mixed ligands of benzene-1,4-dicarboxylic acid and the in
situ generated 2-nitro-benzene-1,4-dicarboxylic acid.

® Influences of the lanthanides on porosity of the frameworks and
topologies are illustrated.

® Four of the six complexes are microporous exhibiting significant
stability and remarkable sorption capacities for carbon dioxide
and hydrogen.
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In this chapter, six new lanthanide coordination frameworks designed and synthesized
using benzene-1,4-dicarboxylate (BDC?) and 2-nitro-benzene-1,4-dicarboxylate (NO,-BDC?) is
reported. These two ligands were selected as the linkers because of their tendency to generate
microporous frameworks which was reported to be suitable for carbon dioxide capture [1,2]. In situ
nitration was employed to introduce the nitro group to BDC? and therefore to generate the
multivariate frameworks comprising both BDC* and NO2-BDC? linkers. The inclusion of the nitro
group was intended to increase the interaction of the framework and carbon dioxide [3]. Four of
the six reported complexes are microporous with accessible voids, extraordinary stability and
significant gas capture capacities. The photoluminescence properties of the complexes have also

been investigated.

2.1 Hydrothermal crystal growth and in situ ligand synthesis

Following our interest in extending the use of lanthanide ions in fabricating new
microporous frameworks [4], six new complexes, i.e. [Lax(NO2-BDC)3(H20)4] (1) [Ln(L)os(NO--
BDC)(H20)]3H20 where Ln = Eu (2), Tb (3), Dy (4) and Ho (5), and L = BDC* or BDC*/NO;-
BDC?*}, and [Tm(NO,-BDC), s(H.0)]-Hz0 (6), have been synthesized.” Colors of the crystals were
in good agreement with characteristic colors of the corresponding lanthanide ions. The crystals
showed a yellow tint which is consistent with the presence of NO»-BDC?* derived in situ under
strong acidic hydrothermal conditions [4,5]. The existence of NO,-BDC? is also revealed via the
characteristic v(C-N) and v(N-O) in the IR spectra of all complexes (Table 2.1). To the best of our
knowledge, these lanthanide coordination polymers can be regarded as one of the very few
multivariate lanthanide coordination polymers yielded by using the in situ ligand synthesis strategy.
It should be however noted that the formation of nitrosamines may be possible under the employed
condition according to the previous literature reporting on the formation of these powerful
carcinogens under similar synthesis condition [5].

Single crystal data of 1 and 6 were collected on a Bruker APEX-II CCD diffractometer and
a Stoe IPDS2 image plate diffractometer, respectively, whereas those of 2-5 were collected on a
Bruker D8 QUEST CMOS diffractometer. The machines were operated using Mo Ka radiation (A
=0.71073 A) at 298(2) K for 1-5 and 150(2) K for 6. Data reduction and an adsorption correction
of 1-5 were performed with the SAINT [6] and SADABS [7] software packages, whilst that of 6

*The solution of the corresponding Ln2O3 was first prepared by dissolving the Ln2O3 (1.70 mmol) in 1.00 mL of
concentrated HNO3 aqueous solution. Each solution was then mixed with 10.0 mL of an aqueous solution containing
H2BDC (4.0 mmol) and DABCO (4.0 mmol) with vigorous stirring. The Ln203 : HNOs : H.BDC : DABCO : H20 mole
ratio of every reaction was 1.70 : 5.16 : 4.00 : 4.00 : 556. The reactions were performed using a 23.0 mL Teflon lined
hydrothermal autoclave under an autogenous pressure generated at 180 °C for 24 h, and afforded a few crystals as the
solid products.
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was done using the Tompa method [8]. The structures were solved by direct methods implemented
within SHELXS-86 [9] and full-matrix least squares refinements were carried out on F? for all data
with the program SHELXL-97 [9] via either the WinGX [10] or the OLEX2 [11] program

interfaces. Crystallographic and refinement data are summarized in Table 2.2.

Table 2.1 IR Spectral band assignments for 1-6

Band assignment 1 2 3 4 5 6
v(0-H) 3430(m,br) 3413(m,br) 3472(m,br) 3488(m,br) 3472(m,br) 3480(m,br)
3087(w) 3087(w) 3413(w) 3422(w) 3422(w) 3413(w)
v(C-H); aromatic  2911(w) 2911(w) 3087(w) - - 3095(w)
2852(w) - 2920(w) 2928(w) 2920(w) -
Vasym(C—0) 1581(vs) 1589(vs) 1581(vs) 1615(vs) 1615(vs) 1615(vs)
v(N-0) 1531(vs) 1531(vs) 1539(vs) 1539(vs) 1539(vs) 1523(vs)
Vyym(C-0) 1497(s) 1497(s) 1497(s) 1455(s) 1431(s) 1489(s)
1422(s) 1422(s) 1414(s) 1422(s) 1380(s) 1405(s)
1372(s) - 1372(s) 1372(s) 1347(s) -
8(0O-H); inplane  1347(m) 1347(m) 1339(m) - 1339(m)

8(C-H); aromatic  1238(w) 1247(w) 1255(w) 1264(w) 1264(w) 1247(w)

8(C-C); p- 1171(w) 1171(w) 1156(w) 1171(w) 1171(w) 1171(w)
substituent on 1121(w) 1131(w) 1126(w) 1111(w) 1131(w) 1137(w)
benzene ring 1062(w) 1061(w) 1062(w) 1061(w) 1071(w) 1062(w)
1022(w) 1021(w) 1022(w) - 1011(w) -
v(C-N) 861(m) 930(m) 929(m) 870(m) 930(m) 929(m)
6(C-H); aromatic, 831(m) 830(m) 861(m) 840(m) 870(m) 837(m)
in plane 791(m) 789(m) 781(m) 789(m) 779(m) 803(m)
751(m) 749(m) - 649(m) - 778(m)
8(C-H); aromatic, 600(w) 608(w) 600(w) 618(w) 608(w) 708(w)
out of plane 529(w) 528(w) 529(w) 528(w) 528(w) 678(w)
v(Ln-0) 489(w) 488(w) 479(w) 468(w) 488(w) 467(w)

2.2 Crystal structures of 1-6

[La(NO:-BDC)3(H:0)4] (1). Complex 1 crystallizes in the triclinic space group P1 with
two unique lanthanum ions in the asymmetric unit (Fig. 2.1a). The two distinct lanthanum ions are
similarly eight-fold coordinated by eight oxygen atoms from the carboxylates of six NO,-BDC*
and two coordinated water molecules, and form a distorted square-face bicapped trigonal prismatic
unit, TPRS-{LaOs}, alike. All of the NO,-BDC? function as the tetradentate linkers using the -
n'm'n'm! coordination mode, leading to the formation of the three-dimensional [Lax(NO--
BDC)3(H20)4] framework. The structure of 1 is a dense framework without any void according to
calculations using PLATON [12] and can be viewed as being composed of two-dimensional
puckered layers spreading in the ac plane which are further pillared by the organic ligands in the
direction of & (Fig. 2.1b). The framework can be simplified to the uninodal 6-connected peu a-Po
net with {4'2,6*} point symbol using the TPRS-{LaOs} units as nodes and the NO.-BDC?" as linker
(Fig. 2.1c). The framework of 1 is governed mainly by very strong O-H---O hydrogen bonding

interactions involving every coordinated water molecule and the nitro groups of NO,-BDC?* (Table
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1 2 3 4 - 5 6
CCDC
Empirical formula La>C24H18N2020 EuCj2H13NOs2 TbC12H13NO12 DyCqusNOlz HoC12Hi3NO12 TmC12HgsN1.s011
Formula weight 924.16 507.14 514.10 519.69 522.12 514.60
Temperature/K 293(2) 273.15 273.15 273.15 273.15 150(2)
Crystal system Triclinic Orthorhombic Orthorhombic Orthorhombic Orthorhombic Monoclinic
Space group P1 Pbca Pbca  Pbca Pbca Clc
alA 9.7849(5) 6.8849(2) 6.8451(9) 21.6689(3) 6.7919(3) 16.5383(13)
blA 10.9160(6) 21.8286(7) 21.731(3) 22.8825(10) 21.6514(11) 11.2800(13)
/A 15.6249(8) 23.0388(7) 22.936(3) 6.8125(11) 22.8375(10) 15.2694(15)
al® 82.299(2) 90 90 90 90 90
Br 77.197(2) 90 90 90 90 90.350(7)
y/° 63.398(2) 90 90 90 90 90
Volume/A? 1453.99(13) 3462.45(18) 3411.7(9) 3377.9(6) 3358.3(3) 2848.5(5)
z 2 8 8 8 8 8
Peacmg/mm’ 2.111 1.946 2.002 2.044 2.065 2.3997
u/mm’! 2.995 3.685 4.209 4.488 4.777 6.299
F(000) 884.0 1944 1960 1984.0 1992.0 1950.8
Crystal size/mm? 0.8%0.6x0.5 0.2x0.18%0.16 0.2x%0.18%0.16 0.4x0.2x0.2 0.4x0.2x0.2 0.45%0.42%x0.25
Radiation Mo Ko Mo Kq Mo K. Mo Ky Mo K, Mo K,
(A=0.71073) (A=0.71073) (A=0.71073) (A=0.71073) (A=0.71073) (A=0.71073)
Data/restraints/parameters 9378/0/422 4300/0/242. 4785/0/253 5868/0/233 4174/0/233 3127/0/228
Goodness-of-fit 1.058 1.079 1.155 1.114 1.147 0.859
R(F?), Ry [1I220 ()] 0.0423,0.1153 0.0415, 0.1147 0.0389, 0.1082 0.0446, 0.1089 0.0518, 0.1189 0.0252, 0.0578
R(F?), Ry, (all data) 0.0565, 0.1260 0.0544,0.1218 0.0448,0.1113 0.0562,0.1143 0.0625, 0.1241 0.0351, 0.0592
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2.3). The hydrogen bonding interactions are in good agreement with the apparent disorder in the
structure of 1 and additionally result in an arrangement of the organic ligand that prohibits any -

T interaction.
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(b)
Fig. 2.1 Views of (a) an extended asymmetric unit drawn as 50% thermal ellipsoids, (b) the three-
dimensional framework, and (c) the simplified pcu o-Po topology of 1. Symmetry operations: (i)
2-x, -1-y, 1z (ii) 2=, -y, 1-z (iii) x, -14y, z (iv) x, 14y, z (v) 1=, 1-p, 1-z (vi) 2=x, -y, 1-z (vii) 1-x, -
v, 1-z (viii) 1-x, 2+, 2z (ix) 2, -1-p, z (X) x, y, 1+z.

[Ln(L)o.s(NO2-BDC)(H:0)] 3H:0 {Ln = Eu (2), Tb (3), Dy (4) and Ho (5); L = BDC*
or BDC*/NO;-BDC?}. Complexes 2-5 are isostructural and crystallize in the same orthorhombic
space group Pbca (Table 2.1). The unit cell parameters of 2-5 are in good agreement with those of
[Ln(NO,-BDC)(L)os(H20)]-3H20 (Ln =Pr, Nd, Sm and Gd; L = BDC?* or BDC*/NO,-BDC?) [4],
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with a descending tendency across the series attributed to the lanthanide contraction. The
asymmetric units of 2-5 are similar comprising only one unique lanthanide metal ion which exhibits
the same nine-fold coordination of the square-face capped square antiprismatic geometry, S4PRS-
{LaOy}, as exemplified in Fig. 2.2. Two modes of coordination including the ps-n'm'mZn? and pu-
n'm'm"m! are adopted by the ligands upon the coordination leading to the formation of the one-
dimensional {Ln(us-OCO)4(12-OCO)2(n',n'-OCO)(OHa)} chains extending along the direction of
a (Fig. 2.3a). These chains are further linked by the ligands to form a three-dimensional framework

which can be simplified to the four-connected uninodal NbO net (Fig. 2.3b).

(b)
Fig. 2.2 Views of the extended asymmetric units of (a) 2 and (b) 4 both of which are drawn as 50%

thermal ellipsoids. Symmetry operations for 2: (i) 0.5+x, 0.5-y, 1=z (ii) x, 0.5-y, 0.5+z (iii) 0.5+x, y,
0.5-z (iv)1-x, -y, 1-z. For 3: (i) 1.5-x, 1-y, -0.5+z (ii) 1.5-x, 0.5+y, z (iii) x, 0.5-p, -0.5+z (iv) 1.5-x,
1-y, 0.5+z (V) x, 0.5-y, 0.5+z (vi) l-x, 1-y, 2-z.
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The framework includes the one-dimensional rectangular channel extending in the same
direction as the {Eu(p3-OCO)4(12-OCO)2(n',n'-OCO)(OH2)} chains, housing the unbound water
molecules. In the same fashion to [Ln(NO2-BDC)(L)o.s(H20)]-3H20 [4], these unbound water
molecules are organized as the edge-shared pentagons by strong hydrogen bonding
interactions(Table 2.3). Besides the hydrogen bonding interactions, there are 7-m interactions
between the adjacent organic ligands. The distances and angles between the centroids of the two
aromatic rings, range from 4.022 A and 78.7° in 2 (Bu™) t0 3.951 A and 78.0 ° in 5 (Ho™). The
effective sizes of the channel openings of 2-5 are similar (4x8 A2) which is also similar to those of
[Ln(NO,-BDC)(L)os(H20)]-3H20 [4]. If the unbound water molecules are excluded, the solvent
accessible void volumes of 895.7 A3 (2; 25.87 %), 848.7 A® (3; 24.88%), 825.4 A3 (4; 24.40%),
809.0 A3 (5; 24.10%) could be calculated.

Fig. 2.3 Illustrations showing (a) the three-dimensional framework and (b) the simplified NbO
topology of 2 (as a representative of 2-5).
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Table 2.3 Lists of hydrogen bonding distances (d, A) and angles (£, °) in 1-6"

D-H+A d(D-H+A) ZD-H-A D-H-A d(D-H-A) /D-H-A
1¢ 2

O4w-H4wB-012i 3.281(7) 143 0701w 2.786(11) -
O4w-H4wB-07ii 2.993(7) 111 09B--06iii 297111y -
03w-H3wB-Ol4iii  2.776(8) 137 Olw-02w 2.852(15) -
O2w-H2wA-02 3.067(7) 115 Olw-03wi 2993(19) -
02w-H2wB-Ol3iv  2.989(12) 163 Olw--08Bii 3.145(17) -
C3-H3--OlwBv 3.498(10) 167 O2w-02 2.870(10) -
09-01wA 2.809(14) - O2w-03w 2.987(17) -
09-O1wB 3.045(13) - O2w--03wi 2.993(19) -
3¢ 47

07-Olwi 2.786(10) - 07--Olw 2.787(10) -
Olw-02w 2957(17) - 09A--06 3.007(11) -
Olw--O3wii 2.832(14) - Olw--02w 2929(13) -
Olw--09Biii 3.118(17) - Olw--O3wi 2.901(16) -
O2w--03w 2.840(16) - Olw--O8Aii 3.098(19) -
02w--03wiv 2974(16) - Olw---O9Bii 3.193(12) -
O8A--Olwy 3.098(19) - O2w--03w 2.992(15) -
09B--Olwv 3.193(12) - 02w--O3wiii 2.806(15) -
5° 6

07--Olwie 2.778(15) - C3-H3.-08i 3.265(15) 151
O9B---O1wii 3.11225) - C6-H6--09ii 2.858(13) 101
O8A-Olwii 3.198(19) - C7-H7-06iii  3.219(7) 140
Olw--02w 2.924(25) - ClI-H11..08  2288(13) 138
Olw--O3wiii 2.821(19) - CI1-H11--09  2.328(14) 132
O3w--02w 2.82724) - Olw--02w 2.647(7) -

* Potential hydrogen bonding interactions are provided in cases where hydrogen atoms were not assigned with precision
due to limitations crystallographically.

(1) 1Hx,~1+y,-14z (ii) 2-x, -1-p, -z (iii) 2-x, -1-y, -1-z (iv) x, 1+y, z (V) 1=x, 1, 1z

5(i) -0.5+x, y, 0.5-z (ii) -x, -0.5+y, 0.5-z (iii) 0.5+x, y, 0.5-z

@) 0.5+x, 1.5-y, 1-z (ii) 1+x, y, z (iii) 0.5-x, -0.5+y, z (iv) 0.5+x, y, 0.5-z (v) 0.5+x, 0.5-y, 1-z

(i) x, 0.5y, -0.5+z (ii) -0.5+x, 0.5-y, 1=z (iii) x, 0.5-y, 0.5+z

(i) -0.5+x, 0.5-p, 1-z (ii) 1.5-x, -0.5+y, z (iii) 1+x, y, z (iv) -0.5+x, y, 0.5-z

H{) 3/2-x, 1/2+y, 3/2-z (i) 2-x, y, 3/2-z (iii) 3/2-x, -1/2+y, 3/2-z (iv) X, 2, -0.5+z
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[Tm(NO:-BDC)15(H20)]-Hz0 (6). Complex 6 crystallizes in the monoclinic C2/c space
group comprising only one unique thulium ion which is eight-fold coordinated in a distorted square-
face bicapped trigonal prismatic geometry, TPRS-{TmOs} (Fig. 2.4a). Every two TPRS-{TmOs}
motifs are linked by four carboxyl bridges, i.e. 2xpz-n'in! (010-C14-010 and O7-C9-07) and
2xpzn*m' (05-C8-06), to form an edge-shared {Tm.0,,} dimer (Fig. 2.4b). These dimers are
then connected by the NO.-BDC* ligands through psa-n'n'm'm! and pen?min'm! modes of
coordination establishing the three-dimensional framework. There are rectangular channels
extending along the direction of b of the framework housing the water of crystallization. The
crystallizing water molecule is in close proximity to both the coordinating water and the
carboxylate oxygen atoms rendering a strong O—H---O hydrogen bonding interactions (Table 2.3).
The framework structure of 6 is further stabilized by the other extensive weak interactions,
including the weak C—H-+-O hydrogen bonding and the aromatic n-r parallel-displaced interactions.
The distance and angle between the centroids of the two aromatic rings of two adjacent NO,-BDC*
are 3.929 A and 82.5 °, respectively. The framework of 6 notably contains negligible solvent
accessible void. If the edge-shared {Tm;O1,} dimer is regarded as node with the organic ligand as
a linker, the framework of 6 can be intriguingly simplified to the same uninodal pcu a-Po net as
that of 1 (Fig. 2.4c), although degrees of puckering of the two nets are different. According to the
literature, the structure of 6 is isostructural to those of the recently reported [Lna(NO;-
BDC)3(H20).]-2(H20) (Ln = Sm, Eu, Gd, Tb, Er) which were synthesized directly using the NO,-
H,BDC ligand under hydrothermal and slow evaporation conditions [13].

Intriguingly, the eight-fold coordination as found for the unoccupied forbital in lanthanum
ion (1) and the smallest thulium ion (6) results in similar dense frameworks with negligible void
and the same peu a-Po topology. This is however not the case for [Lna(NO2-BDC)3(H;0),]-2(H20)
(Ln = Sm, Eu, Gd, Tb, Er), where the NO,-H,BDC was used as the sole linker during the synthesis
[13]. This implies the influence of the NO2-BDC?* linker in regulating the construction of such a
dense framework which may be due to the steric nitro group on the linker, and the crucial role of

the BDC? linker in providing genuine microporosity to the derived frameworks.
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Fig. 2.4 Views of (a) an extended asymmetric unit drawn as 50% thermal ellipsoids, (b) a dense
three-dimensional framework, and (c) the simplified pcu a-Po topology of 6. Symmetry operations:
(i) 0.5+x, 1.5+, 0.5+z (ii) 1.5-x, 0.5+y, 1.5z (iii) 2-x, y, 1.5-z (iv) x, 14y, z.

2.3 Thermal stability and gas sorption behavior of 2

To investigate gas sorption behavior of the reported microporous complexes, thermal
stability of 2 (as a representative of 2-5) was investigated by thermogravimetric analysis. It is
apparent that the complex remains stable up to over 400 °C (Fig. 2.5) despite the two successive
losses of both the unbound and the coordinating water molecules (RT-180 °C; exp. 10.0%, calcd.
10.5%). Nonetheless, such losses resulted in the vanishing of the long-range order in the ¢ direction
revealed by the disappearance of the (0 0 /) reflections in the PXRD pattern. The importance of the
hydrogen bonded water molecules which are organized in the framework- void in regulating the
framework is therefore illustrated. The persistence of the 200 and 040 reflections with appreciable

intensities, on the other hand, suggests the retention of the framework crystallinity in the other two
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directions. A slight shift of the (0 2 0) diffraction peak to lower 20 for the heat-treated samples
implies the modest alteration of the framework structure after the losses of the water molecules.
Stability of the framework and the retention of the framework microporosity after the femoval of
the water molecules were confirmed by the classical type I sorption isotherm of the nitrogen gas
collected at 77 K (Fig. 2.6a). The surface area of 543 m?-g"! could be calculated based on the BET

model with an average pore size of 1.2 nm.
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Fig. 2.5 The PXRD pattern of the pristine sample of 2 compared with the pattern simulated from
single crystal data and those of the treated samples with the enlargement of the low 26 area and the

thermogravimetric curve in the insets.

The sample exhibited similar adsorption behavior for carbon dioxide gas (Fig. 2.6b). The
sudden uptake of the gas signifies the interactions of the gas molecule with the unoccupied
coordination sites on the europium ions generated by the removal of the coordinated water. The
maximum gravimetric capacity of approximately 19 wt%, which is equivalent to 95 cm3 g or 4.2
mmol-g?, was achieved at extremely low pressure of less than 10 kPa or 0.1 bar. This value is much
higher than those reported for zeolitic materials [14], and comparable to some recently reported
metal organic frameworks under similar measuring temperatures and pressures such as
[(Ni,L?)(bptc)]-6H0-3DEF,  [(Ni.L*)(bptc)]14H,0  (bptc* =  1,1'-biphenyl-3,3’,5,5'
tetracarboxylate, DEF = N,N-diethylformamide) [15], and
[Coz.s(btc)(Hbtc)os(atz)(CH;CN)(H.0)]-HO (Hsbte = 1,3,5-benzenetricarboxylic acid, atz = 3-

amino-1,2,4-triazole) [16]. In addition to the interactions to the exposed europium ions, the
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interactions between the polar nitro groups on the NO,-BDC? linker and the carbon dioxide
molecule [16-18] should also contribute to the significant uptake capacity in 2. Intriguingly, this
capacity was retained even after six cycles of sorption/desorption experiments with the intact
framework crystallinity revealed by both the powder (Fig. 2.5) and single crystal X-ray diffraction
experiments. A single crystal that had been used for six cycles of gas sorption was exposed to air
for a period of a few weeks and then examined by single crystal X-ray diffraction. This
demonstrated that the same network present in the pristine sample is retained. The structure
refinement of this crystal (data to 56.5° 26 for Mo radiation) converged with R = 4.53% and wR(F?)
= 7.13%. The stability of the framework and therefore recyclability of the material is one of the

most desired properties for the storage applications [19].
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Fig. 2.6 Gas sorption/desorption isotherms of (a) nitrogen (b) carbon dioxide and (¢) hydrogen

gases.

Rather than an abrupt increase in gravimetric adsorption like that observed for the nitrogen
and carbon dioxide gases, the uptake of the hydrogen gas by 2 gradually occurred over a range of
pressures before reaching approximately 0.80 wt% at 1 bar, which is equivalent to 79 cm®g! or 4

mmol-g* (Fig. 2.6¢). This gravimetric sorption capacity is comparable to those reported for the best
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zeolite ZSM-5 [20] and the series of Co-INA, CO-FINA and IRMOF [21]. The rather small
gravimetric capacities observed for 2 attributes partially to relatively heavy framework compared
to the light weight of the hydrogen gas. The gradual increase in the sorption with increasing
pressure at low temperatures is notably characteristic of the physisorption process in the
microporous solids [22], which is reported to be potential for the pressure swing adsorption
processes [23]. Regarding the structure of 2, the sorption of the hydrogen gas should occur through
the interactions with the electron rich phenyl rings of both the BDC? and NO,-BDC? linkers [24].
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Fig. 2.7 Photoluminescence spectra (solid lines) of (a) 1 (as a representative of 1 and 4-6) (b) 2,
and (c) 3, compared with those of the H.BDC (dotted lines).

2.4 Photoluminescence properties of 1-6

The NO,-BDC? ligand has been reported previously as a poor sensitizer in [Ln(NO2-
BDC)(L)o.s(H20)]-3H,0 [4] and the closely relevant [Lny(NTA)3;(OHz)2](H20). (Ln = Sm, Eu, Gd,
Tb, Er and HoNTA = 2-nitroterephthalic acid) [13], which is also true for the complexes reported
here. Upon the excitation at 255 nm, similar broad bands covering almost the entire region of the

visible light derived from the intra-ligand charge transfer (ILCT) transitions is present, as
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exemplified in Fig. 2.7. Characteristic emissions of the europium (2; *Do—"Fy, ] = 1, 2, 3, 4) and
terbium (3; *Ds—"F), J = 3, 4, 5, 6) can, nonetheless, be observed. These emission bands are
significantly less intense relative to other europium and terbium complexes which agree with the
poor sensitizing role of the NO2-BDC? ligand. The relatively high intensity of the SD¢—7F, band
in the spectrum of complex 2 can be attributed to the absence of the inversion center at the europium

ion crystallographic site [13].

2.5 Conclusion

By employing the H,BDC ligand and the in situ nitration reaction, six new lanthanide metal
organic complexes have been synthesized; [Lax(NO2-BDC)3(H20)s] (1) [Ln(L)os(NO-
BDC)(Hz0)]3H20 (Ln = Eu (2), Tb (3), Dy (4) and Ho (5); L=BDC?* or BDC?*/NO,-BDC?) and
[Tm(NO2-BDC)1.5(H20)]-H20 (6). Complexes 1 and 6 are can be simplified to the same topology
of pcu a-Po net despite the different framework structures, and the isostructural frameworks of 2-
§ can be simplified to the NbO net. Whilst the frameworks of 1 and 6 contained negligible void,
those of 2-5 are microporous in nature with similar void opening of 4x8 AZ? and solvent accessible
void volumes varying in a range of 809.0-895.7 A3. Complex 2 (as a representative of 2-5) exhibits
exceptional stability upon the loss of all the water in the structure and also the heat treatment. After
the loss of the water, the BET surface area of 543 m>g™! and an average pore size of 1.2 nm can be
calculated for 2, which shows significant adsorption capacities for both carbon dioxide (95 cm*g!
or 4.2 mmol-g') and hydrogen gases (79 cm*g! or 4 mmol-g"). The framework shows high
stability even after six cycles of sorption/desorption experiments. The poor sensitizing ability of
the NO,-BDC? ligand has been illustrated. ' |
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CHAPTER 3

~Colorimetric Rafiometric Temperature Sensing by

“" - Lanthanide benzene-1,4- dicarboxylates -

= New opportunity to develop high performance temperature
sensors based on lanthanide coordination polymers using
colorimetric analysis

= Ratiometric parameters were developed based on
temperature dependent emitting colors (white to pinkish red)
of EuM-loaded Gd™ complex

= Excellent performance in temperature measurements with

respect to both sSRGB and CIE XYZ systems over 303-348 K
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In this chapter, the temperature dependent photoluminescent behavior in term of
colorimetry of Eu''- and Tb"-loaded Gd™ complexes, i.e. [LnGd; x(BDC)s(DMF)2(H20),]. (Ln =
Eu™, Tb™), is reported. Discussion with respect to the corresponding monometallic
[Lnz(BDC)3(DMF)2(Hz0)2]a (Ln = Eu™, Gd™, Tb™) is also included. The attempts to apply
colorimetric analysis with temperature dependent photoluminescent colors of [EuxGd,.
x(BDC)3(DMF)2(H20):]. is described with reference to two color matching systems, e.g. CIE XYZ

and sRGB, from which the temperature sensing performance have been evaluated.

3.1 Hydrothermal synthesis and characterization

A series of monometallic [Lny(BDC)3(DMF)2(H20)2]s (Ln = Gd™ (I), Eu'™ (II), Tb™ (III)
H;BDC = benzene-1,4-dicarboxylic acid; DMF = dimethylformamide) and the lanthanide
luminophores-loaded [LniGdz+(BDC)3(DMF)2(H20)2]a (Ln = Eu™ (IV-VII) and Tb™ (VIII-XI)
were synthesized for use in photoluminescent study.” According to the PXRD data (Fig. 3.1), the
monometallic I-IIX and the Eu™- (IV-VII) and Tb™-loaded (VIII-XI) samples are isostructural
with [Lnz(BDC)3(DMF)2(H20)2]x (Ln = Gd™, Tb™) [1]. Due to the trace amounts of Eu™ and Tb™
in IV-VII and VIII-XI prohibiting the precise contents to be determined by available techniques,
their existence was conclusive from the characteristic emissions of Eu and Tb™ in the
corresponding photoluminescent spectra. Photoluminescent studies of these complexes using the

samples yielded from different batches of the synthesis confirmedly provided repeatable results.

3.2 Temperature dependent emitting colors of I-III, IV-VII and VIII-XI
According to literature [2-4], the triplet state energy of BDC? is in an appropriate range to
sensitize the intraconfigurational ff emissions of both Eu™ and Tb™, which are otherwise

forbidden. With reference to the emission spectrum of I (Gd™), where the sensitization is nonviable

*To synthesize colorless crystals of I, GA(NO3)3;-5H,0 (180 mg, 0.413 mmol) and H,BDC (144 mg, 0.867
mmol) was first dissolved in a mixed solvent prepared from 3.00 mL each of deionized water and DMF. The
solution was then sealed in a 10 mL glass bottle and kept at 80 °C for 6 h. After cooling down to room
temperature, crystals of 7 were collected by filtration. The same procedure was adopted for the synthesis of
II and I, but replacing Gd(NO3);:5H,O0 with Eu(NO3)3-6H,O (II: 35.0 mg, 0.0785 mmol) and
Tb(NO3)3-6H,0 (III; 22.6 mg, 0.0499 mmol). The Eu-loaded Gd"' complexes were prepared by first
dissolving Gd(NO3)3-5H20 (180 mg, 0.413 mmol) in 1 mL of an aqueous Eu(NOs)3-6H;0 solution contained
in a 15 mL glass bottle. The 1 mL aliquot of Eu(NO;);-6H20 solution was prepared by diluting the
concentrated Eu(NOj3)3-6H,O solution (0.0785 mmol-mL™) to varied concentrations (jimol-mL"): IV 0.785,
V 1.57, VI 3.14, VI 6.28. A 9 mL of H,BDC (144 mg, 0.867 mmol) in DMF was then added into each
aliquot of the prepared lanthanide solution, which was then tightly closed and kept at 80 °C for 6 h. The Tb™-
loaded Gd™ complexes were prepared under similar synthesis conditions as IX-VII but diluting
Tb(NOs)3-6H,0 solution (0.0499 mmol-mL") to varied concentrations (umol-mL™): VIII 0.499, IX 1.00, X
2.00, XTI 3.99, instead of Eu(NO3)3-6H,0 solution.
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Fig. 3.1 PXRD patterns of I-XI compared with the simulated pattern of
[Gd™,(BDC)3(DMF)2(H0).], (CCDC NO. 949513)

(Fig. 3.2), the triplet state energy of BDC* could be estimated, i.e. 23 809 cm* (420 nm). With the
excitation at 337 nm, the sensitization of II (Eu™) and II (Tb™) was exceptionally effective
manifesting through the intense red Euw'™:Dy—’F; (J=1-4) and green Tb™:’Ds—"F,; (J=6-3)
emission. A broad and intense feature attributing to the ligand-centered n*—n emission as found
in spectrum of I was absent confirming the effective energy transfer from BDC? to both Eul! and
Tb™. The heating of IX and III from 303 K to 393 K apparently did not cause any significant change
in their emitting colors although the falling of Eu™:5Dy—’F, (J=1-4) and Tb™:’Ds—"F, (J=6-3)

emission intensities were apparent. Peak splitting was particularly observed for the Tb™:’Ds—"F,

(/=6-3) emissions at 393 K which should be due to the thermally quenching of the Dy [5].
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Fig. 3.2 Emission spectra of (a) I collected at room temperature, and (b) Il and (c) III collected at

different temperatures with (d) the corresponding coordinates in CIE colorimetric diagram (¢ =1,
@ =1II, B=1II)

Regarding the emitting color of the Eu™-loaded Gd™ complexes at room temperature (Fig.
3.3), shades of the red color apparently depended on the Eu™ content. The increased Eu' contents
(from 1V to VII) evidently instigated significant change in the emission colors of the complexes,
traversing from white (IV: 0.303, 0.351) to red (V: 0.660, 0.330) which is close to the color of the
monometallic II (0.680, 0.300). This is consistent with their emitting spectra in which almost all
Eu":*Do—"F, emissions were pronounced in the spectra of VI and VII, whereas only the
Eu:’Dg—7F,;(J =1, 2) could be observed for IV and V.

On the other hand, the increased Tb™ contents (from VIII to XI) did not induced any
practical change in the emitting colors, all of which were yellowish green corresponding to the CIE

coordinates ranging from (0.307, 0.508) for VIII to (0.310, 0.529) for XI. To the naked eye, the
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apparent color of VIII-XI was almost identical to the color of IIT (0.334,0.586). The insignificant

. alteration in green color of VIII-XI may ascribe to the exceptionally effective sensitization of Tb™
by BDC?, which is more effective than the Eu' case, leading to a dominating green color even
with trace amounts of Tb™ in the complexes. This feature is well consistent with an energy gap
between the triplet state energy of BDC? and the accepting level of Tb™ (°Ds4) which is more
appropriate than that of the Eu'™ (°Dy).
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Fig. 3.3 Emission spectra of (a) I, IV-VII, and (b) ITI, VIII-XI collected at room temperature with
- (c) the corresponding coordinates in the CIE colorimetric diagram (@ = I, IV-VII, B =111, VIII-
XI)
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3.3 Colorimetric-ratiometric temperature dependence of IV

Owing to the white emitting color at room temperature of IV, it was chosen for further
colorimetric analysis. The thermally-induced color change in IV was distinctly visible despite the
poor Eu:5Do—’F, emissions (Fig. 3.4). Upon the heating from 303 to 393 K, the emitting color of
IV gradually changed from white (0.315, 0.359) at 303 K to reddish pink (0.446, 0.291) at 393 K.
The change was noticeably reversible upon successive heating and cooling cycles. The thermally-
induced non-radiative decay apparently imparted drastic effect on the ligand-centered n'—>m
emission revealed via the substantial deterioration of the corresponding emission band. Although
similar influence was explicit for the Eu"™:’Do—F; emissions, the reduction in intensities was

relatively insignificant.
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Fig. 3.4 (2) Emission spectra of IV collected at different temperatures with (b) the corresponding

coordinates (x,p) in CIE colorimetric diagram

Within the CIE XYZ color matching systems, the colorimetric coordinates (x,y) of
temperature dependent emitting colors of IV were noticeably aligned with a uniform tendency and
a regular gap between each coordinate. From the plots of the temperature dependent x and y (Fig.
3.5), a diversion in temperature dependencies of the two parameters was vivid and a linear
correlation could intriguingly be established: R%(x) =0.994, R*(y) = 0.976. With reference to these
x and y parameters, linear correlation of x/y and x/(x-+y) ratios with temperatures were examined
from which a better correlation was yielded for the x/(x+y) ratio. The temperature dependent x/(x+y)
ratio was therefore adopted for the calculation of the ratiometric A. Disparity in temperature
readouts from the expected values despite the high precision at temperatures > 363 K was however
observed, which should attribute to the deviation of y parameter from linearity. The working

temperature range was therefore truncated to 303-348 K, from which an excellent linear correlation
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(R?=0.997) could be achieved. Over ten successive measurements at three temperatures, the
measurements provided satisfying repeatability (R) and temperature resolution (87) in term of
standard deviation (SD) of the readouts although there were few data points departed from the
expected values. Based on these data the relative sensitivities (Sr) of the measurements were
calculated showing the descending tendency with the increasing temperature providing the

maximum (Sm) and the minimum values of 0.579 %-K!' (303 K) and 0.494 %-K"!' (348 K),

respectively.
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Fig. 3.5(a) Diverse temperature dependencies of x (@) and y (H) of IV, with the corresponding A
calculated from x/(x+y) over (b) 302-393 K and (c) 303-333 K, the average temperature readouts

of ten successive readings (inset; R > 99%), and (d) the corresponding Sr

Since the emitting colors of IV are within the human eye perception [1], the CIE
coordinates x and y were converted to the R and G parameters of the SRGB color matching system
using nix™ Color Sensor software package. Exceptional linear correlation (R? = 0.999) was
achieved for the temperature dependent ratiometric A over the same temperature range if the
R/(R+G) ratio was employed (Fig. 3.6). On the basis of R and G parameters, the temperature

measuring performance of IV was also evaluated, revealing improved SD (7) and R for the ten
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successive measurements compared with the CIE XYZ case. In a similar fashion to the
measurements based on the x/(x+y) ratio, the Sr of the measurements based on the R/(R+G) ratio
also declined with the rising of temperature. Considerable enhancement of the maximum and the
minimum relative sensitivity, i.e. 1.12 %-K"! (303 K) and 0.839 %-K"! (348 K), were however
revealed. Irrespective of the color matching systems, colorimetric analysis was therefore viable as
a new strategy in founding the ratiometric A parameters from which a high performance ratiometric

temperature sensing was achieved.
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Fig. 3.6(a) Diverse temperature dependencies of R (@) and G (M) of IV, with (b) the

corresponding A calculated from R/(R+G) over 303-333 K and the average temperature readouts

of ten successive readings (inset; R > 99%), and (c) the corresponding Sr

3.4 Conclusion

In view of ratiometric temperature sensing, colorimetric analysis was introduced as a new
and effective strategy for the establishment of reliable ratiometric A parameter with reference to 8a
exhibiting temperature dependent emitting colors. Irrespective of the employed color matching
systems, i.e. SRGB and CIE XYZ, exceptional performance specified by a linear correlation of the
ratiometric A calculated from either x/(x+y) or R/(R+G) could be derived over the 303-348 K range,

from which exceptional 6T, R and maximum Sr could be achieved. As the reported working
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temperature range covers biological temperatures, a new opportunity in the development of high
performance sensor for physiological temperature measurements is revealed for lanthanide

coordination polymers.
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Due to the hard acid nature of the trivalent lanthanide ions, different types of
multicarboxylic acids including pyridine-2,6-dicarboxylic acid (Hzpdc) have been explored as
organic linkers in the fabrication of novel lanthanide frameworks [1-11]. In solid state structures,
the Hzpdc ligand may be present in the partially deprotonated (Hpdc’) or the fully deprotonated
(pdc?) forms. According to the survey on the lanthanide-Hzpdc coordination polymers submitted
to the Cambridge Structure Database [12], the Hzpdc ligand almost always adopts, nonetheless, the
fully deprotonated form, and twelve modes of coordination are found with few typical preferences
(Scheme 4.1). The chelation of the ligand upon the coordination seems to be usual. The solid state
structures of these lanthanide based coordination polymers intriguingly exhibit proclivity to be
either one- or three-dimensional depending on subtle alteration in the synthesis and the structures.
The template effect of the chloride anion in the formation of the three-dimensional
[Ln(pdc)(H20)4]3-3Cl, for example, was investigated compared with the formation of the one-
dimensional [Ln(pdc)(Hpdc)(H20)]-3H,0 [10,13-16].

(o] Lo} 0 P 0 o) 0 (o] = (o)
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\Ln \Ln/ \Ln// \Ln \Ln/
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i1 j®) k(18) 1(5)
Scheme 4.1 Diagrammatic depiction of twelve coordination modes adopted by the Hzpdc ligand in
lanthanide based coordination polymers deposited to the CSD. Frequencies of occurring are shown

in brackets.

Based on these information, ten new lanthanide coordination polymers have been designed
and synthesized using the Hapdc ligand. The influences of two heating techniques with different
heating mechanism and kinetics, namely the conventional heating under reflux and the dielectric
microwave heating, on the final structures have been investigated. The synthesized structures can
be classified to three different groups according to their structural symmetries (Scheme 4.2); (i) the
cubic Pa3 structures of [Ln(pdc)(H20)4]3-3Cl where Ln = Pr (I), Nd (II), Sm (XII), Eu (IV), and
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Gd (V), (ii) the monoclinic P2//c structures of [Ln(pdc)(Hpdc)(H20)2]-3H,0 where Ln = Pr (VI),
Nd (VII), and Sm (VIII), and (iii) the cubic a3 structures of [Ln(pdc)(H20)4]5-3C1 where Ln =
Sm (IX), and Eu (X). Structural differences and preferences are rationalized and discussed.

Thermogravimetric and photoluminescence properties of selected complexes are included.

(o} o]

Microwave N Reflux
800 W, 30 min| LnCl;6H,0 + HOWOH + C,H,OH [90°C, 50 min
=

[Ln(pdc)(H,0),1;3C1 (Pa3)
Ln = Pr (1), Nd (i1}, Sm (I}, Eu (), Gd (V)

[Pr(pdc)(Hpdc)(H,0),13H,0 [Gd(pdc)(H,0),1;3CI
V1. P2/o) [Nd(pde)(H,0),),3C! [Sm(pdc)(H,0),1;3CH [Eu{pdc)(H,0),);3C! v, Pa)
(I, Pa3) (I, Pa3) (IV, Pa3)
+ + +
[Nd(pdc)(Hpdc)(H,0),13H,0 [Sm(pdc)(Hpdc)(H,0),}3H,0 [Eu{pdc)(H,0),];3Cl
(VIL, P2,/c) © Vil P2 fc) (X, Ia3)
+

[Sm(pdc)(H,0),1;3C!
(IX, !a3)

Scheme 4.2 Diagrammatic presentation summarizing the syntheses and the yielded complexes.”

4.1 Influences of heating techniques on crystal structures

Despite the different heating techniques, clear solutions of colors characteristic to the
corresponding lanthanide ions were yielded alike. Crystals as the sole products appeared after the
solvents evaporated in few days. Under an optical microscope, the two different heating techniques
provided crystals of similar habits although qualities and sizes of these crystals varied. There was

not any significant correlation between the heating techniques and qualities of the yielded crystals.

"The mixtures of the 1 : 1 : 128 for the LnCl3-6H20 : Hapdc : ethanol mole ratio were employed for every
reaction. Microwave syntheses. LnCl3-6H,0 (0.100 mmol) and Hapde (0.100 mmol) were dissolved in 10.00
mL of ethanol using a Teflon vessel. After the vessel was sealed and placed in the household microwave
oven (Samsung MS23F301E), the reaction was conducted at 800 W for 30 min and left to cool down to room
temperature. The crystals were obtained after the ethanol solvent evaporated in few days. It has been revealed
by the PXRD and the single crystal X-ray diffraction that crystals of [Ln(pdc)(H20)s]3-3Cl {Pa3; Ln = Pr
(I), Nd (IT), Sm (III), Eu (IV) and Gd (V)} were obtained. There are nonetheless few diffraction peaks in the
collected PXRD patterns which could not be indexed suggesting the existence of other crystalline phases.
The attempts to find crystals of other structures beside I-V were however not successful, and further
characterization was therefore not performed. Heating under reflux. Rather than the use of the microwave
heating, the reaction mixtures were heated at 90°C under reflux for 50 min and left to cool down to room
temperature. Crystals of similar habits to those obtained from the microwave syntheses were obtained after
the evaporation of the ethanol solvent in few days. The PXRD and the single crystal X-ray diffraction
indicated the yielding of five more distinct crystals; [Ln(pdc)(Hpdc)(H20)2]-3H20 {P2i/c; Ln = Pr (VI), Nd
(VID), Sm (VIID)} and [Ln(pdc)(H20)4]3-3Cl {/a3; Ln = Sm (IX), Eu (X)}.
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The PXRD patterns collected on the ground crystals (Fig. 4.1) and the single crystal data however
suggest the acquiring of ten different structures among which seven structures are new (Scheme
4.2). The microwave heating apparently led to the formation of the isostructural cubic complexes
I-V (Pa3), which is also isostructural to the previously reported [La(pdc)(H20)4]3-3Cl [3]. There
are however féw mismatched diffraction peaks between the collected PXRD patterns and the
patterns simulated from the single crystal data. These unidentified peaks appear at closely similar
20 in every pattern. The existence of the other crystalline structure can therefore be concluded,
although the attempt to find single crystals of the other structures beside I-V was not successful.

Microwave synthesis Heating under reflux
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Fig. 4.1 Experimental PXRD patterns collected on bulk solids obtained from the microwave
synthesis (left) and the conventional heating (right). Symbols: 1 = Pa3,! = a3, * = P2//c, t =

unknown,

The heating under reflux, on the other hand, led to the formation of different structures
which can be classified into three groups of isostructural crystals: (i) the monoclinic P2,/c structures
VI (Pr), VII (Nd) and VIII (Sm), (ii) the cubic Ja3 structures IX (Sm) and X (Eu), and (iii) the
cubic Pa3 structures IT (Nd), III (Sm), IV (Eu) and V (Gd). Few observations are noteworthy. First,
there is a tendency in crystal symmetry alteration across the lanthanide series. The crystal symmetry

increases from the pure monoclinic P2/c in Pr (VI) to the mixtures of the monoclinic P2:/c and
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the cubic Pa3 and /a3 in Nd (II+VII) and Sm (III+VIII+IX), to the mixed cubic Pa3 and Ia3 in
Eu (IV+X), and to the pure cubic Pa3 in Gd (V). Second, the cubic /a3 structures IX (Sm) and X
(Eu) are the supramolecular isomers of the cubic Pa3 structures ITI (Sm) and IV (Eu). Third, only
the monoclinic P2i/c (VI; Pr) and the cubic Pa3 (V; Gd) structures can be yielded as pure phases
if the heating under reflux was applied. Forth, the cubic structures are more favorable than the
monoclinic independent of the heating techniques with the exception of praseodymium complexes.

The fact that the crystals were grown after the evaporation of the ethanol solvent in every
case suggests the nucleation process to be critical in determining the final structures. Since the
nucleation process is kinetically controlled [17,18], the cubic Pa3 structures are therefore favored
kinetically. The conventional heating, which generally provides thermodynamically favorable
structures, however, results in structures of different symmetries and supramolecular assemblies.
These structures should therefore be comparatively favored from the thermodynamic point of view,
although the Pa3 structures should be the most favorable structures from both kinetic and
thermodynamic viewpoints manifested in the yielding of these structures from every synthesis
except the praseodymium case (VI).

An apparent tendency in the changing of the crystal structures across the reported
lanthanide series when the conventional heating was employed can be due to the differences in
numbers of the coordinating organic ligands and water molecules the latter of which depends on
the hydration enthalpies of the lanthanide metal ions. With the lowest hydration preference, only
two .water molecules are included in the coordination sphere of the praseodymium ion (VI).
Number of the coordinating water molecules in the more favorable cubic structures of the heavier
lanthanide ions with larger hydration energies are four. In addition, the praseodymium ion of
relatively large ionic radius can accommodate more organic ligands compared with the smaller
lanthanide metal ions. This is well reflected in the Ln™ : pdc?/Hpdc™ : H2Origana ratios; 1: 2 : 2 (VI-
VIII) compared with 1 : 1 : 4 (I-V, IX and X). The larger number of the coordinating water
molecules in the latter group should also attribute to the coordination requirement of the lanthanide
jons. Similar structural variation of the cubic Pa3 and the monoclinic P2:/c was notably reported
for [La(pdc)(H20)4]3-3Cl [3]. The change was however induced by the removal of the chloride
anions from the cubic Pa3 [La(pdc)(H20)4]3-3Cl structure using AgBFs which led to the formation
of the monoclinic P2//c ladder-like [La(pdc)(Hpdc)(Hz20).]-3H20 [3].

4.2 Crystal structures description

Crystallographic data of I-V were collected at 296(2) K using a Bruker D8 QUEST CMOS
diffractometer equipped with graphite-monochromated Mo K, radiation (A =0.71073 A), and those
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of VI-X were collected using a Bruker D8 Venture diffractometer (Photon CMOS detector)
equipped with a micro focus sealed tube X-ray source with graphite monochromatic Mo K.«
radiation (A = 0.71073 A). Empirical absorption corrections were applied to all data using the
SADABS program [13]. Every structure was solved by direct methods within the SHELXS
program [14] and refined on F? by the full-matrix least squares technique using the SHELXL
program [14] via the Olex2 interface [15].

In order to take the contribution of the disordered chloride anions into account in the cases
of I-V, the SQUEEZE option provided in the program PLATON [19] was implemented with every
structure after two chloride anions were located. Numbers of electrons per unit cell to be found in
the framework accessible voids were determined, and numbers of equivalent chloride anions were
calculated: 10 (I and IV), 9 (IT and III) and 7 (V) chlorides per unit cell leading to the addition of
one chloride per formula. Similar treatment was also required for VI-X. In the cases of VI and VII,
numbers of equivalent water molecules were calculated: 10 (VI) and 5 (VII) crystallized water
molecules per unit cell. These values led to the approximation of one crystallized water per formula.
In the cases of VIIX and X, 9 chlorides per unit cell was calculated leading to one additional chloride
per formula. The application of SQUEEZE on these structures resulted in significant improvement
in the R and Rw values. There is additional site disordering at the chloride anion in every structures
possessing the chloride as guest anions. Appreciable improvement in the final residual electron
density maxima and minima was achieved after the treatment of such. The crystallographic and
refinement data of I-X are summarized in Table 4.1.

The cubic Pa3 [Ln(pdc)(H20)4]53Cl (I-V). Complexes I-V are revealed to be
isostructural with the previously reported lanthanum complex, [La(pdc)(H20)4]3:3Cl [3].
According to the results from the SQUEEZE calculations after the assignment of two well defined
chloride anions, the general formula of [Ln(pdc)(H20).]3-3Cl can be deduced. The presence of the
three unbound chlorides in the formula is in good accordance with the tri-positive charges of the
[Ln(pdc)(H20)4]33* framework. Complexes I-V crystallize in the same cubic Pa3 space group with
cell parameters a and ¥ descending from I (Pr) to V (Gd) consistent with the lanthanide contraction.
The asymmetric units of I-V are alike, comprising one unique lanthanide ion, a fully deprotonated
pde? ligand, four coordinated water molecules, and two unbound chloride anions. The other
chloride anion has been treated as a diffuse contribution to the overall scattering without specific
atom position by SQUEEZE. One of the well-defined chloride anions in every structure, except III,
shows additional disorder over two crystallographic sites, with differcnt site occupancy CI2A :
CI2B ratios; 0.932 : 0.068 (I), 0.605 : 0.395 (II), 0.582 : 0.418 (IV), and 0.719 : 0.281 (V). Atom

CI2 in structure III shows similar disorder but over three crystallographic sites with site occupancy
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Table 4.1 Crystallographic data and refinement details for I-V
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I II 11X v \4

CCDC No. 1448352 1448353 1448354 1494337 1494338
Formula® C, 1H33N3 024C13P1‘3 C 1H33N3024C13Nd3 C21H33N3 024C13 Smy G 1H33N3024C13El13 C; |H33N3 024Cl3Gds
Formula weight® 1240.57 1250.57 1268.93 1273.74 1289.60
Temperature (K) 296(2) 296(2) 296(2) 296(2) 296(2)
Crystal system Cubic Cubic Cubic Cubic Cubic
Space group Pa3 (No. 205) Pa3 (No. 205) Pa3 (No. 205) Pa3 (No. 205) Pa3 (No. 205)
a(d) 19.9853(3) 19.9091(6) 19.8330(3) 19.8085(6) 19.7822(6)
v (A)3 7982.4(4) 7891.4(4) 7801.3(4) 7772.4(4) 7741.5(4)
Z 8 8 8 8 8
F(000) 4664 4688 4736 4760 4784
p (mg-m3) 2.006 2.046 2.100 2.121 2.152
p (mnr) 3.824 4.112 4.682 5.008 5.307
Data/Restraints/Parameters 4283/6/168 3268/0/168 3966/12/170 2997/0/168 2953/0/168
GOOF 1.104 1.153 1.098 1.187 1.199
Before SQUEEZE

R (I=20(D)° 0.0490 0.0470 0.0569 0.0598 0.0404

wR; (all data)® 0.1419 0.1433 0.1701 0.1542 0.1116
After SQUEEZE

Ry (I=20(D))’ 0.0383 0.0293 0.0389 0.0555 0.0325

WR; (all data)® 0.0686 0.0627 0.0739 0.0703 0.0565

“Include one chlorine atom approximated using SQUEEZE. °R; = ZlFol-IFll/IFol, wR2 = [Ew(Fo?-F) Ew(Fe?)2] 2.
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Table 4.1 Crystallographic data and refinement details for VI-X (continued)
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VI VII VIII IX X
CCDC No. 1494339 1494340 1491342 1494341 1494343
F ormula" C14H14N2012P1' C14H14N2012Nd C14H19N20 14Sm C21H33C12N3024Sm3 C21H33C12N3024EU3
Formula weight® 543.18 546.51 589.66 1233.48 1238.28
Temperature (K) 298(2) 298(2) 273(2) 298(2) 298(2)
Crystal system monoclinic monoclinic monoclinic cubic cubic
Space group P2i/c (No. 14) P2i/c (No. 14) P2i/c (No. 14) Ia3 (No. 206) Ia3 (No. 206)
a(A) 14.785(3) 14.810(3) 13.9892(5) 19.8346(9) 19.8027(10)
b(A) 10.9727(18) 11.064(2) 11.2046(3) - -
c(A) 12.936(2) 12.944(3) 12.8312(3) - -
a(®) 90.00 90.00(3) 90.00 90.00 90.00
£ 100.256(6) 100.23(3) 102.314(2) 90.00 90.00
y () 90.00 90.00(3) 90.00 90.00 90.00
V(A 2065.0(6) 2087.4(7) 1964.93(10) 7803.2(6) 7765.6(7)
V4 4 4 4 8 8
F(000) 1068.0 1072.0 1164.0 4736.0 4760.0
p (mg-m?) 1.747 1.739 1.993 2.100 2.118
. (mmT) 2421 2.548 3.067 4.681 5.013
Data/Restraints/Parameters 9145/0/270 7906/0/270 4897/0/294 2841/0/88 3670/2/88
GOOF 1.049 1.038 1.096 1.194 1.177
Before SQUEEZE
R (IF26(D))° 0.1407 0.1924 0.0467 0.0720 0.1050
wR; (all data)” 0.2963 0.2369 0.0799 0.1488 0.1506
After SQUEEZE
R (I=26(D))° 0.0836 0.0719 0.0339 0.0532 0.0649
wR, (all data)® 0.2346 0.1762 0.0799 0.1075 0.1089
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CI2A : CI2B : CI2C ratio of 0.55 : 0.40 : 0.05. The attempt to exclude CI2B and CI2C from the
refinement of I and III, respectively, resulted in injudiciously elongated ellipsoids of the
corresponding CI2A and CI2B.

© (d)
Fig. 4.2 Tllustrations showing (a) an extended asymmetric unit, (b) the S4PRS-{LnOgN} unit, (c)
the linkage of these units, and (d) the infinite tubular structure of I (as representative of I-V, IX-
X).

The Ln ion in I-V is nine-fold coordinated to three pdc? ligands through the pyridyl N1
and the carboxyl O1-0O4 atoms and the water O5-O8 atoms (Fig. 4.2a). The Ln—O and Ln—N bond
distances of the structures I-V are in good agreement with those of [La(pdc)(H20)4]3-3Cl [3] and
consistent with the lanthanide contraction. The bond valence sum calculations based on tﬁese bond
distances affirm the trivalent state of the lanthanide ions. The nine coordinated atoms delineate the
square-face monocapped antiprism coordination geometry, S4PRS-{LnOsN} (Fig. 4.2b), with the
pdc? ligand using two pz-n'm' carboxyl groups and the pyridyl N atom in coordination (mode a in
Scheme 4.1, Fig. 4.2c). The coordination as described results in almost complete co-planarity
between the carboxyl groups and the central pyridyl ring.

The infinite frameworks of I-V are built up of the discrete SAPRS-{LnOsN} units, each of
which is linked to four adjacent units via three pdc? linkers. The linkages of the SAPRS-{LnOsN}

units result in the formation of four discrete one-dimensional channels extending in four <1 1 1>
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Table 4.2 List of hydrogen bonding distances (D---A, A) and angles («D-H-**A,°) for I-X

RSA5980026

I" IIb
D-H--A DA ¢D-H~A DH-A DA 2D-H:-A
05-H5A---02! 3.171(8) 145 O5-H5A-+ 03" 2.931(2) 147
05-H5A 03 2.874(7) 132 05-H5B--CI2A¥ 3.084(8) 140
05-H5B--CI2A 3.141(2) 82 05-H5B+-CI2B 3.281(7) 122
05-H5B--CI2B 3.1422) 111 06-H6B+++03! 2.687(7) 151
O6-HGA--O1i 2.640(1) 160 07-H7B-++0O1 2.650(7) 154
08-H8B---Cll 3.113(1) 131 08-H8B-+Cll 3.120(4) 97
08-HS8B:-CI2A 3.481(3) 127
e vd
D-H--A DA ¢D-HA  D-H-A DA ¢D-H-A
05-H5ACI2A 3.260(7) 132 05-H5B-+Cll 3.136(5) 134
OS5-H5A'CI2B! 3.055(6) 133 06-H6A+--03! 2.689(2) 153
05-H5B++03" 2.941(4) 144 07-H7B---0Oli 2.637(3) 160
06-HGA--O1# 2.638(7) 157 08-HBA--CI2Al 3.053(8) 133
07-H7B-+-03# 2.675(5) 138 08-H8A'-CI2B 3.242(9) 136
08-H8A"-CI2C 2.750(3) 85 08-H8B:-03! 2.929(1) 140
08-H8B---Cll 3.131(5) 119
Ve V¥
D-H:A DA ¢D-H'A  D-H-A DA ZD-H:-A
05-H5ACI2A 3.476(3) 149 09-H9A---014' 2.8236 153
05-H5B:Cll 3.123(8) 145 09-H9B:--013# 2.6504 111
06-H6B+-01! 2.634(8) 161 010-H10A:--O3ill 2.7788 142
07-H7B--03f 2.681(9) 158 010-H10B---O7" 2.7173 147
0O8-H8A-+-0O3i 2.902(3) 151 OI3-H13A-06 2.7464 149
O8-H8B--CR2A 3.106(8) 139 Ol3-H13B--014 2.9051 156
08-H8B-CI2B 3.271(9) 124 O14-H14A:+-05 2.9373 170
014-H14B---Q6" 2.8732 139
VIE VI
09-H9A Ol 1! 2.7091 118 09-H9A---012! 27143 126
09-H9B---012f 2.8173 158 09-H9B---011* 2.7526 143
010-HI10A---021 2.7894 103 O10-HIOA---O1f 27176 129
010-H10B-+ 06" 2.7690 163 OI0-H10B:--O7" 2.7216 142
O11-H11A---08 2.7384 142 Ol1-H11A:--O6 2.8759 161
Ol1-H11B:--012 29132 141 O11-HI11B:--Q9" 2.7526 167
012-HI2A::-05 3.2154 166 OI12-HI2A---06 2.6866 172
O12-HI2A:+-07 2.9505 113 Ol12-HI2B:+01! 2.9041 145
012-H12B-:-08 2.9189 165 O13-HI3A-+-012 3.0075 132
Ol4-HI4A 013" 2.7926 103
014-H14B---013¥ 2.7926 100
X X/
D-H:--A DA ZD-HA  D-H-A D--A ZD-H--A
03-H3A:-Ol 3.0782 118 03-H3A---Ol 3.0821 109
03-H3B*-ClIB 3.1946 142 03-H3B:--ClIB# 3.1894 150
04-H4A---Oli 2.6478 135 04-H4B---01¥ 2.6539 151

@ Symmetry codes: (i) = -0.5+x, 0.5-y, 1-z; (ii) = 0.5-x, 0.5+y, z; (iii) = -0.5+x, , 0.5z
b Symmetry codes: (i) = 0.5-x, 0.5+, z; (ii) = 0.5+x, y, 0.5-z; (iii) = -0.5+x, y, 0.5z
¢ Symmetry codes: (i) = 0.5+x, y, 0.5-z; (i) = 0.5-x, 0.5+, z; (iii) = -0.5+x, y, 0.5-z
4 Symmetry codes: (i) = 0.5-x, 0.5+, z; (ii) = -0.5+x, y, 0.5-z; (iii) = 0.5+x, y, 0.5z
¢ Symmetry codes: (i) = x, 0.5-y, -0.5+z; (ii) = 0.5+x, y, 0.5-z; (iii) = x, 0.5-y, 0.5+z

/ Symmetry codes: (i) = x, 1/2 -y, -1/2+z; (it) = -x, -1/2-+y, 1/2-z; (iii) = 1-x, 1/2+p, 1/2-z; (iv) =x, 1/2-y, 1/2+z.
¢ Symmetry codes: (i) = -x, -1/2+y, 1/2-z; (it) = x, 1/2-p, ~1/2+z; (iii) = 1-x, 12+, 1/2-z; (iv) =x, 1/2-y, 1/2+z.
" Symmetry codes: (i) = -x, -1/2+y, 1/2-z; (i) = x, 1/2-y, -1/2+z; (iii) = 1-x, 1/2+y, 1/2-z; (iv) =x, 1/2-y, 1/2+z; (v) = 1-x, 1-y, 1-z.

i Symmetry codes: (i) = 2/1-x,2/1 -y, 2/1-z.
J Symmetry codes: (i) = x,2/1 -y, -2/1+4z; (i) = x, -y, 1/2-z; (iii) = 1/2-x, 1/2-y, 1/2-z.
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directions along the 3-fold rotoinversion axes (Fig. 4.2d). The openings of these channels range
from 2.96(1) A to 3.35(3) A. The interior of these channels is decorated with the coordinated water
molecules and therefore hydrophilic in nature. Inside these channels, there are the unbound chloride
anions some of which are transfixed by the O-H-++O and O—H-+*Cl hydrogen bonding interactions
(Table 4.2) and some are diffused with high degree of freedom. These channels can therefore be
viewed as a micro-container of the chloride aqueous solution. The entire hydrogen donor atoms are
intriguingly of the coordinated water molecules. The involvement of every chloride anions
including the disordering chlorides in the hydrogen bonding interactions can account for the
apparent site disorder of the anions.

The cubic Za3 [Ln(pdc)(H:0)4]33Cl (IX, X). Complexes IX (Sm) and X (Eu) are
isostructural and revealed to be the supramolecular isomers of III (Sm) and IV (Eu), respectively.
The ’asymmetric units of IX and X are closely similar to the corresponding isomers comprising one
unique lanthanide ion, half a molecule of the fully deprotonated pdc? ligand, two coordinated water
molecules and one chloride anion which shows disorder over two crystallographic sites. The
occupancy ratios of CI1A:C11B in both structures are closely similar, i.e. 0.256(11):0.744(1) (IX)
and 0.262(9):0.738(9) (X). Since IX and X are the isomers of III and IV, the coordination
environment about the lanthanide ion and mode of coordination adopted by the pdc? ligand are
principally identical (Fig. 4.3a). If the arrangement and the linkage of the SAPRS-{LnOgN} units
in these structures are considered carefully, the S4PRS-{LnOgN} units in IX and X are however
not exactly the same as those found in III and IV, but being their enantiomers (Fig. 3b). Whilst the
spatial arrangement of the ligands about the lanthanide ion in the cubic Pa3 structures (III and IV)
can be defined as the A stereoisomer, the configuration in the Ia3 structures (IX and X) are the
enantiomeric counterpart, A. Despite the existence of these stereoisomeric building motifs, the
packings of these building motifs in the crystal structures according to the operations about the
inversion center and the mirror planes result in achiral cubic frameworks. The cubic Pa3 structures
are apparently favored both thermodynamically and kinetically over the cubic Ia3 structures which
exist only in the samarium (IX) and europium (X) cases.

The formation of channels in the Ia3 structures is similar to those of the cubic Pa3
structures. The unbound chloride anions are positioned approximately along the 3-fold
rotoinversion axes. The hydrogen bonding interactions observed in the cubic /a3 structures are
also closely similar to the cubic Pa3 counterparts (Table 4.2), involving every water molecules as

the hydrogen bonding donors and the unbound chloride anions as the acceptors. The alignments of
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chlorides governed by these hydrogen bonding interactions can therefore be the key factor driving

the formation of the tubular structures in these cubic Pa3 and Ia3 structures alike.

Fig. 4.3 Views of (a) an extended asymmetric unit of IX, and (b) the enantiomeric A (III, IV) and
A (IX, X) configurations.

The monoclinic P2v/¢ JLn)pdcQHpdeQH0(:[:3H,0 )VI-VIII(. As the heating under
reflux was employed, the lower symmetry structures of the monoclinic P2/c space group have
been synthesized. Pure monoclinic structure could even be afforded in the case of praseodymium
complex (VI), although the cubic structures are favored for the other lanthanides. These P2i/c
structures have been previously reported as can be yielded also by hydrothermal technique [6,7].
The asymmetric units of VI-VIII are bulky, comprising one unique lanthanide ion, a whole
molecule each of the partially deprotonated Hpdc and the completely deprotonated pdc*, two
coordinated water molecules, two unbound water molecules. Contrary to the cubic structures, the
monoclinic structures include the partially deprotonated Hpdc™ ligand and less coordinated water

molecules (Fig. 4.4a). Although the coordination about the lanthanide ion in VI-VIII are the same
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nine-fold SAPRS-9 as those of the cubic structures, they are however highly distorted (Fig. 4.4b).
The distorted S4PRS-9 unit of the monoclinic structures is delineated with two fully deprotonated
pdc? through the pyridyl N2 and the carboxylate O5, O7 and 08, and one mono-deprotonatd Hpdc-
through the pyridyl N1 and the carboxyl O1 and O3. Here, two different modes of coordination,
namely modes a and b (Scheme 4.1), are adopted by the pdc? ligand, whereas mode k is adopted
by the Hpdc'. Two water O atoms (09 and O10) complete the coordination requirement and
therefore the formation of the SAPRS-{LnON3} structural building unit. Atoms O1 and N1 of the
Hpdc ligand seem to be the major contribution to the distortion in the SAPRS-{LnOsN;} unit,

which on the other hand accounts for the less proclivity for the P2/c structures to be yielded.

N 07

. ..J’/’; 1

Fig. 4.4 Ilustrations of (a) an extended asymmetric unit, (b) the SAPRS-{L.nOsN,} unit, and (c) the
infinite ladder-like structure of VIII (as a representative of VI-VIII).

The discrete SAPRS-{LnOsN.} units are bridged by the pdc?* ligands to form an infinite
one-dimensional [Ln(pdc)(Hpdc)(H20)2] chain extending along the direction of ¢ (Fig. 4.4¢). As
the Hpdc® is arranged in an anti-parallel fashion to the pdc?, the derived chain is puckered rather

than linear. Compared to the cubic structures reported in this work, the presence of the Hpde- ligand
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forbids the linkage of the adjacent lanthanide ions to form higher dimensional coordination
framework. These chains are bundled up into a dense assembly by the hydrogen bonding
interactions between the coordinating and the unbound water molecules (Table 4.2) The
hydrophobic pyridyl rings of these chains are aligned leading to the ladder-like assemblies
extending in the direction of ¢. According to the statistics on the structures submitted to the CSD
[12], the chelating Hpdc™ ligand tends to give the ladder-like structures in both the monoclinic P2,/c
and P2,/a space groups {8,12,16,20,21]. There is however no n-x interaction in structures VI-VIIL.
The supramolecular assemblies of these [Ln(pdc)(Hpdc)(H20)2] chains into two-dimensional
collugated layer extending in the ab plan, and to the three-dimensional assembly are directed solely
by the hydrogen bonding interactions.

Topology of the cubic structures. Despite the different sets of symmetry operations and
the Bravais translation adopted by the Pa3 and the /a3 structures, the derived framework topologies
of both cubic structures are identical. The cubic Pa3 and /a3 frameworks can be simplified to two
interpenetrated uninodal les and peu nets (Fig. 4.5) [22]. If the hydrogen bonding interactions
between the coordinating water molecules and the unbound chloride anions are disregarded and
only the SAPRS-{PrOsN} unit is taken as node, a uninodal 4-connected les net with {6°} point
symbol is derived. If only the {Cl,(H20)s} motif is, on the other hand, taken as node, the other
uninodal 6-connected peu net with {4'2.6%} point symbol is obtained. The interpenetration of the

les and peu nets then establishes the networks in I-V and IX-X,

lcs pcu

Fig. 4.5 The interpenetrated uninodal les and peu nets of the cubic structures I-V and IX-X.

4.3 Thermogravimetric behaviors of V and VI

Due to the fact that only complexes V (Pa3; Gd) and VI (P2//c; Pr) could be obtained with
high purity, thermogravimetric behavior of the two complexes were studied revealing similar
weight loss patterns (Fig. 4.6). The first weight loss in both complexes readily occurred under the
flow of nitrogen gas attributing to the liberation of the water molecules; calc. = 16.76%, exp. =
17.4% for V and calc. = 16.02%, exp. = 17.2% for VI. After the loss of the water molecules, the
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weight loss gradually proceeded in both cases although the process was extremely slow in the case
of V. The gradual loss led to the collapse of most of the long range order in both frameworks
revealed by the PXRD results, suggesting the successive loss of the other compartments of the
frameworks. The second abrupt drops of weights were yet apparent for both complexes during the
heat treatment occurring at higher temperature in the case of V (ca. 470 °C) compared to that of VI
(ca. 360 °C). This is consistent with the higher stability of the three-dimensional framework in V
in relative to the one-dimensional structure in VI, The gradual weight loss was then occurred again

for both complexes leading to the corresponding cubic lanthanide oxides.
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Fig. 4.6 Thermogravimetric curves of V (solid line) and VI (dotted line) with the PXRD patterns

of the heated samples shown in the insets.

4.4 Photoluminescence properties of VI-X

Dﬁe to the purity limitation of the samples yielded from the microwave synthesis, the
photoluminescence spectra of only the samples yielded from the conventional heating of which
every phase could be identified were collected (Fig. 4.7). The free Hapdc exhibits a broad feature
with multiple maxima covering almost an entire visible region which can be ascribed to the pyridyl
ring n*-i emission [23,24]. Different degrees of deprotonation has been reported to negligibly
affect the energy of the triplet state of the ligand [23]. Apparently the ligand is a moderately good
sensitizer for the reported complexes, especially those of the europium ion (IV+X) of which the
intense characteristic emissions incited from the transitions from the first excited *Dy state to the
ground multiplets 7F; (J=0-4) are vivid. The efficiency of the energy transfer process from the
ligand to the europium can also be enhanced by the increased molecular rigidity of the ligand after

coordination and the singlet pathway of the energy transfer [25-27]. In the case of praseodymium
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(VI), neodymium (II+VII) and samarium ions (INI+VIII+IX), differences between the triplet state
of the ligand and the first excited states of the metal ions result in poor energy transfer and therefore
only weak emissions can be observed [23]. Large numbers of the excited states in praseodymium
(VI) and neodymium (II+VII) may additionally render energy loss through the non-radiative
pathways [28]. In comparison to the spectrum of the free Hopde, an emission band at 300 nm in the
spectra of these samples may attribute to the ligand centered n*-r emission promoted by the greater
molecular rigidity upon the coordination to the metal centers [29]. The photoluminescence
spectrum of the gadolinium complex (V) was notably not collected. The remarkably high energies
of the excited states of gadolinium ion owing to the exceptional stability of the half-filled fshell
are known to prevent energy transfer from any known ligands, which consequently causes any f-f

transition to be unachievable [30,31].

8000 . Pr (VI) a000 | Nd (I + V)
6000 8000
2 0 &=
E 400 @ 4000
I3} 2
s E
2000 2000
0 0
| N 1 ) N 1 1 1 1 1 1
200 300 400 500 600 700 200 300 400 500 600 700
Wavelength (nm) Wavelength (nm)
D~F,
8000 A Sm (i1 + Vil + X) Eu (IV + X) CRP S
i 3 45000
6000
El -
) r
- 3 30000
£ 4000 )
e 2
£
E
2000 15000 -
5 LA %J
1 L 1 L 1. 0 faene?” Y el LN
200 300 400 500 600 700 L L

1
Wavelength (nm) 300 400 500 600
Wavelength (nm)

Fig. 4.7 Photoluminescence spectra of the synthesized samples (solid line) compared with that of
the free Hapdc ligand (dashed line).

4.5 Conclusion
In summary, we reported the variation and preference in crystal structures of the

lanthanide-Hopdc complexes synthesized by two different heating techniques, namely the
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conventional and the microwave heating. The microwave heating provides the kinetically favorable
cubic Pa3 structures I-V, while the conventional heating _results in the formation of three groups
of isostructural crystals: (i) the monoclinic P2y/c structures VI-VIIIL, (ii) the cubic Ja3 structures
IX and X, and (iii) the cubic Pa3 structures II, Il and V. The Pa3 complexes I-V exhibit the
tubular structures built up of the SAPRS-{LnOsN} units leading to the formation of four discrete
one-dimensional channels extending in four <1 1 1> directions. Inside the channels, the chloride
ions are transfixed by coordinating water molecules through hydrogen bonding interactions. The
Ia3 complexes IX and X which are the supramolecular isomers of IIl and IV, respectively, consist
of the A stereoisomeric SAPRS-{LnOsN} units, while the configuration in III and IV are the
enantiomeric counterpart, A. Owing to the close similarity between the cubic /a3 and Pa3
structures, their frameworks can be simplified to two interpenetrating uninodal Ics and peu nets
alike. In the case of the P2i/c complexes VI-VIII, they are different from the other complexes
becasuse of the existence of the Hpdc™ ligand which leads to the construction of highly distorted
SAPRS-{LnO7Nz} units. The linkage of these discrete SAPRS-{LnO;N:} units resulting in the
formation of the infinite one-dimensional [Ln(pdc)(Hpdc)(H20),] chains which are further
assembled solely by the hydrogen bonding interactions to two- and three-dimensional framework.
The title complexes showed moderate thermal stabilities. The photoluminescence study reveraled
the modest ability of the coordinated organic ligand in sensitizing the characteristic emissions of

the lanthanide ions.
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CHAPTER 5

Ratlometrlc Temperature Sensmg by

New lanthanide coordination polymers of mixed
phthalate and adipate of [Nd2(ad)(phth)>(H20)4] and
[Ln(ad)os(phth)(H20),] were synthesized and
characterized, the latter of which show excellent
potential in ratiometric luminescence thermometry:
working temperature range = 303-423 K, maximum
S = 1.21 %-K! (303 K), and excellent temperature
resolution (S.D. < 2 K) and repeatability (R = 98%).
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Designing of lanthanide coordination polymers for use as ratiometric luminescent
thermometers in biological and higher temperature ranges is of great challenge, and bimetallic
THWEW coordination networks are seemingly eligible choices. According to the antenna and the
recently developed band models [1,2], scrupulous choices of organic antenna with appropriate
triplet band energies is a determining factor in effectively promoting the sensitization process and
therefore achieving highly luminescence lanthanide complexes. Triplet band energies of organic
linkers are generally lower than those of the corresponding rholecular states depending on, for
example, increased rigidity in ligands’ structures upon coordination, interactions with nei ghbouring
structural components, and co-presence of secondary ligand [3,4]. Concentration and type of
lanthanide luminophores are also important determinants [1,2].

Based on the use of rigid phthalic acid (Hzphth) with the triplet state energy of 24,770 cmr
L and the flexible adipic acid (Hzad) with molecular freedom to bend or rotate [5,6], [Ndz2(ad)(phth).
(H20)4] (I) and [Ln(ad)o.s(phth)(H20)2] (Ln = Eu (IX), Gd (II), Tb (IV), Dy (V), Er (VI), Tm (VII),
0.088Eu™ ; 0.912Tb™ (VIII), 0.277Eu™ : 0.723Tb™ (IX) and 0.334Eu™: 0.666Tb™ (X)) have been
synthesized. Single crystal structures, thermal stabilities and luminescence properties of the title
complexes are described in this chapter. Ratiometric temperature sensing behaviour of VIII-X and

key performance parameters of the measurements of X are presented.

5.1 Syntheses and crystal structures description

Crystals of I-X were synthesized hydrothermally” and characterized by single crystal X-
ray diffraction. Crystallographic data of I-VII and the temperature dependent data of II, IV and
VIII are summarized in Table 5.1and Table 5.2, respectively.!

*Ln;03 (0.400 mmol of LnM) was dissolved in 7.20 M HNOj(aq). Separately, a solution of Hzphth (0.400
mmol), Hzad (0.400 mmol) and DABCO (0.400 mmol) was prepared using 7.00 mL of deionized water. The
prepared solutions were mixed in a Teflon vessel which was sealed and hydrothermally heated at 120 °C for
24 h. .

*Crystallographic data sets of I, III-VII were collected using a Bruker D8 Venture diffractometer equipped
with a micro focus sealed tube X-ray source with graphite monochromatic Mo K, radiation (A = 0.71073 A).
Empirical absorption corrections were applied to all data using the SADABS program [7]. Crystallographic
data of IT and VIII were collected using a Rigaku FR-E Superbright rotating-anode X-ray source with Mo-
target (A = 0.71075 A) equipped with a Rigaku RAXIS VII imaging plate as a detector. The intensity data
were collected by the w-scan technique and empirically corrected for absorption. To study temperature
dependence in the structures of I, IV and VIII, crystallographic data sets of these samples were collected at
303, 363 and 423 K using a Rigaku Mercury 2 CCD detector with the Synchrotron radiation (A =0.6997 A)
at the BLO2B1 beamline in Spring-8 with the approval of the Japan Synchrotron Radiation Research Institute
(JASRI). The intensity data were collected by the w-scan technique and were proceeded with the Rapid Auto
software program. Every structure was solved by direct methods within the SHELXS program and refined
on F? by the full-matrix least squares technique using the SHELXL program via the Olex2 interface [8,9].
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According to the PXRD data (Fig. 5.1 and Fig. 5.2), the yielded products from every
synthesis were pure phases. Regarding VIII-X, their structures can be confirmed to be isostructural
to those of II-VII based on both single crystal X-ray diffraction data (VIII; Table 5.1) and PXRD
results (VIII-X; Fig. 5.2). If the previously reported complexes are taken into account [10], a series
of lanthanide coordination polymers with the same ratio of Ln™ : ad* : phth* : H,0 is noticeably
completed manifesting two different structures spanning across the lanthanide contraction from

Prito Tm'L,

'—AA—" JLM PN, ST N Y (Tm"; PXRD)
|

o VIT (Tm"; SXRD)
| VI (E™; PXRD)
L VI (Er"; SXRD)
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R - V (Dy™; SXRD)

M | N . IV (Tb"; PXRD)

™ AA A

1V (Tb"; SXRD)

I g ! j ] N 111 (Gd"; PXRD)

]

111 (Gd"; SXRD)
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L 11 (Eu™, SXRD)
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—-—A A PADNS, SV VN | VN
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Fig. 5.1 Experimental PXRD patterns of I-VII compared with the patterns simulated from the
corresponding single crystal data (SXRD).

The structure of [Ndx(ad)(phth),(H20)s] (I) is revealed to. be isostructural to
[Pr2(ad)(phth)2(H;0)4] [10], which is three-dimensional and non-porous. The asymmetric unit of I
(Fig. 5.3) is composed of two nine-fold coordinated Nd™ ions, a whole molecule of ad%, two
molecules of phth?” and four coordinated water molecules. The coordination about both Nd™ ions
is alike featuring a distorted tricapped triangular prismatic geometry which is delineated by nine
oxygen atoms, TPRS-{NdOy}, from four phth?, one ad* and two water molecules. Every two units
of TPRS-{NdOy} share edge to form a {Nd,O1s} dimer each of which is linked to the neighboring
dimers by phth? using us-#%n"n":n' mode of coordination leading to the formation of an infinite

two-dimensional sheet in the ab plane. Both crystallographically
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Table 5.1 Crystallographic data and refinement details for I-VIII

ua II I v v via VIII via
Empirical formula CiHiOsEu CyHiOsEu CyHpOsEu  CjHiOsTb  CiiHpOgTh Cu1H120sEu009Tbog:  CiiHi2OsBuoosThogt Ci1Hi208Eug.65Thosy
Formula weight 424.17 424.17 424.17 431.13 431.13 430.52 430.52 430.52
Temperature (K) 303(2) 363(2) 423(2) 303(2) 423(2) 303(2) 363(2) 423(2)
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2in(No. P2)/n(No.  P2y/n (No. P2y/n (No. P2y/n (No. P2y/n (No. 11) P2)/n (No. 11) P2)/n (No. 11)

11) 11) 11) 11) 11)
a(d) 13.3461(12) 13.4045(3) 13.4271(11)  13.3424(9) 13.4478(18)  13.3216(12) 13.3947(3) 13.4320(13)
b(A) 5.9526(5)  5.9687(1)  5.9705(5) 5.9207(4) 5.9242(8) 5.9193(5) 5.9389(1) 5.9391(6)
c(R) 15.6205(14) 15.6871(3) 15.7345(13)  15.6055(11) 15.702(2) 15.6002(14) 15.6681(3) 15.7111(15)
g 93.700(7)  93.629(7)  93.581(7) 93.838(7) 93.816(7) 93.901(7) 93.815(7) 93.798(7)
V(&%) 1238.37(19) 1252.57(4) 1258.92(18)  1230.01(15) 1248.2(3) 1227.30(19) 1243.63(4) 1250.6(2)
Z 4 4 4 4 4 4 4 4
Density (Mg m) 2.275 2.249 2.238 2.328 2.294 2.333 2.265 2.253
Abs. coeff. (mm™') 4.928 5.044 4.848 5.592 5.511 5.796 5.080 5.048
F(000) 820 820 820 828 828 828 820 820
Data/restraints/parameters ~ 2824/0/183 2859/0/183  2866/0/183 2813/0/183 2847/0/183 2822/0/183 .2842/0/ 183 2864/0/183
Got;dness-of-ﬁt on P? 1.044 1.144 1.057 1.012 0.941 1.047 1.091 1.035
Final Rindices (all data) .
R1° 0.0347 0.0338 0.0408 0.0344 0.0510 0.0339 0.0255 0.0415
wR2% 0.0798 0.0564 0.0859 0.0699 0.0805 0.0691 0.0532 0.0820

Ry = ZNFol-IFI/IFol; ® WRy = [Ew(Fo*-F A Zw(Fo?)]
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Table 5.2 Crystallographic data and refinement details for II, IV and VIII at various temperatures

X II II v v Vi VIII Vi
Empirical formula CuH120¢Eu CuHppOsEu CyHizOsEu  CyHppOsTb CyHipOsTb CrHizOsEuggeTbesr  CriHizOsEug9Tbosr CiiHizOsEuo.0sThos
Formula weight 424.17 424.17 424.17 431.13 431.13 430.52 430.52 430.52
Temperature (K) 303(2) 363(2) 423(2) 303(2) 423(2) 303(2) 363(2) 423(2)
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2i/n(No. P2i/n(No.  P2/n (No. P2i/n (No. P2,/n (No. P2y/n (No. 11) P2y/n (No. 11) P2i/n (No. 11)
11) 11) 11) 11) 11)
a(A) 133461(12) 13.4045(3) 13.4271(11)  13.3424(9)  13.4478(18)  13.3216(12) 13.3947(3) 13.4320(13)
b(A) 59526(5)  5.9687(1)  5.9705(5) 5.9207(4) 5.9242(8) 5.9193(5) 5.9389(1) 5.9391(6)
c(A) 15.6205(14) 15.6871(3) 15.7345(13)  15.6055(11)  15.702(2) 15.6002(14) 15.6681(3) 15.7111(15)
B 93.700(7)  93.629(7)  93.581(7) 93.838(7) 93.816(7) 93.901(7) 93.815(7) 93.798(7)
V(A% 1238.37(19) 1252.57(4) 1258.92(18)  1230.01(15)  1248.2(3) 1227.30(19) 1243.63(4) 1250.6(2)
z a 4 4 4 4 4 4 4
Density (Mg m™) 2.275 2.249 2.238 2.328 2.294 2.333 2.265 2.253
Abs. coeff. (mm™) 4,928 5.044 4.348 5.592 5.511 5.796 5.080 5.048
F(000) 820 820 820 828 828 828 820 820
Data/restraints/parameters ~ 2824/0/183  2859/0/183  2866/0/183 2813/0/183 2847/0/183 2822/0/183 2842/0/183 2864/0/183
Goodness-of-fit on P? 1.044 1.144 1.057 1.012 0.941 1.047 1.091 1.035
Final Rindices (all data) )
R1° 0.0347 0.0338 0.0408 0.0344 0.0510 0.0339 0.0255 0.0415
wR2b 0.0798 0.0564 0.0859 0.0699 0.0805 0.0691 0.0532 0.0820

¢ Ry = SFJ-FMFol; ¢ WRy = [Ew(Fo2--F Y Ew(Fo)2] 2
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Fig. 5.2 Experimental PXRD patterns of VIII-X compared with those of II, IV and the simulated
pattern of IT (as a representative of IT and IV).

Fig. 5.3 Illustrations of (a) the extended asymmetric unit drawn using 50% thermal ellipsoids with
hydrogen atoms omitted, and the fabrication of (b) the two-dimensional and (c) the three-
dimensional structures in I. Symmetry codes: (i) 1tx, -1+y, z; (ii) x, -1+y, z; (iii) -1+x, y, z; (v) -
I+x, 14y, -14z; (v) 1+x, y, z.
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independent phth? ligands adopt the same us-n%:5":7':' mode of coordination (Fig. 5.4), which can
be found only in I and the isostructural [Prz(ad)(phth)2(H20)4] [10]. These sheets are then transfixed

into three-dimensional framework by ad® via the p2-#':9':n':n! mode of coordination.

uﬁf:n':n m' U
(b) ©
(&} czo
v :;ls G/R 3\‘1}- ‘mz ;%\0 Cly gé g
: 591 A ou 6.35 A
IR wn'm'm'e'
(d) . (e)

Fig. 5.4 Modes of coordination adopted by phth? (a-c) and ad* (d-¢) ligands.

Contrary to the three-dimensional framework of I, II-VII .feature two-dimensional

framework. The asymmetric units of every complex are similar, composing of one unique Ln™ i

ion
which is nine-fold coordinated to a whole molecule of phth?, half a molecule of ad?, and two
coordinated water molecules (Fig. 5.5). The coordination about the Ln™ ion in II-VII is
intriguingly the same as that of I, i.e. TPRS-{LnOy}. The nine oxygen atoms of the 7PRS-{LnOg}
unit in IX-VII are however contributed from one ad?*, two water molecules and three phth?* which
is different from I of which four phth? are included. This can be well accounted for by the
lanthanide contraction.

- Rather than the ps-n%:5':5":n! bridging mode found in I, the phth? in IX-VII exhibits the us-
n*n':nt:n' mode which is also very rare for the lanthanide coordination polymers (Fig. 5.4). This
mode of coordination leads however to the formation of the edge-shared {Ln:O,6} dimer, which is
linked to the adjacent dimers to form an infinite one-dimensional chain along b axis (Fig. 5.5). The
established chains are further linked by ad> of which the aliphatic chain conforms in an anti-anti-
anti fashion leading to the formation of two-dimensional puckered sheet in the ab plane.
Conformation of the ad*aliphatic chain in I and II-VII are notably different (Fig. 5.4). The

constructed sheets are stacked in the ¢ direction and interlocked by weak #-7 interactions between

the phenyl rings of phth?. The centroid-to-centroid distances and the angles between the two phenyl
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rings for the 7~z interactions in II-VII are distributed in narrow ranges of 4.78-4.80 A and 66.84-
68.21°, respectively. Noticeably, there is not any hydrogen bonding interaction found in these

complexes.

Fig. 5.5 Illustrations of (a) the extended asymmetric unit drawn using 50% thermal ellipsoids with
hydrogen atoms omitted, and the fabrication of (b) the two-dimensional structure and (c) the

supramolecular packing in III (as a representative of II-VII).

5.2 Room temperature photoluminescence behavior of I-VII

* Upon the excitation at 255 nm (Fig. 5.6), Hophth displays a broad emission band with
multiple maxima covering almost the entire spectrum attributing to z*—= of the pheny! ring [11].
The phth? centered emission remains vivid in the spectra of I and V-VII although the change in
spectral profiles and the red shift are significant which should be imparted from the increased
molecular rigidity upon coordination [12]. According to the band model [9], the accumulation of
these ligands in the frameworks can also be a significant cause. A distinct display of the ligand
centered emission suggests nonetheless the poor energy transfer from phth? to Nd™ (I), Dy™ (V),
Er'! (VI) and Tm™™ (VII). Characteristic emissions corresponding to *Fe — ®H; (J = 15/2, 13/2,
11/2) of Dy™ (V) are nevertheless visible [7].
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In contrast to I and V-VII, phth? can effectively sensitize the emission in Eu™ (II) and
Tb™ (IV) even at room temperature, reflected via the complete silence of the phth® centered
emission. The characteristic Do — 7F; (J = 1-4) emissions of Eu'! are, as planned, distinct in the
spectrum of II with the most intense Dy — ’F, red emission centered at 618 nm. The characteristic
5Dy — "Fy (J = 6-3) emissions of Tb™ are also explicit in the spectrum of IV with the most intense
SDs — "Fs green emission centered at 544 nm [14]. Since the lowest excited state energy of Gd™ is
much higher than the lowest triplet band energy of any ligand, it is therefore common to estimate
the triplet band energy of the organic antennae from the measurement of Gd™ complexes [9,20].
Based on the emission at 480 nm in the spectrum of ITL, the triplet band energy of 20,833 cm™ can
be estimated for phth>, which is in a suitable energy range to promote the sensitization of both Eu'™

(1) and Tb™ (IV) according to Latva’s empirical rule [1].
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Fig. 5.7 Emission spectra of (a) II and (b) IV recorded between 303-423 K excited at 365 nm, and
(c) temperature dependent intensity of the emissions at 618 nm (for IT) and 544 nm (for IV).

5.3 Temperature dependent photoluminescence behavior of II, IV and VIII-X

The temperature dependent emission spectra of II and IV were collected in term of
intensity from 303 to 423 K (Fig. 5.7). With increasing temperature, intensity of the most intense
Dy — "Fs (Tb™; IV) emission centering at 544 nm dropped approximately 23% whilst that of *Dy

— "F, (Eu™; IT) emission centering at 618 nm negligibly changed. The reduction in intensity in the
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case of IV is commonly explained by thermal activated non-radiative decay [21,22]. Intriguingly,
the effect of thermal vibration of the coordinated water molecules about the Eu' in II is silent. This
should be due to the fact that these coordinated water molecules are transfixed in the frameworks
and have limited freedom in vibration which is different from the molecular cases [19]. The intact
of the coordinated water molecules in IT and IV upon the heating has been confirmed by the single
crystal data collected at the BLO2BI beamline in Spring-8 (Table 5.2). This agrees well with
thermogravimetric data (Fig. 5.8) revealing no weight lost up to approximately 473 K (200 °C).
The enlargement in the unit cell parameters and volumes of every complex is nonetheless apparent
(Fig. 5.9).
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The apparently different behavior in temperature dependent emission between II (Eu'™)
and IV (Tb"™) brought about the investigation of VIII-X if they could exhibit temperature
dependent ratiometric photoluminescence behavior [18,23,24]. The remaining of the coordinated
water molecules in VIII (as a representative of VIII-X) was similarly affirmed by the single crystal
data (Table 5.2) and the thermogravimetric analysis (Fig. 5.8). Although the temperature dependent
PL spectra of VIII-X look rather similar at first glance, they are significantly different. In the case
of VIII (1Eu™ : 10Tb™; Fig. 5.10), intensity of the Dy — ’Fs (Tb™) emission decreased
approximately 37% from 303 K to 423 K which is more drastic than that observed in IV (23%).
The intensity of Do — F, (Eu™) emission however negligibly increased and successively
diminished at temperatures higher than 365 K. Based on the intensity ratio of D4 — ’Fs (Tb™) and
*Do — "F; (Eu™), the thermometric parameter (4) have been calculated revealing temperature
dependent linear correlation of 4 in a temperature range of 303-393 X (R? = 0.993). To evaluate the
performance of VIII for use as a ratiometric photoluminescent thermometer, the relative sensitivity
(Sr) which is defined as [3,4,25]
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Fig. 5.10 (a) Emission spectra of VIII excited at 365 nm with (b) the temperature-dependent
normalized emission intensity of the D4 — 7Fs and "Dy — "Fa, (c) temperature dependent 4 and

linearly fitted curve, and (d) temperature dependent S:.
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were calculated revealing the maximum S; value of 0.42 % K at 303 K. :

As the ratio of Eu™ was increased, i.e. 3Eu'': 10Tb™ (XX; Fig. 5.11) and 5Eu™ : 10Tb™
(X; Fig. 5.12), the temperature dependent linear correlation of 4 was improved to cover the whole
range of the experimented temperatures (303-423 K) with excellent fit to linearity; R* = 0.996 (IX)
and 0.998 (X). This temperature range intriguingly overlaps with physiological temperature range
(298-328 K). The improvement of the maximum S; values is also evident. Whilst the S for IX
brings off the maximum and minimum values of 0.59 %K at 303 K and 0.34 %K' at 423 K,
respectively, those for X is 1.21 %K' at 303 K and 0.49 % K" at 423 K, respectively. The
maximum S; value of X is intriguingly almost twice that of Eug,37Tbos-BTC at similar temperature
and corresponding temperature range (0.68 %K at 313 K, 313-473 K) [25]. Reports on S; of over
1.2 %K' at temperatures over 300 K are rare particularly for the physiological and higher
temperature range [3]. According to the PXRD results (Fig. 5.13), stability of VIII-X over several
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Fig. 5.11 (a) Emission spectra of IX excited at 365 nm with (b) the temperature-dependent
normalized emission intensity of the SDs — "Fs and Do — "F, (c) temperature dependent 4 and

linearly fitted curve, and (d) temperature dependent S:.
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Fig. 5.13 PXRD patterns of VIII-X after several cycles of temperature dependent photoluminescent

measurements compared to those of the pristine samples.
multiple cycles of heating and cooling during the temperature dependent photoluminescence

experiments as well as few months of storage under ambient condition has been confirmed to be

significant.

71



RSA5980026

With the increasing ratio of Eu'!,, the intensity of the SDs — Fs )Tb"( emission notably
declined to a greater extent: 23% )IV(, 37% )VIII(, 48% )IX( and 54% )X(, indicating the energy
transfer from Tb™ to Eu' in these lanthanide coordination polymers [18,26,27]. This is consistent
with the room temperature lifetime measurement results (Table 5.3), revealing the shorter lifetimes
for the D4 — "Fs )Tb™( transition with the increasing Eu™ ratio. The longer lifetimes were
consistently apparent for the Do — "F2 )Eu'l( emission in VIII-X compared to that of II although
the alteration tendency was not apparent. The efficiency of the energy transfer )yer( from Tb™ to

Eu™ in VIII-X were also estimated [28];

-1 1

NET % 2

where 71 and 7o are the lifetimes of the D4 — ’Fs )Tb!"!( emission with and without the acceptor
YEu'l(, respectively. In a similar manner, the 7er was improved with the increasing ratio of the Eu™
acceptor )Table 5.3(, which is consistent with the tendency reported for other materials; Lazgs-
,GaGes016:0.15TH™, xEu )x = 0, 0.05, 0.07, 0.10 and 0.20( [29], and )Tb;EuxMosOyz )x = 0,
0.1, 0.4, 0.6, 0.8 and 1( [30]. Reports on the dependence of xer on the acceptor concentration are

however scarce.

Table 5.3 List of photoluminescence lifetimes and energy transfer efficiencies (7er) at room

temperature for II, IV and VIII-X

Lifetimes (ms)

544 nm 618 nm et (%)
[Eu(ad)o.s(phth)(H20)2] (ID) - 0.441 -
[Tb(ad)o.s(phth)(H20)2] AV) 1.21 - -
[Ln(ad)o.s(phth)(H20)2] (Ln =1Eu" : 10Tb™ ; VIII) 1.04 0.816 14.05
[Ln(ad)o.s(phth)(H20)2] (Ln =3Eu™ : 10Tb™; IX)  0.834 0.613 31.07
[Ln(ad)o.s(phth)(H20)2] (Ln =5Eu™ : 10Tb™ ; X) 0.795 0.555 41.65

To investigate the performance of X in better details, the values of temperature resolution
(87) in term of standard deviation of the temperature read out, and repeatability of the measurement

(R) were additionally determined;

R=1- max(/ic'Ai/) (3)
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when 4 is thermometric parameter calculated from calibration curve and 4; refers to value of
individual measurement [3]. Based on ten consecutive temperatures read out at two different
temperatures (Fig. 5.14), both the R and 37 values are exceptional. The potential of X as a high

performance ratiometric luminescent thermometer is therefore illustrated.
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Fig. 5.14 (a) Calibration curve and (b) repeatability for temperature measurement of X.

5.4 Conclusion

In summary, the three-dimensional [Ndz(ad)(phth)2(H20)4] (I) and the two-dimensional
[Ln(ad)o.s(phth)(H20),] (II-VII) have been constructed based on the mix ligands approach. Every
LnCP shows exceptional thermal stability without any liberation of the coordinated water
molecules up to approximately 473 K (200 °C), although cell expansion is manifested. The effective
sensitization of Eu™ and Tb™ in II, IV and VIII-X by phth? has evidently been illustrated and in
good correspondence with the triplet band energy of phth? estimated from the Gd™ complex (III).
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Complexes VIII-X exhibit temperature dependent ratiometric photoluminescence behavior
rendered by the energy transfer process from Tb'™ to Eu™. Linear temperature dependence of A in
the range of 303423 K with the maximum S; of 1.21%-K"' (at 303 K) and excellent R and 87 has
been determined for X. In addition to temperature, efficiency of the Tb™-to-Eu energy transfer
process as illustrated through the lifetime measurements depend, also, on the mole ratio of Eu'' ;
Tb™ in the frameworks. If framework structures and composition are considered as matrix which
is well acknowledged as an important determinant governing photoluminescence behavior of
lanthanide complexes [31,32], the mixed ligand approach such as the work reported here would be
worthwhile for further investigation. Use of mixed ligands with varying degree of sensitization in

facile synthesis of new lanthanide coordination polymers are currently studied by our group.
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In this chapter, the synthesis” and characterization of the monometallic
[Ln(bdc)o.s(phth)(H20)2] (bdc* = 1,4-benzenedicarboxylate; Ln = Eu™ (I), Tb™ (II), Ho™ (IID),
Er (IV), Tm™ (V), Gd"™ (IX)) and the bimetallic [Ln(bdc)o.s(phth)(H.0)2] (Ln = 1.10Eu™ :
10.0Tb™ (VI), 2.99Eu™ : 10.0Tb™ (VII), 4.84Eu™ : 10.0Tb™ (VIIL)), are reported. Single crystal
structures of I-V were determined revealing the closely relevant framework structures to
fLn(ad)o s(phth)(H20):] [1]. Details on structural relation of the two series of LnCPs are discussed.
Temperature dependent photoluminescent behavior of the titled complexes, and the influences of
mixed antennae on the Tb™-to-Eu™ energy transfer and consequently the ratiometric temperature-

sensing performance are described.

6.1 Crystal Structure Description of I-V

The crystal structures of I-V are revealed to be isostructural with [Gd(bdc)o.s(phth)(H20):]
and [Dy(bdc)o.s(phth)(H20),] yielded from different synthesis approach [2], featuring a non-porous
three-dimensional framework. More importantly, I-V exhibit significant correlation with
[Ln(ad)os(phth)(H20)2] (Ln = Eu, Gd, Tb, Dy, Er and Tm; H,ad = adipic acid) in views of both
structure and photoluminescent property [1].

Fig. 6.1 An extended asymmetric unit of II as a representative of XI-VIII, drawn using 70% thermal
ellipsoids with H atoms omitted. Symmetry codes: (i) 1+x, 1+y, z (ii) 1-x, 1-y, 2-z (iii) 2-x, 1-y, 1-

Z.

*Solution A: Ln;O;3 (0.400 mmol) was dissolved in 1.00 mL of HNO; solution (7.20 mol-L"!). B: Hophth
(0.400 mmol), Hobdc (0.400 mmol) and DABCO (0.400 mmol) were dissolved in 7.00 mL of deionized
water. Solutions A and B were mixed in a 25 mL Teflon lined hydrothermal reactor and made up to 10.00
mL by deionized water. After carefully sealed, the reaction was carried out under autogenous pressure
generated at 180 °C for 24 h.
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Crystallographic data sets of I-V were collected at 293(2) K using a Rigaku XtaLAB
SuperNova Diffractometer’ and the crystallographic and refinement data for I-V are summarized
in Table 6.1. The asymmetric units of I-V are alike comprising an eight-fold coordinated Ln™
bearing a distorted dodecahedral geometry, denoted as DD-{TbOs}, of which the eight oxygen
atoms are from four equivalent phth*, one bdc? and two water molecules (Fig. 6.1). Due to the pu-
n'm'm'm! coordination mode adopted by phth?, each DD- {TbOs} unit exists as a discreet moiety
and is linked to the other eight equivalents through 8x{OCO} bridges of four surrounding phth? to
form a two-dimensional [Ln(phth){(H»0),] sheet in the ab plane (Fig. 6.2). The derived sheet can

be characterized as a uninodal 4-connected sql/Shubnikov with {4%.6?} point symbol.

Fig. 6.2 Depictions of (a) two-dimensional and (b) three-dimensional framework structures of II

and coordination modes adopted by the occluded ligands. H atoms are omitted for clarity.

The diffractometer was equipped with a single micro-focus sealed X-ray tube (Mo Kq, A = 0.71073 A) and
a Hypix Hybrid Pixel Array detector. Data collection and reduction were performed using CrysAlisPro
1.171.39.46, and empirical absorption corrections were applied to all data sets using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algorithm [3]. The structures were solved by intrinsic phasing
methods within the SHELXT program [4] and refined on F? by the full-matrix least squares technique using
the SHELXL program [4] via the Olex2 interface [5].
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Table 6.1 Crystallographic and refinement details of I-V

RSA5980026

I II 1 v v
CCDC No. 1871926 1871927 1871928 1871929 1871930
Empirical formula Ci2H100sEu  CioHi9OsTb  Ci2HioOsHo C12H1005Er C12H190sTm
Formula weight 434.16 441.12 447.13 449.46 451.13
Crystal color Colorless Colorless Pink/orange Pale pink Colorless
Temperature )K( 293)2( 293)2( 293)2( 293(2) 293)2(
Crystal system Triclinic Triclinic Triclinic Triclinic Triclinic
Space group PT )No. 2( P1)No. 2( PT)No. PT )No. 2( PT)No. 2(
a)A( 6.1203)2( 6.1106)1( 6.1086)1( 6.1089)1( 6.1060)1(
b)HA( 8.8435)4( 8.8120)1( 8.7916)1( 8.7835)1( 8.7537)I(
¢)A( 12.9577)6( 12.8911)2( 12.8634)2( 12.8533)2( 12.8332)2(
a(®) 94.933)3( 94.902(1) 95.117(1) 78.447(1) 78.324(1)
RO 99.053)3( 99.170)1( 99.100)1( 80.964)1( 80.976(1)
7(°) 109.493)3( 109.803(2) 110.154(1) 69.654(1) 69.728(1)
VHAX 645.63)5( 637.439(18)  632.619(17) 630.671)17( 627.319)17(
VA 2 2 2 2 2.
Density )Mg-m( 2.233 2.298 2.347 2.367 2.388
p)mm( 4.896 5.586 6.293 6.693 7.111
F)000( 418 422 426 428 430
Data/Restraints/Parameters ~ 2766/0/192  2756/0/192  2728/0/192 2723/0/192 2730/0/192
S 1.006 1.059 1.066 1.067 1.012
Ri“/wR® 0.0438/0.0964 0.0302/0.0615 0.0282/0.0614  0.0255/0.0468  0.0281/0.0502

3 Ry = ZIFHFNFl; 6 WRy = (Ew(Fo2-FAHEWEF A2

The completely deprotonated phth? discernibly tends to provide two-dimensional

framework structure of which the architecture is diversified by the adopted coordination mode (Fig.
6.3). Whilst the p-n'm'm'n' mode of phth? leads to a discrete DD-{LnOs} unit as found in I-V,

the p3-n%:n'm':n! mode in [Ln(ad)o.s(phth)(H;O),] renders an edge-sharing dimer built up of two

TPRS-{LnOy} units [1]. Despite the differences in the primary structure-building units, i.e. a
discrete DD-{LnOs} and a dimer of two TPRS-{LnQOy}, and the three-dimensional framework
topology between I-V and [Ln(ad)o.s(phth)(H20)], chemical composition of the derived sheets of
both series is identical, i.e. [Ln(phth)(H20):]. The [Ln(phth)(H>0),] sheet in I-V can therefore be
regarded as a polymorph of the [Ln(phth)(H20),] sheet in [Ln(ad)os(phth)(H.0).], which is
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evidently induced by different coordination modes of phth*. This type of polymorphism which is

accounted for by versatile coordination modes of the bridging ligand is markedly atypical for

lanthanide coordination polymers.

Fig. 6.3 Coordination modes of phth> and bdc®* in (a) I-V, compared with those in
[Ln(ad)o.s(phth)(H20)2] [1].
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Fig. 6.4 PXRD patterns collected from powder samples yielded from the synthesis, compared with

the patterns simulated from the corresponding single crystal data.

The [Ln(phth)(Hz0)2] sheets in structures I-V are collectively pillared by bdc? in ¢
direction through the chelating pm'm'm'm' mode, giving rise to the three-dimensional
[Ln(bdc)os(phth)(H,0)2] (Fig. 6.2). Compared with [Ln(ad)o.s(phth)(H20):] [1], role of the longer
and more flexible ad> resembles that of the relatively rigid and short bdc*, i.e. being a pillar
connecting the polymorphic [Ln(phth)(H2O)2] sheets. The two linear bridging bdc? and ad>
intriguingly adopt the same chelating p-n‘m'm'n' mode of coordination, although the shorter
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bdc? instigates the non-porosity in I-V. This is an explicit evidence for the introduction of porosity
in pillared layered structures of LnCPs by the pillaring ligands. According to the PXRD (Fig. 6.4),
structures of I-V deduced from single crystal data were confirmed to be appropriate representatives

of the synthesized samples all of which could be yielded as pure phases.
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Fig. 6.5 Room temperature photoluminescent spectrum of [Gd(bdc)e.s(phth)(H20),] (IX).

6.2 Sensitization Efficiency of Co-existing phth? and bdc*

Upon the excitation at 337 nm, the emission spectra of III-V were dominated by a broad
feature of the ligand-centered n*—=n emissions (Fig. 6.5). The strong and intense Eu™:*Do—’F;
(/=1-4) (I) and Tb"™:D4—"F, (J=6-3) (II) emissions were, on the other hand, explicit without any
trait of the 7" —m emissions. Since both phth? and bdc? are well acknowledged for being effective
antennae with respect to both Eu'" and Tb™ [6], the co-existence of both antennae should therefore
ensure the effective sensitization in I and II.

According to an antenna model, the primary factor governing effective sensitization is an
appropriate energy gap between the triplet state of the organic antenna and the accepting levels of
L™, e.g. A{ECT)-E(Eu™:°D,)} (J = 0-2) and A{ECT)-E(Tb™:*D,)} (J = 3, 4) [7,8]. The EC’T) of
an antenna transfixed in coordination framework however differs from that of the corresponding
molecular state and depends on its local environment in the framework. To estimate the E(*T) of
phth* and bdc? in the titled complexes, [Gd(bdc)e.s(phth)(H20),] (IX) was synthesized using the
same synthesis procedure as that of I-V. Its photoluminescence spectrum was collected (Fig. 6.6).
With reference to two emissions at 415 and 466 nm, the ECT) of 24,096 and 21,459 cm™ could be
estimated for phth® and bdc*, both of which are consistent with the previously reported values:
23,810 cm™! from [Gdy(phth)2(Hz0).] [9], 23,256 cm™* from [Gdx(bdc)(H20)2] [9], 22,220 cm™
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from [Gdz(phth)3(H20)3] and [Gda(bdc)s(DEF)2(EtOH),]-2DEF [10]. Contribution of structural
diversity to discrepancy of E(*T) is clearly displayed. In comparison with the primary accepting
levels of Eu™ (°D,, J= 0-2) and Tb™ (°D4),?° phth®* and bdc? should be able to facilitate the f-f
emissions in both I and IT
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Fig. 6.6 Emission spectra of (a) I (b) II (c) III (d) IV and (e) V.

6.3 Temperature-dependent Photoluminescence of I, II, VI-VIII

Upon the heating of I and II from 303 to 423 K (Fig. 6.7), intensity of both the red
Eu™:*Dy—"F, (617 nm, I) and the green Tb™:’Ds—’Fs (547 nm, II) emissions significantly
declined, indicating the gravity of the thermally-induced non-radiative decay in both complexes.
According to an antenna model and the Latva proposal [6,7], a reduction in intensity of
Tb™:*Ds—7Fs (IX) should attribute to the energy-back transfer owing to a small A{E(T,bdc?)-

E(Tb™:Dy4)}. Intensity declining in the Eul:5Dy—"F, (I) case may however ascribe to a large
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A{ECT,phth*)-E(Eu:°Do)} which detracts the sensitization and allows intra-ligand non-radiative

decay.
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Fig. 6.7 Temperature dependent emission spectra of (a) I and (b) II, with (¢) the corresponding
temperature dependent intensities of Eu:*Dg—"F; (617 nm, I) and Tb™:D4—"Fs (547 nm, II).

To appraise the Tb"-to-Eu energy transfer, the bimetallic [Tb™Eu'";.
x(bdc)os(phth)(H20)2] (VI-VIII) were synthesized. Structures of VI-VIII were ensured to be
isostructural with I and II by PXRD (Fig. 6.8). According to EDXA microanalysis (Fig. 6.9), the
Eu-to-Tb™ mole ratios are 1.10Eu-t0-10.0Tb™ (VI), 2.99Eu'-to-10.0Tb¥ (VII) and 4.84Eu™-
to-10.0Tb™ (VIII). In accordance with these results, the following formulas can be concluded;
[Eug.100Tbo.soo(ad)os(phth)(H20)2]  (VI), [Euga30Tbo.770(ad)o.s(phth)(H20),]  (VII)  and
[Euo.330Tbo.s70(ad)o.s(phth)(H20)2] (VIIX). Based upon intensities of the red Eu:’>Dy—>7F, and the
green Tb™:°D4—"Fs emissions, the grievous effect of heating on photoluminescent properties of
the VI-VIII were displayed (Fig. 6.10). The declining intensity of the green emission was markedly
more substantial than the red emission, which is contrary to the I-II cases. The heating effect
became successively more drastic with the rising content of Eu', i.e. from 34% (VI) to 49% (VII)
and 51% (VIII). A reduction of the red emission of VI containing the lowest Eu™ content was less

than 10% compared with approximately 20% in the cases of VII and VIIIL These results manifest
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.

the Tb'-to-Eu'™ energy transfer in VI-VIII, and the dependence of the process efficiency on the

’

m

M concentration of Eu', which is an acceptor.

Normalized intensity (a.u.)

20 (*)
Fig. 6.8 PXRD patterns of VI-IX compared with those of I and II.
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Fig. 6.9 EDXA spectra of (a) VI, (b) VIL, and (c) VIII with the corresponding scanning electron

micrograph and elemental mappings.

84



te

3

RSA5980026

3,
DYE,

e n e 423 §
400 450 500 550 600 630 00 750

ri va 7 7 1 ri Z i Z T T
40 450 S0 553 60 850 M 30 400 450 soo 550 0 650 T %0

wavclength (om) Wavelength (nm) Wavelength (nm)
(a) (b) ©
(K]S 7l v
~ 08 6+
3
o -
= sk
Z st
é ——"p, Wt £ ol
£ L o =2 | vil
3 0.7 +n,-» Fivn ol
N —A—"p . F v R
Y ST
E T oD, vt 2F
z 3 * + Vi
s O A % 1} o —
4 B ¢ H—
—&—'p,F;vim
1 1 1 1 1 1 i 1 0 2 1 L 1 1 1 L
300 320 340 360 380 400 420 440 300 320 340 360 380 400 420 440
Temperature (K) Temperature (K)
(d) ©

Fig. 6.10 Temperature dependent emission spectra of (a) VI (b) VII and (c¢) VIII, with the

corresponding (d) temperature dependent intensities, and (e) the calculated A parameters.

6.4 Ratiometric Temperature Sensing Potentiality of VI-VIII

Since the enlarged divergence in temperature dependent characters as found in intensity
change of VI-VIII is a common indicator of sensitivity in ratiometric thermometry [10],
thermometric parameters (4) were thus calculated from intensity ratio of the red Eu™:’Dy—’F; and
the green Tb™: Ds—7Fs emissions (Ie/Its). An excellent linear correlation has been revealed for
the temperature dependent 4 over the 303-423 K for VI-VIII (Fig. 6.11). This correlation can be
reproduced with exceptional standard deviations. To evaluate performance of VI-VIII in
temperature sensing, the relative sensitivity (Sr; %-K"!') were determined, showing the reverse
temperature-dependence with the maximal and the minimal S; at 303 and 423 K, respectively; 0.32-
0.23 %K™ (VI), 0.42-0.28 %K' (VII), and 0.55-0.33 %-K"' (VII). The highest S; was achieved
for VIII containing the highest content of Eu™, which is an acceptor in the Tb™-to-Eu" energy

transfer process. The S; of VI-VIII were however poorer than those of the closely relevant

" [Ln(ad)o.s(phth)(H20)2] containing only the phth? antenna [1]. A nullifying affect imparted from

the co-existing of bdc* and phth* possessing different triplet state energies is therefore revealed.
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Accordingly, a small A{ECT,bdc?)-E(Tb™:°Ds)} in I leads to a critical energy-back transfer
manifested through a declining of the emission intensity, despite the presence of phth*. These

results imply the sensitization process between each antenna and the Ln" to be independent.
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Fig. 6.11 Depiction of (a) the temperature dependent A parameters of VI-VIII, and the sensing
performance of VIII in terms of (b) S: of VI-VIIL, (c) 67, and (d) R based on ten successive

measurements.

Table 6.2 Photoluminescent © (ms) and #gr (%) at room temperature for I, IT and VI-VIII
7(Tb™:*Ds—"Fs)  t(Eu':’Do—"F2)  7er

I, JEu)bdc(o.5)phthOH20([ , - 0.256 R
1, ]Tb)bdc(o.s)phthOH20([ 1.17 - :
VI, ]Euo,1ooTbo_goo)de(o,s)phthOHzO(z[ 0.533 0.524 54.5
V11, ]Eu0.230Tbo.770)bdc(o.5)phth(YH20(2[ 0.308 0.383 73.6
VHI, ]EUQ_33oTbo,67o)b dC(o,s)phth()HzO(z[ 0.222 0.389 81.0

With reference to ten successive measurements at two different temperatures (343 and 383
K), the values of temperature resolution (87) in term of percentage deviation of the temperature
read outs (%) and repeatability of the measurement (R) were determined. An excellent 87 of 1.36%

at 343 K and 0.71% at 383 K with R >98% were achieved for VIII. Noticeably, better sensing
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performance was noticeably yielded at higher temperature. The room temperature lifetimes (t) were
also determined from the Eu™;’Dy—"F; (tgu) and the Tb™:3Ds—"Fs (1) emissions (Table 6.2),
showing the truncated t15 and the extended teu in VI- VIII compared with the corresponding values
of I and II. The Tb™-to-Eu™ energy transfer efficiencies (7gr) in VI-VIII were calculated,
displaying the successive enhancement in #er from VI to VIII of which approximately 81%
efficiency was revealed. These results are in excellent agreement with aforementioned tendencies.

111

In accordance with the yielded data, the crucial influence of the Tb"-to-Eu'" energy transfer of

which the efficiency depends on the Eu™

content can therefore be concluded. The promotion of the
divergence in temperature dependent intensities of the two emitters and the enhanced S; can also
be accounted for. The improved #er would result in a greater loss in Tb'"™:5Ds—"Fs (tr) intensity
but a gaining in Eu™:’Dy—"F; (try) intensity leading to their divergent temperature dependency.
The S: which is one of the practical parameters determining the sensing performance is
consequently enhanced. This finding is consistent with previous reports on the association between

m

the enhancement of #er and the Eu™ acceptor content and the evidence for the importance of the

Tb"-to-Eu'" energy transfer to the improvement of S; which is notably rare [1,11,12].

6.5 Conclusion

Based on a series of monometallic and bimetallic [Ln(bdc)o.s(phth)(H20)2] of which the
structures are intimately relevant to [Ln(ad)o.s(phth)(H20).] [1], the influences of mixed bdc? and
phth? antennae on temperature dependent photoluminescent behaviour and temperature sensing
performance were studied. Despite being effective antennae, the co-existence of phth* and bdc*
evidently resulted in poorer S; compared with [Ln(ad)o.s(phth)(H20).] containing only phth?, over
the same working tem;ierature range of 303-423 K. The energy gap between the E(°T) of each

I need to be separately considered. The crucial

antenna and the accepting levels of each Ln
influence of the Tb™-to-Eu'™ energy transfer on S; and its dependency on the content of Eu™ have
been displayed. With reference to VIII as a representative of [Ln(bdc)os(phth)(H20):], the
maximum S; of 0.55%-K"! was revealed at 303 K before deteriorating to 0.33 %-K™' at 423 K. The
OT of 1.36% and 0.71% were however yielded at 343 and 383 K, respectively, with R > 98%,

indicating the characteristic temperature resolution and precision of the measurements.
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ABSTRACT

Six new lanthanide metal organic complexes, i.e. [Laz(NO>-BDC)3(H20)4] (1) [Ln(L)o5(NO2-BDC) (H20)]-
3H,0 (Ln = Eu (2), Tb (3), Dy (4) and Ho (5); L = BDC?~ or BDC?>"/NO2-BDC?) and [Tm(NOz-
BDC)15(H20)]-H20 (6), have been synthesized using mixed ligands of benzene-1,4-dicarboxylic acid
(H2BDC) and the in situ generated 2-nitro-benzene-14-dicarboxylic acid (NO2-BDC?). Single crystal
structures and topologies of the complexes are presented based on the single crystal X-ray diffraction
and spectroscopic data. Whilst the structures of 1 and 6 contain negligible voids, the frameworks of 2—5
are microporous in nature and stable upon the removal of all the water molecules from the structures
and thermal treatment to over 400 °C. Based on the study of 2, significant adsorption capacities for
carbon dioxide (95 cm3-g~" or 4.2 mmol-g~*) and hydrogen (79 cm®-g~" or 4 mmol-g!), as well as the
remarkable stability of the framework upon the sorption/desorption experiments are revealed.

Gas adsorption
Crystal structure

© 2017 Published by Elsevier Inc.

1. Introduction

Environmental impact caused by the emission of greenhouse
gases has become a major global concern which therefore de-
mands technologies to control the emission of such gases espe-
cially carbon dioxide which is reported to be the primary culprit
for the rising of global temperature [1,2]. Despite extensive
research on the capture of carbon dioxide in the last two decades,
none of the existing technologies have fulfilled the target perfor-
mance criteria; for example, large capture capacity, high selec-
tivity, optimal affinity and high stability under capture and
regeneration conditions |3—5]. Among the capturing techniques
under investigation at the present, solid sorbent materials and
metal organic frameworks (MOFs) draw an immense interest as
the most promising candidates. This is due to their unprece-
dentedly high active surface area, remarkably large void volume,
structural and chemical robustness, and potential to-be tailor-
made, up-scaled and made into membranes [4,6—8]. Since the

* Corresponding author.
E-mail address: apinpus.rujiwatra@cmu.ac.th (A, Rujiwatra).

http:Hdx.doi.org/ 10,1016/} micromeso0.2017.06.003
1387-1811/® 2017 Published by Elsevier Inc.

first report of [Zn(BDC)]-(DMF) (H20) (BDC = benzene-14-
dicarboxylate and DMF = N,N’-dimethylformamide) with prom-
ising carbon dioxide capture capacity {9], several series of new
MOFs with encouraging performance have been reported. Stra-
tegies to enhance the capture capacities and selectivity such as the
generation of unsaturated or open metal sites, the fabrication of
flexible interpenetrating frameworks, and the installation of
desired functionalities on the organic linkers have been proposed
[4.10,11]. Regarding the open metal sites, lanthanide metal ions
are deemed to be judicious choices as they tend to include small
solvent molecules in their coordination sphere which can be
removed to generate open metal sites without framework
disruption. In addition, there is a tendency for lanthanide metal
ions to provide robust frameworks of high dimensionality with
adjustable pore characteristics. The study of lanthanide MOFs for
carbon dioxide capture has thus far been limited with only few
examples reported; Tba(BDC)s [12], Th(BDC)NOs [13] and [Ln
(TPO)(HCOO)]-(MezNHz)-(DMF)4-(H20)s (Ln = Y and Euy,
H3TPO = tris-(4-carboxylphenyl)phosphineoxide, DMF = N,N-
dimethylformamide) {14].

Here, a series of six new lanthanide MOFs have been designed
and synthesized using NO,-BDC?~ and BDC?*™ as the primary
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linkers because of its tendency to generate microporous frame-
works which was reported to be suitable for carbon dioxide capture
[9,15]. In situ nitration was employed to introduce the nitro group to
BDC?~ and therefore to generate the multivariate frameworks
comprising both BDC?~ and NO,-BDC?~ linkers. The inclusion of
the nitro group was intended to increase the interaction of the
framework and carbon dioxide {16]. Four of the six reported com-
plexes are microporous with accessible voids, extraordinary sta-
bility and significant gas capture capacities. The
photoluminescence properties of the complexes have also been
investigated.

2. Experimental
2.1. Materials and methods

All chemicals were obtained commercially and used without
further purification; Lay03 (99.9%, Merck), Euz03 (99.9%, Merck),
Th,03 (99.9%, Merck), Dy,03 (99.9%, Fluka), Ho203 (99%, Prolabo),
Er,03 (99%, Fluka), Tmy03 (99%, Merck), HNOs (>90%, Sigma-
Aldrich), benzene-1,4-dicarboxylic acid (HzBDC; CgHgOs4, 97%,
BDH), and 1,4-diazabicyclo [2.2.2]octane (DABCO; CgH12N2, 98%,
Sigma-Aldrich).

Infrared (IR) spectra were recorded using a Bruker Tensor 27
FT-IR instrument and KBr discs (98.5%, BDH). Thermogravimetric
analyses were conducted on a Perkin Elmer Pyris Diamond TG/
DTA using a heating rate of 10 °C-min~! from room temperature
to 1000 °C in a nitrogen gas flow. Powder X-ray diffraction
(PXRD) experiments were conducted using a Bruker D8 Advance
X-ray diffractometer operated with Ni filtered Cu Ko radiation
(A = 1.5418 A, 48 kV, 30 mA). The gas sorption experiments were
performed using a BELSORP-mini II instrument in a range of
0~1 bar pressures, Ultra-pure research grade nitrogen, hydrogen
and carbon dioxide gases were used. The samples were heated at
250 °C for 2 h under vacuum before the measurements which
were performed at 77 K for the nitrogen and hydrogen and at
195 K for the carbon dioxide. Photoluminescence spectra were
collected at room temperature using an Avantes Multichannel

spectrometer with the Ocean Optics LED 255 nm excitation
source.

2.2. Hydrothermal syntheses of 16

To synthesize [Lax(NO2-BDC)3(H,0)4] (1) [Ln(L)o5(NO2-BDC)
(Hz0)]-3H20 {Ln = Eu (2), Tb (3), Dy (4) and Ho (5); L = BDC?*~ or
BDC2~/N0O,-BDC%} and [Tm(NO2-BDC)15(H20)]-H20 (6), the solu-
tion of the corresponding Ln;03 was first prepared by dissolving
the Ln;05 (1.70 mmol) in 1.00 mL of concentrated HNO3 aqueous
solution. Each solution was then mixed with 10.0 mL of an aqueous
solution containing H2BDC (4.0 mmol) and DABCO (4.0 mmol) with
vigorous stirring, The LnyO3: HNO3: H,BDC: DABCO: H,0 mole ratio
of every reaction was 1.70: 5.16: 4.00: 4.00: 556. The reactions were
performed using a 23.0 mL Teflon lined hydrothermal autoclave
under an autogenous pressure generated at. 180 °C for 24 h, and
afforded a few crystals as the solid products.

2.3. X-ray crystallography

Diffraction data of 1 and 6 were collected on a Bruker APEX-II
CCD diffractometer and a Stoe IPDS2 image plate diffractometer,
respectively, whereas those of 2—5 were collected on a Bruker D8
QUEST CMOS diffractometer. The machines were operated using
Mo K. radiation (A = 0.71073 A) at 298 (2) K for 1-5 and 150 (2) K
for 6. Data reduction and an adsorption correction of 1-5 were
performed with the SAINT | 17] and SADABS | 18] software packages,
whilst that of 6 was done using the Tompa method [19]. The
structures were solved by direct methods implemented within
SHELXS-86 {20} and full-matrix least squares refinements were
carried out on F? for all data with the program SHELXL-97 [20] via
either the WinGX [21] or the OLEX2 [22] program interfaces, Non-
hydrogen atoms were refined anisotropically, and the hydrogen
atoms on the organic ligands were located at ideal geometrical
positions using a riding model. No hydrogen atoms were assigned
on the unbound water molecules. Crystallographic and refinement
data are summarized in Table 1.

Table 1
Crystallographic data and structure refinement summary of 1-6.
1 2 3 4 5 6

CCDC 1517770 1517767 1517771 1517766 1517768 1517769
Chemical formula LayCa4H;14N3022 EuCi2Ha69N13101262  TbCizHa6sN13201264 DyCi2HsNOq2 HoCy2H7NO,> TmC;,HaN1 501,
Formula weight 974,20 521.09 528.50 517.67 520.10 514,10
Temperature/K 293 (2) 273.15 273.15 273.15 273,15 150 (2)
Crystal system Triclinic Orthorhombic Orthorhombic Orthorhombic Orthorhombic Monoclinic
Space group PT Pbca Pbca Pbca Pbca C2fc
a/A 9.7849 (5) 6.8849 (2) 6.8451 (9) 21.6689 (3) 6.7919 (3) 16.5383 (13)
bjA 10.9160 (6) 21.8286 (7) 21.731(3) 22.8825 (10) 21.6514 (11) 11.2800 (13)
c/A 15.6249 (8) 23.0388 (7) 22.936 (3) 6.8125 (11) 22.8375 (10) 15.2694 (15)
afv 82.299 (2) 90 90 Q0 90 90
Bl 77.197 (2) 90 90 20 90 90.350 (7)
¥° 63.398 (2) 90 90 90 90 90
Volume/A? 1453.99 (13) 3462.45 (18) 3411.7 (9) 3377.9 (6) 3358.3(3) 2848.5 (5)
Z 2 8 8 8 8 8
Peaicmg/mm> 2.225 1.999 2,058 2.036 2,057 2.398
;4/mm'1 3.001 3.685 4,215 4488 4.777 6.299
F (000) 917.0 1998.0 2016.0 1968.0 1976.0 1948.0
Crystal size/mm? 0.08 x 0.06 x 0.05 0.18 x 0.14 x 0,12 0.2 x 0.16 x 0.14 04x02x02 04 x 0.2 x 0.2 0.45 x 042 x 0.25
Radiation Mo K, (A = 0.71073) Mo K, (A =0.71073) Mo Kz (A =0.71073) Mo K, (A=0.71073) MoK, (A=0.71073) Mo Ky (A= 0.71073)
Datarestraints/parameters  9378/7/450 4295/1/244 4780/1/244 5906/0/232 4174/0/232 3127/1/258
Goodness-of-fit 1.087 1.089 1.159 1.120 1.130 0913

R(F), Ry [1>26 (1)
R (F®). Ry, (all data)

0.0398, 0.1040
0.0540, 0.1137

0.0389, 0.0913
0.0519, 0.0969

0.0377, 0.0882
0.0438, 0.09508

0.0254, 0.0577
0.0355, 0.0589

0.0445, 0.1090
0.0561, 0.1143

0.0519, 0.1209
0.0626, 0.1263
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Fig. 1. Views of (a) an extended asymmetric unit drawn as 50% thermal ellipsoids, (b) the three-dimensional framework, and (c) the simplified pcu «-Po topology of 1. Symmetry

operations: (i) 2-x, -1-y, 1-z (ii) 2-x, -y, 1-z (iii) x, =14, Z (V) X, 1 + ¥, 2 (V) 1-X, 1=y, 1-z (Vi) 2=, -y, 1-Z (vii) 1-x, -y, 1-Z (viii) 1-x, 2-y, 2-Z (ix) 2-X, -1-y, 2 (X} X, y, 1 + z.

Table 2

Summary of hydrogen bonding distances (d, A) and angles ( 2 ,°) observed in 1-6.
D-H---A d (D-H---A) £LD-H--A D-H--A d (D-H:---A) £LD-H--A
12 2!)
04w~H4wA---015i 2.996 (4) 143 07---0lw 2774 (9) -
O4w—H4wB.--07ii 3.003 (1) 146 Olw---02w 2.820(13) -
03w—H3wA---011iii 3.001 (3) 160 02w---03w 2956 (13) -
03w-H3wB:--013iv 3.416 (9) 162 02w---03wi 2855 (15) -
03w—H3wB---014iv 2.781 (0) 115 O1wii---03w 2.986 (15) -
02w—H2wA.:-02 3.077 (0) 148 0o2w---02 2.882 (9) -
0O2w—H2wB---013v 2.991(7) 146 C12..-05iii 2.820 (4) -
3¢ 4(‘
07i---01lw 2.778 (8) - 07---01w 2.788 (10) -
02---03wi 2.875(7) - O1wi---09Aii 3.208 (13) -
02w:--03wii 2.954(13) - O1wii---03w 2.909 (16) -
Olw---03w 2.952(13) - O3wii---02w 2.993 (15) -
010--02w 3.132(26) - 02w---03w 2.806 (15) -
Olw:--02w 2,952 (13) - Olw---02w 2.828(13) -
02wiii--09Biv 3.370(14) - C12..-05 2.788(7) -

(continued on next page)
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Table 2 (continued)
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D-H--A d (D-H---A) £D-H--A D-H--A d (D-H---A) £D-H---A
12 20

5¢ (3

07---01wi 2.778 (15) - C3-H3---08i 3.265 (15) 151
09Bi---O1wii 3.112(25) - C6—H6---09ii 2.858 (13) 101
O1wii---03wiii 2.813(19) - C7-H7---06iii 3.219(7) 140
02wiv---O3wiii 2.827 (24) - 09---02wiv 3.661 (13) -
O3wiii---09AvV 2.784(9) - Olw---08 2.984 (7) -
03w---02w 2.967 (24) - O1lw---02w 2647 (7) -
C12---04 2.784(9) — 02---02wv 2.856 (7) -

2 (i) =14, =14y, =1+2 (i) x, y, 1 + z (iii) 1-x, 2-y, 1-z (iv) X, 3-y,
P (i) 05 + x. y, 0.5-z (ii) —0.5 + X, y, 0.5-z (iii) 0.5 + x, 0.5 + y, -z (iv) 0.5-x, 0.5 + .z
€ (i) —0.5 + x, 1.5-y, 1-z (ii) 0.5 + x, y, 0.5-z (iii) 0.5-x, 1-y, 0.5 + z (iv) x, 1.5-y, 0.5 + z.

4 (i) —0.5 + x, y, 0.5-z (ii) X, 0.5-y, 0.5 + z.
€ (i) ~0.5 + x, 0.5-y, 1-z (ii) 1-x, 1-y, 1-z (iii) -x, 1=y, 1-z (iv) 0.5-%, 1-y, 0.5 4 z (V) 0.5-x, 0.5 + y, 2.

T () 3/2-%, 1/2 + y, 3/2-z (ii) 2-x, y, 3/2-z (iii) 3/2-x, -1/2 +y,3/2-z (iv) X, 2-y, -0.5 + 2.

1z(vix, 1+y,2

Fig. 2. Views of the extended asymmetric units of (a) 2 and (b) 4 both of which are drawn as 50% thermal ellipsoids. Symmetry operations for 2: (i) 0.5 + x, 0.5-y, 1-z (ii) x, 0.5-y,
0.5 + z (iii) 0.5 + x, y, 0.5-z (iv)1-x, -y, 1-z. For 3: (i) 1.5-x, 1-y, —0.5 + 2 (ii) 1.5-x, 0.5 + y, 2 (iii) x, 0.5-y, —0.5 + z (iv) 1.5-x, 1-y, 0.5 + z (v) x, 0.5-y, 0.5 + z (vi) 1-x, 1-y, 2-z.
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3. Results and discussion
3.1. Hydrothermal crystal growth and in situ ligand synthesis

Following our interest in extending the use of lanthanide ions in
fabricating new microporous frameworks {23}, six new complexes
have been synthesized. The colors of the crystals are in good
agreement with the characteristic colors of the corresponding
lanthanide ions. The crystals showed a tint of yellow color which is
consistent with the presence of the nitrated BDC>~ (NO,-BDC?")
derived in situ under strong acidic hydrothermal conditions [23,24].
The existence of NO2-BDC? is confirmed by characteristic u(C-N)
and u(N-0) in the IR spectra of all complexes (see Appendix). To the
best of our knowledge, these lanthanide MOFs can be regarded as
one of the very few multivariate lanthanide MOFs yielded by using
the in situ ligand synthesis strategy. It should be however noted
that the formation of nitrosamines may be possible under the
employed condition according to the previous literature reporting
on the formation of these powerful carcinogens under similar
synthesis condition [25].

The employment of the in situ nitration in the synthesis results
nonetheless in pronounced disorder in the structures of the syn-
thesized complexes. In the cases of 1 and 6 in which there are two
NO,-BDC* in the asymmetric unit, the nitro group on one of the
NO,-BDC? ligands in both structures shows disorder over two sites
with approximately equal occupancies of 50%. Similar site disorder
is also observed in the structures of 3 and 5 which are isostructural
to 2 and 4. The disorder in structures 2 and 4 is however more
complicated and similar to those observed in [Ln (NO,-BDC)
(L)os(H20)]-3H20 (Ln = Pr, Nd, Sm and Gd, and L = BDC?" or
BDC2~/NO,-BDC?) [23]. In addition to site disorder at the nitro
group of one of the NO,-BDC?" ligands, there are two types of
crystallographic disorder, including site and substitutional disorder,
at the nitro group of the other ligand. This suggests the co-existence
of both BDC?~ and NO»-BDC?" of which the nitro group on the NO,-
BDC? shows additional site disorder over two crystallographic sites
with equal site occupancy. The BDC?-to-NO,-BDC?" ratios in both
structures are intriguingly similar of approximately 0.7: 0.3. Given
the synthetic conditions the variable degree of nitration is not
unexpected.

Despite the addition of DABCO in the reaction, the absence of
DABCO in the title structures should be noted. The attempts to
synthesize the title complexes without the addition of DABCO were
however unsuccessful, suggesting the crucial role of this organic
base in the synthesis. Acid-base reaction between H,BDC and
DABCO can be assumed [26]. The deprotonation of the carboxyl
groups of HaBDC by such acid-base reaction should generate free
carboxylate groups on the organic ligands to coordinate lanthanide
metal ions.

3.2. Crystal structures of 1-6

[Laz(NO2-BDC)3(H20)4] (1). Complex 1 crystallizes in the
triclinic space group PT with two unique lanthanum ions in the
asymmetric unit (Fig. 1a). The two distinct: lanthanum ions are
similarly eight-fold coordinated by eight oxygen atoms from the
carboxylates of six NO,-BDC?" and two coordinated water mole-
cules, and form a distorted square-face bicapped trigonal prismatic
unit, TPRS-{LaOg), alike. All of the NO,-BDC?*" function as the tet-
radentate linkers using the pg-n':n*:n':n' coordination mode,
leading to the formation of the three-dimensional [Laz(NO,-
BDC)3(H20)4] framework. The framework of 1 is a dense framework
without any void according to calculations using PLATON [27}, and
can be viewed as being composed of two-dimensional puckered
layers spreading in the ac plane which are further pillared by the

organic ligands in the direction of b (Fig. 1b). The framework can be
simplified to the uninodal 6-connected pcu «-Po net with {4'%.6%}
point symbol using the TPRS-{LaOg} units as nodes and the NO;-
BDC? as linker (Fig. 1c). The framework of 1 is governed mainly by
very strong O—H.--O hydrogen bonding interactions involving
every coordinated water molecules and the nitro groups of NO,-
BDC% (Table 2). The hydrogen bonding interactions are in good
agreement with the apparent disorder in the structure of 1 and
additionally result in an arrangement of the organic ligand that
prohibits any w-w interaction.

[Ln(L)o.5(NO2-BDC) (H20)]-3H20 {Ln = Eu (2), Tb (3), Dy (4)
and Ho (5); L = BDC?~ or BDC2—/NO,-BDC%}. Complexes 2—5 are
isostructural and crystallize in the same orthorhombic space group
Pbca (Table 1). The unit cell parameters of 2—5 are in good agree-
ment with those of [Ln (NO2-BDC) (L)o,5(H20)]-3H20 (Ln = Pr, Nd,
Sm and Gd; L = BDC*>" or BDC?>"/NO,-BDC?*) [23], with a
descending tendency across the series attributed to the lanthanide

Fig. 3. lllustrations showing (a) the three-dimensional framework and (b) the
simplified NbO topology of 2 (as a representative of 2—5).
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h... b, a

c)

Fig. 4. Views of (a) an extended asymmetric unit drawn as 50% thermal ellipsoids, (b) a dense three-dimensional framework, and (c) the simplified pcu @-Po topology of 6.
Symmetry operations: (i) 0.5 + X, 1.5-y, 0.5 + z (ii) 1.5-x, 0.5 + y, 1.5-z (iii) 2-x, . 1.5-z (iv) x, 1 + y, 2.

contraction. The asymmetric units of 2—5 are similar comprising
only one unique lanthanide metal ion which exhibits the same
nine-fold coordination of the square-face capped square anti-
prismatic geometry, SAPRS-{LaOg}, as exemplified in Fig. 2. Two
modes of coordination including the pgn':n'm?m? and pg-
ntmtintin! are adopted by the ligands upon the coordination
leading to the formation of the one-dimensional {Ln (13-0CO)4 (t2-
0C0)2 (n'n!-0C0) (OH3)} chains extending along the direction of a
(Fig. 3a). These chains are further linked by the ligands to form a
three-dimensional framework which can be simplified to the four-
connected uninodal NbO net (Fig. 3b).

The framework includes the one-dimensional rectangular
channel extending in the same direction as the {Eu (p3-0CO)4
(112-0CO)2 (n,1'-0CO) (OH,)} chains, housing the unbound water
molecules. In the same fashion to [Ln (NO,-BDC) (L)os(H20)]-

3H,0 [23], these unbound water molecules are organized as the
edge-shared pentagons by strong hydrogen bonding interactions
(Table 2). Besides the hydrogen bonding interactions, there are 7~
7 interactions between the adjacent organic ligands. The dis-
tances and angles between the centroids of the two aromatic
rings, range from 4.022 A and 78.7° in 2 (Eu) to 3.951 A and 78.0°
in 5 (Ho). The effective sizes of the channel openings of 2—5 are
similar (4 x 8 A%) which is also similar to those of [Ln (NO2-BDC)
(L)os(H20)]-3H;0 [23]. If the unbound water molecules are
excluded, the solvent accessible void volumes of 895.7 A3 (2;
25.87%), 848.7 A3 (3; 24.88%), 825.4 A3 (4; 24.40%), 809.0 A3 (5;
24.10%) could be calculated. The slight decrease of these values
across the lanthanide series are in good agreement with the
lanthanide contraction.
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[Tm(NO2-BDC)1,5(H20)]-H20 (6). Complex 6 crystallizes in the
monoclinic C2/c space group comprising only one unique thulium
ion which is eight-fold coordinated in a distorted square-face
bicapped trigonal prismatic geometry, TPRS-{TmOg} (Fig. 4a).
Every two TPRS-{TmOg} motifs are linked by four carboxyl
bridges, ie. 2 x pp-ntin! (010-C14-010 and 07—-C9—07) and
2 x pp-n*m' (05-C8-06), to form an edge-shared {TmyO12}
dimer (Fig. 4b). These dimers are then connected by the NO,-
BDC? ligands through ps-n":n':in':n! and pg-nn'in'n! modes
of coordination establishing the three-dimensional framework.
There are rectangular channels extending along the direction of b
of the framework housing the water of crystallization. The crys-
tallizing water molecule is in close proximity to both the coor-
dinating water and the carboxylate oxygen atoms rendering a
strong O—H---O hydrogen bonding interactions (Table 2). The
framework structure of 6 is further stabilized by the other
extensive weak interactions, including the weak C-H:--O
hydrogen bonding and the aromatic w-n parallel-displaced in-
teractions. The distance and angle between the centroids of the
two aromatic rings of two adjacent NO,-BDC?" are 3.929 A and
82.5°, respectively. The framework of 6 notably contains negli-
gible solvent accessible void. If the edge-shared {Tm;013} dimer
is regarded as node with the organic ligand as a linker, the
framework of 6 can be intriguingly simplified to the same unin-
odal pcu o-Po net as that of 1 (Fig. 4c), although degrees of
puckering of the two nets are different. According to the

161

literature, the structure of 6 is isostructural to those of the
recently reported [Lny(NO,-BDC)3(H;20);]-2(H20) (Ln = Sm, Eu,
Gd, Tb, Er) which were synthesized directly using the NO;-H,BDC
ligand under hydrothermal and slow evaporation conditions [28].

Intriguingly, the eight-fold coordination as found for the unoc-
cupied f orbital in lanthanum ion (1) and the smallest thulium ion
(6) results in similar dense frameworks with negligible void and the
same pcu o-Po topology. This is however not the case for [Lna(NO;-
BDC)3(H20)2]-2(H20) (Ln = Sm, Eu, Gd, Tb, Er), where the NO,-
H,BDC was used as the sole linker during the synthesis [28]. This
implies the influence of the NO,-BDC? linker in regulating the
construction of such a dense framework which may be due to the
steric nitro group on the linker, and the crucial role of the BDC?~
linker in providing genuine microporosity to the derived
frameworks.

3.3. Thermal stability and gas sorption behavior of 2

To investigate gas sorption behavior of the reported micropo-
rous complexes, thermal stability of 2 (as a representative of 2—5)
was investigated by thermogravimetric analysis. It is apparent that
the complex remains stable up to over 400 °C (Fig. 5) despite the
two successive losses of both the unbound and the coordinating
water molecules (RT-180 °C; exp. 10.0%, calcd. 10.5%). Nonetheless,
such losses resulted in the vanishing of the long-range order in the
cdirection revealed by the disappearance of the (0 0 ) reflections in

. ! L ] '
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Fig. 5. The PXRD pattern of the pristine sample of 2 compared with the pattern simulated from single crystal data and those of the treated samples with the enlargement of the low

26 area and the thermogravimetric curve in the insets.
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Fig. 6. Gas sorption/desorption isotherms of (a) nitrogen (b) carbon dioxide and (c)
hydrogen gases.

the PXRD pattern. The importance of the hydrogen bonded water
molecules which are organized in the framework void in regulating
the framework is therefore illustrated. The persistence of the h00
and 0kO reflections with appreciable intensities, on the other hand,
suggests the retention of the framework crystallinity in the other
two directions. A slight shift of the (0 2 0) diffraction peak to lower
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Fig. 7. Photoluminescence spectra (solid lines) of (a) 1 (as a representative of 1 and

4-6) (b) 2, and (c) 3, compared with those of the H,BDC (dotted lines).

20 for the heat-treated samples implies the modest alteration of the
framework structure after the losses of the water molecules.
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Stability of the framework and the retention of the framework
microporosity after the removal of the water molecules were
confirmed by the classical type [ sorption isotherm of the nitrogen
gas collected at 77 K (Fig. 6a). The surface area of 543 mz-g‘1 could

be calculated based on the BET model with an average pore size of

1.2 nm.

The sample exhibited similar adsorption behavior for carbon
dioxide gas (Fig. 6b). The sudden uptake of the gas signifies the
interactions of the gas molecule with the unoccupied coordination
sites on the europium ions generated by the removal of the coor-
dinated water. The maximum gravimetric capacity of approxi-
mately 19 wt%, which is equivalent to 95 cm?-g~! or 4.2 mmol-g~*,

wac achieved at pvfrnmnhl lows pressure of less than 10 kPa or

0.1 bar. This value is much higher than those reported for zeolitic
materials {3], and comparable to some recently reported MOFs

under similar measurine temuneratures and noressures such as
MLGET GLasUning npl vo wil priSiuils Sulad Qs

[(N12L2) (bptc)]-6H20-3DEF, [(N12L4) (bptc)]-14H,0 (bptc?~ = 1,1'-
biphenyl-3,3",5,5'-tetracarboxylate, DEF = N,N-diethylformamide)
[28], and [Cozs (btc) (Hbtclys (atz) (CH3CN) (H;0)]-Hz0
(Hsbtc = 1,3,5-benzenetricarboxylic acid, atz = 3-amino-12,4-
triazole) [30]. In addition to the interactions to the exposed euro-
pium ions, the interactions between the polar nitro groups on the
NO,-BDC?" linker and the carbon dioxide molecule {30—-32] should
also contribute to the significant uptake capacity in 2. Intriguingly,
this capacity was retained even after six cycles of sorption/
desorption experiments with the intact framework crystallinity
revealed by both the powder (Fig. 5) and single crystal X-ray
diffraction experiments. A single crystal that had been used for six
cycles of gas sorption was exposed to air for a period of a few weeks
and then examined by single crystal X-ray diffraction. This
demonstrated that the same network present in the pristine sam-
ple is retained. The structure refinement of this crystal (data to
56.5° 20 for Mo radiation) converged with R = 4.53% and wR
(F) = 7.13%. The stability of the framework and therefore recycla-
bility of the material is one of the most desired properties for the
storage applications {33].

Rather than an abrupt increase in gravimetric adsorption like
that observed for the nitrogen and carbon dioxide gases, the uptake
of the hydrogen gas by 2 gradually occurred over a range of pres-
sures before reaching approxnmately 0.80 wt% at 1 bar, which is
equivalent to 79 cm®.g~! or 4 mmol-g~" (Fig. 6¢). This gravimetric
sorption capacity is comparable to those reported for the best
zeolite ZSM-5 [34] and the series of Co-INA, CO-FINA and IRMOF
{35]. The rather small gravimetric capacities observed for 2 attri-
butes partially to relatively heavy framework compared to the light
weight of the hydrogen gas. The gradual increase in the sorption
with increasing pressure at low temperatures is notably charac-
teristic of the physisorption process in the microporous solids [36],
which is reported to be potential for the pressure swing adsorption
processes [37]. Regarding the structure of 2, the sorption of the
hydrogen gas should occur through the interactions with the
electron rich phenyl rings of both the BDC?~ and NO2-BDC? linkers
[38].

3.4. Photoluminescence properties of 1—6

The NO»-BDC?" ligand has been reported previously as a poor
sensitizer in [Ln (NO,-BDC) (L)5(H;0)]-3H,0 [23] and the closely
relevant [Lny(NTA)3(0H3)2](H20); (Ln = Sm, Eu, Gd, Tb, Er and
H,NTA = 2-nitroterephthalic acid) {28}, which is also true for the
complexes reported here. Upon the excitation at 255 nm, similar
broad bands covering almost the entire region of the visible light
derived from the intra-ligand charge transfer (ILCT) transitions is
present, as exemplified in Fig. 7. Characteristic emissions of the
europium (2; 5Dg—>7Fj,j =1, 2, 3,4) and terbium (3; 5D4—>7FJ,] =3,

4, 5, 6) can, nonetheless, be observed. These emission bands are
significantly less intense relative to other europium and terbium
complexes which agree with the poor sensitizing role of the NO,-
BDC? ligand. The relatively high intensity of the Dy — ’F; band in
the spectrum of complex 2 can be attributed to the absence of the
inversion center at the europium ion crystallographic site {28].

4. Conclusions

By employing the H2BDC ligand and the in situ nitration reac-
tion, six new lanthanide metal organic complexes have been syn-
thesized; [Laz(NOZ-BDC)g(H20)4] (1) [Ln(L)g 5(N02-BDC) (HZO)]
3H20 (Lu = Eu {2}, T {(3), Dy (4) and Hu (3); L = BDC™™ w BDC? i
NO,-BDC?) and [Tm(NO2-BDC);. 5(H20)]-H,0 (6). Complexes ﬁahd
6 are can be simplified to the same topology of pcu ¢-Po net despite
the different framework structures, and the isostructurai frame-
works of 2—5 can be simplified to the NbO net. Whilst the frame-
works of 1 and 6 contained negligible void, those of 2—5 are
microporous in nature with similar void opening of 4 x 8 A% and
solvent accessible void volumes varying in a range of
809.0-895.7 A3, Complex 2 (as a representative of 2—5) exhibits
exceptional stability upon the loss of all the water in the structure
and also the heat treatment. After the loss of the water, the BET
surface area of 543 m?-g~1 and an average pore size of 1.2 nm can
be calculated for 2, which shows significant adsorption capacities
for both carbon dioxide (95 cm®.g~! or 42 mmol-g~!) and
hydrogen gases (79 cm>-g~! or 4 mmol-g~?). The framework shows
high stability even after six cycles of sorption/desorption experi-
ments. The poor sensitizing ability of the NO,-BDC?% ligand has
been illustrated.
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Abstract

A series of monometallic [Ln,(BDC);(DMF),(H,0),], (Ln = Eu', Gd™, Tb'!; H,BDC
= benzene-1,4-dicarboxylic acid; DMF = dimethylformamide) and the lanthanide
luminophores-loaded [LnyGd,.«(BDC);(DMF),(H;0),], (Ln = Eu'l' and Tb!!!) were synthesized
and used in photoluminescent study. The dependence of emitting colors of [Ln,Gd,.
x(BDC)3(DMF),(H;0),], on the luminophore contents is reported and discussed based on the
sensitization efficiency of BDC? antenna. On the basis of an explicit change in the emitting
colors of [Eu,Gd, «(BDC)3(DMF),(H,0),],, colorimetric analysis has been introduced as a new
and effective strategy to establish ratiometric-thermometric parameters. Within the sSRGB and
CIE XYZ color matching systems, the temperature-dependent ratiometric-thermometric
parameters could be derived from both x/(x+y) and R/(R+G) over 303-348 K covering
physiological temperatures. Temperature resolution in term of standard deviation of the
measurements, repeatability and relative sensitivity of the successive measurements have been
evaluated and are reported.

Keywords Lanthanide, Coordination polymer, Thermometry, Colorimetry, Ratiometry
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1. Introduction

Through self-assembly and modularity characters of lanthanide coordination polymers
(LnCPs), their framework architecture and function can be reasonably tailored despite
difficulty raised by the coordination chemistry of the lanthanides (Ln). In concert with the
unique photoluminescent properties, LnCPs have introduced new opportunities to a wide range
of applications, e.g. gas storage and separation [1,2], sensing [3,4], and biomedicine [5].
Amidst the emerging opportunities, application in a non-invasive temperature sensing has
gained zealous attention due to the unique characteristics only LnCPs can offer, e.g. rapid
response, viability in grueling conditions, and excellent temperature and spatial resolution. The
implementation of ratiometry or self-reference has in addition encouraged the research in this
field. Since the first introduction of [Eug 4069 Tbg.9931-DMBDC] (DMBDC = 2,5-dimethoxy-1,4-
benzenedicarboxylate) as a potential photoluminescent temperature sensor [6], numerous
candidates have been reported [7-10].

Thermometric parameter (A) which is fundamental in temperature sensing can be
derived from any temperature dependent responses. Regarding the LnCPs, the ratiometric A
has been thus far calculated solely from intensity ratio of two luminophores which are mostly
Eu'! and Tb™ co-existing in the same framework structure [10,11]. The enhancement of
sensing performance has been concentrated entirely on the tailored modification of structural
building modules, particularly the antenna and therefore the triplet state energy. Recently, a
multifunction fit has been proposed as an alternative strategy for data analysis, leading to a
substantial improvement in accuracy of the detection [12].

Colorimetry, which is a technique based on the dependence of the sensing probe’s color
on the target analyte, has been widely employed in both biosensing and chemical sensing based
primarily on spectroscopic data [13-15]. Since every spectral data contains colorimetric

information which can be described using various color matching systems, e.g. sSRGB which is
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the common working space in digital photography and CIE XYZ which has been established
by the International Commission on Illumination as a standard to scientifically define light
colors [16-18]. Based on the CIE XYZ values, the colorimetric parameters x and y can be
derived and used in defining light colors irrespective of its luminance [16]. Since they are
directly related to spectral data, both parameters can, in principle, be the basis for the derivation
of the ratiometric A parameter.

Here, the temperature dependent photolulﬁinescent behavior in term of colorimetry of
Eu'- and Tb"-loaded Gd™ complexes, i.e. [EuyGdy<(BDC):(DMF),(H,0),], (IV-VII) and
[TbyGd,x(BDC)3(DMF),(H20).], (VIII-XI), were investigated in relative to the corresponding
monometallic [Lny(BDC);(DMF),(H,0),], where Ln = Gd™M (I), Eu (II), Tb" (III).
Colorimetric analysis was attempted with [EuyGd,x(BDC)3(DMF),(H,0),]s, providing
explicit change in emitting colors despite the poor quality spectrum. With reference to two
color matching systems, i.e. CIE XYZ and sRGB, the temperature sensing performance was

evaluated.

2. Experimental
2.1 Materials and Methods

All chemicals were obtained commercially and used as-received; Gd,O; (Sigma-
Aldrich, 99.9%), TbsO; (Sigma Aldrich, 99.9%), Eu,O; (Merck, 99%), benzene-1,4-
dicarboxylic acid (H,BDC; BDH, 65%), HNO; (Carlo Erba, 65%), N,N-dimethylformamide
(DMF; Fisher Chemical, 99.98%). The Ln(NOs);-xH,O were prepared by dissolving the
corresponding lanthanide oxide in aqueous solution of HNO; (7.6 mol-L™"), from which the
Ln(NOs)3-xH,O was crystallized. Powder X-ray diffraction (PXRD) patterns were recorded

using a Rigaku Mini Flex II X-ray diffractometer (Cu K,,, 40 kV, 15 mA).
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Temperature dependent photoluminescent spectra were collected using an ASEQ LR-
IT broad range spectrophotometer equipped with a LTB MNL-100 pulsed nitrogen laser
excitation source (A = 337 nm, angle of incidence = 20°). The measurements were conducted
on single crystals which were placed on a glass sample holder. The stray light was filtered out
using a UV optical band-pass (<400 nm). The temperature controlling compartment was set up
using a Dual Digital F/C PID temperature controller furnace Kiln oven, type K thermocouple
and a boxcar data acquisition system (ASEQ spectra program version 9.5) provided with ASEQ
LR-1T spectrophotometer. The temperature dependent experiments were performed for the
303-393 K range, and a DC-3006 cryogenic tank was installed to stabilize the programmed

temperatures.

2.2 Hydrothermal Synthesis of I-XI
To synthesize colorless crystals of I, Gd(NOs);-5H,0 (180 mg, 0.413 mmol) and
H,BDC (144 mg, 0.867 mmol) was first dissolved in a mixed solvent prepared from 3.00 mL

each of deionized water and DMF. The solution was then sealed in a 10 mL glass bottle and
kept at 80 °C for 6 h. After cooling down to room temperature, crystals of 1 were collected by
filtration. The same procedure was adopted for the synthesis of II and III, but replacing
Gd(NO;)3-5H,0 with Eu(NO;3)3-6H,0 (IL: 35.0 mg, 0.0785 mmol) and Tb(NOs);-6H,0 (111,
22.6 mg, 0.0499 mmol).

The Eu'"-loaded Gd™ complexes were prepared by first dissolving Gd(NO3);-5H,0
(180 mg, 0.413 mmol) in 1 mL of an aqueous Eu(NO3)3-6H,0 solution contained in a 15 mL
glass bottle. The 1 mL aliquot of Eu(NO;);-6H,0 solution was prepared by diluting the
concentrated Eu(NO;);-6H,O solution (0.0785 mmol'mL!) to varied concentrations
(umol'mL-1): IV 0.785, V 1.57, VI 3.14, VII 6.28. A 9 mL of H,BDC (144 mg, 0.867 mmol)

in DMF was then added into each aliquot of the prepared lanthanide solution, which was then
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tightly closed and kept at 80 °C for 6 h. The Tb™-loaded Gd"" complexes were prepared under
similar synthesis conditions as IV-VII but diluting Tb(NOs3);-6H,0 solution (0.0499 mmol-mL-
1) to varied concentrations (umol'mL"): VIII 0.499, IX 1.00, X 2.00, XI 3.99, instead of

Eu(NO3)5-6H,0 solution.

3. Results and Discussion

According to the PXRD data (Fig. 1), the monometallic I-IIT and the Eull- and Tbll-
loaded TV-XI are isostructural with [Lny(BDC)3(DMF),(H,0),], (Ln = Gdl, Tb!) [16]. Due
to the trace amounts of Eull' and Tb™ in IV-VII and VIII-XI prohibiting the precise contents
to be determined by available techniques, their existence was conclusive from the characteristic
emissions of Eu™ and Tb™ in the corresponding photoluminescent spectra. Photoluminescent
studies of these complexes using the samples yielded from different batches of the synthesis

confirmedly provided repeatable results.

3.1 Temperature Dependent Emitting Colors of I-XI

According to references [20-22], the triplet state energy of BDC? is in an appropriate
range to sensitize the intraconfigurational /-f emissions of both Eu' and Tb™, which are
otherwise forbidden. With reference to the emission spectrum of I (GdW), where the
sensitization is nonviable (Fig. 2), the triplet state energy of BDC? could be estimated, i.e. 23
809 cm! (420 nm). With the excitation at 337 nm, the sensitization of IT (Eu™) and III (Tb™)
was exceptionally effective manifesting through the intense red Eu'l:SDy—7F, (J=1-4) and
green Tb™M:5D,—7F, (J=6-3) emission (Fig. 2). A broad and intense feature attributing to the
ligand-centered n*— emission as found in spectrum of I was absent confirming the effective
energy transfer from BDC? to both Eu'" and Tb'. The heating of II and III from 303 X to 393

K apparently did not cause any significant change in their emitting colors although the falling
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of Eu™:3Dy—"F, (J=1-4) and Tb™:5D,—F, (J=6-3) emission intensities were apparent. Peak
splitting was particularly observed for the Tb":5D;—F, (J=6-3) emissions at 393 X which
should be due to the thermally quenching of the D, [23].

Regarding the emitting color of the Eu!-loaded Gd!! complexes at room temperature
(Fig. 3), shades of the red color apparently depended on the Eul!! content. The increased Eull!
contents (from IV to VII) evidently instigated significant change in the emission colors of the
complexes, traversing from white (IV: 0.303, 0.351) to red (VII: 0.660, 0.330) which is close
to the color of the monometallic IT (0.680, 0.300). This is consistent with their emitting spectra
in which almost all Eu'':>Dy—7F; emissions were pronounced in the spectra of VI and VII,
whereas only the Eulll:’Dy—7F, (J =1, 2) could be observed for IV and V.

On the other hand, the increased Tb™ contents (from VIII to XI) did not induced any
practical change in the emitting colors of VIII-XI, all of which were yellowish green
corresponding to the CIE coordinates ranging from (0.307, 0.508) for VIII to (0.310, 0.529)
for XI. To the naked eye, the apparent color of VIII-XI was almost identical to the color of 11
(0.334,0.586). The insignificant alteration in green color of VIII-XI may ascribe to the
exceptionally effective sensitization of Tb!"' by BDC?, which is more effective than the Eyl!
case, leading to a dominating green color even with trace amounts of Tb! in the complexes.
This feature is well consistent with an energy gap between the triplet state energy of BDC*

and the accepting level of Tb!"! (°D4) which is more appropriate than that of the Eul! (°Dy).

3.2 Colorimetric-Ratiometric Temperature Dependence of IV

Owing to the white emitting color at room temperature of IV, it was chosen for further
colorimetric analysis. The thermally-induced color change in IV was distinctly visible despite
the poor Eu'l:*Dy—"F, emissions (Fig. 4). Upon the heating from 303 to 393 K, the emitting

color of IV gradually changed from white (0.315, 0.359) at 303 X to reddish pink (0.446, 0.291)
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at 393 K. The change was noticeably reversible upon successive heating and cooling cycles.
The thermally-induced non-radiative decay apparently imparted drastic effect on the ligand-
centered m*—n emission revealed via the substantial deterioration of the c'orresponding
emission band. Although similar influence was explicit for the Eu;Dy—’F, emissions, the
reduction in intensities was relatively insignificant.

Within the CIE XYZ color matching systems, the colorimetric coordinates (x,y) of
temperature dependent emitting colors of IV were noticeably aligned with a uniform tendency
and a regular gap between each coordinate. From the plots of the temperature dependent x and
y (Fig. 5), a diversion in temperature dependencies of the two parameters was vivid and a linear
correlation could intriguingly be established: R?(x) =0.994, R*(y) = 0.976. With reference to
these x and y parameters, linear correlation of x/y and x/(x+y) ratios with temperatures were
examined from which a better correlation was yielded for the x/(x+y) ratio. The temperature
dependent x/(x+y) ratio was therefore adopted for the calculation of the ratiometric A. Disparity
in temperature readouts from the expected values despite the high precision at temperatures >
363 K was however observed, which should attribute to the deviation of y parameter from
linearity. The working temperature range was therefore truncated to 303-348 X, from which an
excellent linear correlation (R?= 0.997) could be achieved. Over ten successive measurements
at three temperatures, the measurements provided satisfying repeatability (R) and temperature
resolution (J7) in term of standard deviation (SD) of the readouts although there were few data
points departed from the expected values. Based on these data the relative sensitivities (Sr) of
the measurements were calculated showing the descending tendency with the increasing
temperature providing the maximum (Sm) and the minimum values of 0.579 %-K! (303 K) and
0.494 %K' (348 K), respectively.

Since the emitting colors of IV are within the human eye perception [16], the CIE

coordinates x and y were converted to the R and G parameters of the SRGB color matching
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system using nix™ Color Sensor software package. Exceptional linear correlation (R?=0.999)
was achieved for the temperature dependent ratiometric A over the same temperature range if
the R/(R+G) ratio was employed (Fig. 6). On the basis of R and G parameters, the temperature
measuring performance of IV was glso evaluated, revealing improved SD (6T) and R for the
ten successive measurements compared with the CIE XYZ case. In a similar fashion to the
measurements based on the x/(x+y) ratio, the Sr of the measurements based on the R/(R+G)
ratio also declined with the rising of temperature. Considerable enhancement of the maximum
and the minimum relative sensitivity, i.e. 1.12 %-K! (303 K) and 0.839 %-K"! (348 K), were
however revealed. Irrespective of the color matching systems, colorimetric analysis was
therefore viable as a new strategy in founding the ratiometric A parameters from which a high

performance ratiometric temperature sensing was achieved.

4. Conclusions

In view of ratiometric temperature sensing, colorimetric analysis was introduced as a
new and effective strategy for the establishment of reliable ratiometric A parameter with
reference to IV exhibiting temperature dependent emitting colors. Irrespective of the employed
color matching systems, i.e. SRGB and CIE XYZ, exceptional performance specified by a
linear correlation of the ratiometric A calculated from either x/(x+y) or R/(R+G) could be
derived over the 303-348 KX range, from which exceptional &7, R and maximum Sr could be
achieved. As the reported working temperature range covers biological temperatures, a new
opportunity in the development of high performance sensor for physiological temperature

measurements is revealed for LnCPs.
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ABSTRACT: Ten lanthanide coordination polymers were
designed and synthesized using pyridine-2,6-dicarboxylic acid
(H,pdc) and two different heating techniques {conventional
and microwave): [Lu(pdc)(H;0),]5:3Cl {Pa3; Ln = Pr (I), Nd
(), Sm (UI), Eu (IV), and Gd (V)}, [Ln(pdc)(Hpdc)-
(H,0),)-3H,0 {P2,/¢; Ln = Pr (VI), Nd (VII), and Sm
(vIID)} and [Ln(pdc)(H;0),]5:3Cl {Ia3; Ln = Sm (IX), and
Eu (X)}. These complexes show variation in structures
depending on the heating technique and the lanthanide ions.
They can be classified into the cubic Pa3 (I-V) and1a3 (1,
X), and the monodlinic P2,/¢ {(VI=VIII} complexes. The cubic
complexes exhibit supramolecular iSomerism and a tubular
three-dimensional structure of interpenetrated Ics and pcu net
topologies; while the monoclinic complexes are the supra-
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34 (v'r- vin
. i (24

{Lntpde}(H,0),1,-3C1 Lo = Pr (D), Nd (A1), $m (110}, Eu (1V), Gd (V)
[La(pde)Hpde)(H,0),)-3H,0 Lo~ Pr(V1),Nd (VID), Sm (VIIT)
[Lnpde)H,0),1,-3CT Lu = Sm (IX). Eu(X)

molecular assemblies of the one-dimensional chains. As the cubic Pa3 structures are favored by the use of the microwave, there is
variation in structures as conventional heating was employed, although the cubic Pa3 structures are still the most favored except
for the VI case. The title complexes showed moderate thermal stabilities. The organic ligand is revealed to be a modest sensitizer

to initiate the photoluminescence in the title complexes.

B INTRODUCTION

In the last few decades, chemistry of coordination polymers
(CPs), which are also known by the more popular name of
metal organic frameworks (MOFs) has been investigated
intensively and exponentially developed. In addition to the
aesthetic beauty and vast diversity in their structures, potential
applications such as in gas storage and sepatation, catalysis,
magnetism, and sensing are the prime motivations." In
constrast to transition metals based CPs, the chemistry of
lanthanide based CPs is far less developed despite the inherent
properties the lanthanide metal ions can offer.” This may be
partially due to the coordination chemistry of the lanthanide
metal ions which are less predictable compared to the transition
metal counterparts. The lanthanide metal ions existing mainly
in their trivalent state can adopt variable coordination numbers
and geometries. Their similar chemistry and the well acknowl-
edged lanthanide contraction can provide structural diversity
and therefore properties upon the subtle alteration in the
synthesis.>™ In the view of crystal engineering, the design of
lanthanide based CPs have therefore been and are still
challenging.

Because of the hard acid nature of the trivalent lanthanide
ions, different types of multicarboxylic acids including pyridine-
2,6-dicarboxylic acid (H,pdc) have been explored as organic
linkers in the fabrication of novel lanthanide frameworks.”~'¢ In

© 2017 American Chemical Society

@ ACS Publications
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solid state structures, the H,pdc ligand may be present in the
partially deprotonated (Hpdc™) or the fully deprotonated
(pdc®™) forms. According to a survey on the lanthanide-H,pdc
CPs submitted to the Cambridge Structure Database,'” the
H,pdc ligand almost always adopts, nonetheless, the fully
deprotonated form, and 12 modes of coordination are found
with few typical preferences (Scheme 1). The chelation of the
ligand upon the coordination seems to be usual. The solid state
structures of these lanthanide based CPs intriguingly exhibit
proclivity to be either one- or three-dimensional depending on
the subtle alteration in the synthesis and the structures. The
template effect of the chloride anion in the formation of the
three-dimensional [Ln(pdc)(H,0),]5:3Cl, for example, was
investigated compared with the formation of the one-
dimensional [Ln(pdc)(Hpdc)(H,0),]-3H,0.'>'57

On the basis of this information, 10 new lanthanide based
CPs have been designed and synthesized using the H,pdc
ligand. The influences of two heating techniques with different
heating mechanism and kinetics, namely, conventional heating
under reflux and dielectric microwave heating, on the final
structures have been investigated. The synthesized structures
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Scheme 1. Diagrammatic Depiction of 12 Coordination Modes Adopted by the Hypdc Ligand in Lanthanide Based CPs
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Scheme 2. Diagrammatic Presentation Summarizing the Syntheses and the Yielded Complexes
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can be classified into three different groups according to their
structural symmetries: (i) the cubic Pa3 structures of
[Ln(pdc)(H,0),];-3C1 where Ln = Pr (I), Nd (II), Sm
(111), Eu (IV), and Gd (V), (ii) the monoclinic P2,/c structures
of [Ln(pdc)(Hpdc)(H,0),]-3H,0 where Ln = Pr (VI), Nd
(VIL), and Sm (VIIX), and (jii) the cubic Ia3 structures of
[Ln(pdc)(H,0),)3-3Cl where Ln = Sm (IX) and Eu (X).
Structural differences and preferences are rationalized and
discussed. Thermogravimetric and photoluminescence proper-
ties of selected complexes are included.

B EXPERIMENTAL SECTION

Materials and Measurements. PrCl;:6H,0, NdCl,;6H,0,
SmCly-6H,0, EuCly:6H,0, and GdCl;:6H,0 were prepared by
dissolving PrsO,, (99.9%, TJTM), Nd,O; (99.99%, TJTM), Sm,0,
(99.5%, TJTM), Eu,0; (99%, Merck), and Gd,0; (99.9%, Sigma-
Aldrich), accordingly, in HCI solution (37%, BDH). The solutions
were heated to reach supersaturation and crystals of the lanthanide
chlorides were crystallized. The amounts of the crystallizing water were
determined using thermogravimetric analyses using a Metter Toledo
TGA/DSC Simultaneous thermal analyzer. Pyridine-2,6-dicarboxylic
acid (H,pdc; >98%, Fluka) and ethanol (95%, Merck) were obtained
commercially and used without further purification. Powder X-ray
diffraction (PXRD) experiments were conducted using a Rigaku Mini
Flex II X-ray diffractometer operated with Cu K, radiation (4 = 1.5418

1046

A, 40 kV, 15 mA). Photoluminescence spectra were collected at room
temperature using an Avantes Multichannel spectrometer with the
Ocean Optics LED 255 nm excitation source.

Syntheses of I-X. Two synthesis techniques, i.e,, the conventional
heating under reflux and the dielectric microwave heating, were
attempted in the syntheses (Scheme 2). The mixtures of the 1:1:128
for the LnCl;6H,0/H,pdc/ethanol mole ratio were employed for
every reaction.

Microwave Syntheses. LnCl;-6H,0 (0.100 mmol) and H,pdc
(0.100 mmol) were dissolved in 10.00 mL of ethanol using a Teflon
vessel. After the vessel was sealed and placed in the household
microwave oven (Samsung MS23F301E), the reaction was conducted
at 800 W for 30 min and left to cool down to room temperature. The
crystals were obtained after the ethanol solvent evaporated in few days.
It has been revealed by the PXRD and the single crystal X-ray
diffraction that crystals of [Ln(pdc)(H,0),]53Cl {Pa3; Ln = Pr (I),
Nd (11), Sm (XII), Eu (IV), and Gd (V)} were obtained. There are
nonetheless few diffraction peaks in the collected PXRD patterns
which could not be indexed suggesting the existence of other
crystalline phases. The attempts to find crystals of other structures
besides IV were however not successful, and further characterization
was therefore not performed.

Heating under Reflux. Rather than the use of microwave heating,
the reaction mixtures were heated at 90 °C under reflux for 50 min and
left to cool down to room temperature. Crystals of similar habits to
those obtained from the microwave syntheses were obtained after the

DOI: 10.1021/acs.cgd 6b01389
Cryst. Growth Des. 2017, 17, 1045-1054
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Table 1. Crystallographic Data and Refinement Details for I-X

. AR SR . I v v

CCDC no. 1448352 " 1448353 T lmssa Tty 1494338
formula® Cy:1H;3N30,,ClyPry Cy1H;3N;0,4CL3Nd; Cy1H;3N;0,,CliSmy Cp1H33N;0,,CliEuy CyH;3N;0,,CLGd;
formula weight 1240.57 1250.57 1268.93 1273.74 1289.60
temperature (K) 296(2) 296(2) 296(2) 296(2) 296(2)
crystal system cubic cubic cubic cubic cubic
space group Pa3 (No. 205) Pa3 (No. 205) P43 (No. 205) Pda3 (No. 205) Pa3 (No. 205)
a (A) 19.9853(3) 19.9091(6) 19.8330(3) 19.8085(6) 15.7822(6)
vV (A)? 7982.4(4) 7891.4(4) 7801.3(4) 7772.4(4) 7741.5(4)
z 8 8 8 8 8
F(000) 4664 4688 4736 4760 4784
p (mgm™) 2.006 2.046 2.100 2.121 2.152
# (mm™) 3.824 4112 4.682 5.008 5.307
data/restraints/parameters 4283/6/168 3268/0/168 3966/12/170 2997/0/168 2953/0/168
GOF 1104 1.153 1.098 1187 1.199
before SQUEEZE

R, (I = 26(D))* 0.0490 0.0470 0.0569 0.0598 0.0404

wR, (all data)” 0.1419 0.1433 0.1701 0.1542 0.1116
after SQUEEZE

R, (I = 26(1))* 0.0383 0.0293 0.0389 0.0325

wR, (all data)” 0.0686 0.0627 0.0739 0.0565
CCDC ro. wdoazze T iz 1eea 1494341 1494343
formula® C,.H,N,0,,Pr Ci HuN,O,Nd - C,H N, 0,,5m CyH;3CLN;O5,8m, Cy1H;3CLN,OyEu,
formula weight” 543.18 546.51 589.66 1233.48 1238.28
temperature (K) 298(2) 298(2) 273(2) 298(2) 298(2)
crystal system monoclinic monoclinic monoclinic cubic cubic
space group’ P2,/c (No. 14) P2,/c (No. 14) P2,/c (No. 14) Ia3 (No. 206) Ia3 (No. 206)
a (A) 14.785(3) 14.810(3) 13.9892(5) 19.8346(9) 19.8027(10)
b (A) 10.9727(18) 11.064(2) 11.2046(3)
c(A) 12.936(2) 12.944(3) 12.8312(3)
a (deg) 90.00 90.00(3) 90.00 90.00 90.00
B (deg) 100.256(6) 100.23(3) 102.314(2) 90.00 90.00
v (deg) 90.00 90.00(3) 90.00 90.00 90.00
V(AP 2065.0(6) 2087.4(7) 1964.93(10) 7803.2(6) 7765.6(7)
Z 4 4 4 8 8
F(000) 1068.0 1072.0 1164.0 4736.0 4760.0
p (mgm™) 1.747 1.739 1.993 2.100 2.118
# (mm™) 2421 2.548 3.067 4.681 5.013
data/restraints/parameters 9145/0/270 7906/0/270 4897/0/294 2841/0/88 3670/2/88

GOF 1.049 1.038 1.096 1.194 1.177
before SQUEEZE

R, (I = 20(1))* 0.1407 0.1924 0.0467 0.0720 0.1050

wR, (all data)® 0.2963 0.2369 0.0799 0.1488 0.1506
after SQUEEZE

R, (I = 20(1))" 0.0836 0.0719 0.0339 0.0532 0.0649

wR, (all data)” 0.2346 0.1762 0.0799 0.1075 0.1089

“Include one chlorine atom approximated using SQUEEZE. bR, = Z||Fl — IE||/1F, wR, = [Ew(Fs* — F2)*/Zw(F)*]2

program.'® Every structure was solved by direct methods within the
SHELXS program'? and refined on F* by the full-matrix least-squares
technique using the SHELXL program™ via the Olex2 interface.?’

In order to take the contribution of the disordered chloride anions
into account in the cases of -V, the SQUEEZE option provided in
the-program PLATON®” was implemented with every structure after
two chloride anions were located. Numbers of electrons per unit cell to
be found in the framework accessible voids were determined, and
numbers of equivalent chloride anions were calculated: 10 (X and IV),
9 (IT and I11), and 7 (V) chlorides per unit cell leading to the addition
of one chloride per formula. Similar treatment was also required for
VI-X. In.the cases of VI and VII, numbers of equivalent water
molecules were calculated: 10 (VI) and S (VII) crystallized water

evaporation of the ethanol solvent in few days. The PXRD and the
single crystal X-ray diffraction indicated the yielding of five more
distinct crystals: [Ln(pdc)(Hpdc)(H,0),]-:3H,0 {P2;/¢; Ln = Pr
(VI), Nd (VII), Sm (ViII)} and [Ln(pdc)(H,0),]53Cl {Ia3; Ln =
Sm (IX), Eu (X)}.

Single Crystal Structures Determination. Crystallographic data
of I-V were collected at 296(2) K using a Bruker D8 QUEST CMOS
diffractometer equipped with graphite-monochromated Mo K,
radiation (4 = 0.71073 A), and those of VI-X were collected using
a Bruker D8 Venture diffractometer (Photon CMOS detector)
equipped with a micro focus sealed tube X-ray source with graphite
monochromatic Mo K, radiation (4 = 071073 A). Empirical
absorption corrections were applied to all data using the SADABS

1047 DOL: 10.1021/a¢s.cgd 6h01389
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molecules per unit cell, These values led to the approximation of one
crystallized water per formula. In the cases of VIII and X, nine
chlorides per unit cell was calculated leading to one additional chloride
per formula. The application of SQUEEZE on these structures resulted
in significant improvement in the R and Rw values. There is additional
site disordering at the chloride anion in every structure possessing the
chloride as guest anions. Appreciable improvement in the final residual
electron density maxima and minima was achieved after the treatment
of such. The crystallographic and refinement data of I-X are
summarized in Table 1.

B RESULTS AND DISCUSSION

Influences of Heating Techniques on Crystal Struc-
tures. Despite the different heating techniques, clear solutions
of colors characteristic to the corresponding lanthanide ions
were yielded alike. Crystals as the sole products appeared after
the solvents evaporated in few days. Under an optical
microscope, the two different heating techniques provided
crystals of similar habits, although qualities and sizes of these
crystals varied. There was not any significant correlation
between the heating techniques and qualities of the yielded
crystals. The PXRD patterns collected on the ground crystals
(Figare 1) and the single crystal data however suggest the
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Figure 1. Experimental PXRD patterns collected on bulk solids
obtained from the microwave synthesis (left) and the conventional
heating (right). Symbols: = Pa3, ' = 143, * = P2;/c, ¥ = unknown.

acquiring of 10 different structures, among which seven
structures are new (Scheme 2). The microwave heating
apparently led to the formation of the isostructural cubic
complexes I~V (Pa3), which is also isostructural to the
previously reported [La(pdc)(H,_O)4]3-3C1.8 There are how-
ever a few mismatched diffraction peaks between the collected
PXRD patterns and the patterns simulated from the single
crystal data. These unidentified peaks appear at closely similar
20 in every pattern. The existence of the other crystalline
structure can therefore be concluded, although the attempt to
find single crystals of the other structures beside I-V was not
successful.

The heating under reflux, on the other hand, led to the
formation of different structures which can be classified into
three groups of isostructural crystals: (i) the monoclinic P2,/c
structures VI (Pr), VII (Nd) and VIII (Sm), (ii) the cubic Ia3
structures IX (Sm) and X (Eu), and (iii) the cubic Pa3
structures 11 (Nd), II (Sm), IV (Eu), and V (Gd). A few
observations are noteworthy. First, there is a tendency in crystal
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symmetry alteration across the lanthanide series. The crystal
symmetry increases from the pure monodlinic P2,/c in Pr (VI)
to the mixtures of the monodlinic P2,/c and the cubic Pa3 and
143 in Nd (I + VII) and Sm (L + VIII + IX), to the mixed
cubic Pa3 and Ia3 in Eu (IV + X), and to the pure cubic Pa3 in
Gd (V). Second, the cubic I3 structures IX (Sm) and X (Eu)
are the supramolecular isomers of the cubic Pa3 structures III
(Sm) and IV (Eu). Third, only the monoclinic P2,/c (VI; Pr)
and the cubic Pa3 (V; Gd) structures can be yielded as pure
phases if the heating under reflux was applied. Forth, the cubic
structures are more favorable than the monoclinic independent
of the heating techniques with the exception of praseodymium
complex.

The fact that the crystals were grown after the evaporation of
the ethanol solvent in every case suggests the nucleation
process to be critical in determining the final structures. Since
the nucleation process is kinetically controlled,*** the cubic
Pa3 structures are therefore favored kinetically. The conven-
tional heating, which generally provides thermodynamically
favorable structures, however, results in structures of different
symmetries and supramolecular assemblies. These structures
should therefore be comparatively favored from the thermody-
namic point of view, although the Pa3 structures should be the
most favorable structures from both kinetic and thermody-
namic viewpoints manifested in the yielding of these structures
from every synthesis except the praseodymium case (VI).

An apparent tendency in the changing of the crystal
structures across the reported lanthanide series when the
conventional heating was employed can be due to the
differences in numbers of the coordinating organic ligands
and water molecules the latter of which depends on the
hydration enthalpies of the lanthanide metal ions. With the
lowest hydration preference, only two water molecules are
included in the coordination sphere of the praseodymium ion
(VI). The number of the coordinating water molecules in the
more favorable cubic structures of the heavier lanthanide ions
with larger hydration energies is four. In addition, the
praseodymium ion of relatively large ionic radius can
accommodate more organic ligands compared with the smaller
lanthanide metal jons. This is well reflected in the Ln"/pdc*~/
Hpdc™/HyOjigang ratios; 1:2:2 (VI-VIII) compared with 1:1:4
(1-V, IX, and X). The larger number of the coordinating water
molecules in the latter group should also be attributed to the
coordination requirement of the lanthanide ions. Similar
structural variation of the cubic Pa3 and the monoclinic P2,/
¢ was notably reported for [La(pdc)(H,0),] -3CLE The change
was however induced by the removal of the chloride anions
from the cubic Pa3 [La(pdc)(H,0),]5:3Cl structure using
AgBF,, which led to the formation of the monoclinic P2,/c
ladder-like [La(pdc)(Hpdc)(H,0),] -3H,0.°

Crystal Structures Description. The Cubic Pa3 [Ln(pdc)-
(H,0)J5-3CI (I-V). Complexes I-V are revealed to be
isostructural with the previously reported lanthanum complex
[La(pdc)(I-{7,O)4]3-3C1.8 According to the results from the
SQUEEZE calculations after the assignment of two well-
defined chloride anions, the general formula of [Ln{pdc)-
(H,0),]3-3C1 can be deduced. The presence of the three
unbound chlorides in the formula is in good accordance with
the tripositive charges of the [La(pdc)(H,0),],>" framework.
Complexes I-V crystallize in the same cubic Pa3 space group
with cell parameters @ and V descending from I (Pr) to V (Gd)
consistent with the lanthanide contraction. The asymmetric
units of I-V are alike, comprising one unique lanthanide ion, a
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fully deprotonated pdc?™ ligand, four coordinated water
molecules, and two unbound chloride anions. The other
chloride anion has been treated as a diffuse contribution to the
overall scattering without specific atom position by SQUEEZE.
One of the well-defined chloride anions in every structure,
except III, shows additional disorder over two crystallographic
sites, with different site occupancy CI2A/CI2B ratios:
0.932:0.068 (1), 0.605:0.395 (II), 0.582:0418 (IV), and
0.719:0281 (V). Atom CI2 in structure III shows similar
disorder but over three crystallographic sites with a site
occupancy CI2A/CI2B/CI2C ratio of 0.55:0.40:0.05. The
attempt to exclude CI2B and CI2C from the refinement of I
and 11, respectively, resulted in judiciously elongated ellipsoids
of the corresponding CI2A and CI2B.

The Ln ion in 1-V is 9-fold coordinated to three pdc’
ligands through the pyridyl N1 and the carboxyl O1—04 atoms
and the water O5—O08 atoms (Figure 2a). The Ln—0 and Ln—

© (d)

Figure 2. Ilustrations showing (a) an extended asymmetric unit, (b)
the SAPRS-{LnOgN} unit, (c) the linkage of these units, and (d) the
infinite tubular structure of I (as representative of I-V, X-X).

N bond distances of the structures I-V are in good agreement
with those of [La(pdc)(H,0),] +-3CI® and consistent with the
lanthanide contraction. The bond valence sum calculations
based on these bond distances affirm the trivalent state of the
lanthanide ions. The nine coordinated atoms delineate the
square-face monocapped antiprismatic coordination geometry,
SAPRS-{LnOgN} (Figure 2b), with the pdc®~ ligand using two
py-nti' carboxyl groups and the pyridyl N atom in
coordination (mode a in Scheme 1, Figure 2¢). The
coordination as described results in almost complete
coplanarity between the carboxyl groups and the central pyridyl
ring.

The infinite frameworks of I-V are built up of the discrete
SAPRS-{LnOgN} units, each of which is linked to four adjacent
units via three pdc®™ linkers. The linkages of the SAPRS-
{LnOgN} units result in the formation of four discrete one-
dimensional channels extending in four <1 1 1> directions
along the 3-fold rotoinversion axes (Figure 2d). The openings
of these channels range from 2.96(1) A to 3.35(3) A. The
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interior of these channels is decorated with the coordinated
water molecules and therefore is hydrophilic in nature. Inside
these channels, there are the unbound chloride anions, some of
which are transfixed by the O—H:~-O and O—H--Cl hydrogen
bonding interactions (Table 2), and some are diffused with a
high degree of freedom. These channels can therefore be
viewed as a microcontainer of the chloride aqueous solution. All
the hydrogen donor atoms are intriguingly of the coordinated
water molecules. The involvement of every chloride anions
including the disordering chlorides in the hydrogen bonding
interactions can account for the apparent site disorder of the
anions.

The Cubic la3 [Ln(pdc)(H;0)J33Cl (IX, X). Complexes IX
(Sm) and X (Eu) are isostructural and revealed to be the
supramolecular isomers of III (Sm) and IV (Eu), respectively.
The asymmetric units of IX and X are closely similar to the
corresponding isomers comprising one unique lanthanide ion,
half a molecule of the fully deprotonated pdc®™ ligand, two
coordinated water molecules, and one chloride anion which
shows disorder over two crystallographic sites. The occupancy
ratios of Cl1A/CIIB in both structures are closely similar, ie,
0.256(11):0.744(1) (IX) and 0.262(9):0.738(9) (X). Since IX
and X are the isomers of IIl and IV, the coordination
environment about the lanthanide ion and mode of
coordination adopted by the pdc’” ligand are principally
identical (Figure 3a). If the arrangement and the linkage of the
SAPRS-{LnO¢N} units in these structures are considered
carefully, the SAPRS-{LnOgN} units in IX and X are however
not exactly the same as those found in III and IV, but being
their enantiomers (Figure 3b). While the spatial arrangement of
the ligands about the lanthanide ion in the cubic Pa3 structures
(I and IV) can be defined as the A stereoisomer, the
configuration in the 143 structures (IX and X) are the
enantiomeric counterpart, A. Despite the existence of these
stereoisomeric building motifs, the packings of these building
motifs in the crystal structures according to the operations
about the inversion center and the mirror planes result in
achiral cubic frameworks. The cubic Pa3 structures are
apparently favored both thermodynamically and kinetically
over the cubic Ia3 structures which exist only in the samarium
(IX) and europium (X) cases.

The formation of channels in the a3 structures is similar to
those of the cubic Pa3 structures. The unbound chloride anions
are positioned approximately along the 3-fold rotoinversion
axes. The hydrogen bonding interactions observed in the cubic
Ia3 structures are also closely similar to the cubic Pa3
counterparts (Table 2), involving every water molecules as
the hydrogen bonding donors and the unbound chloride anions
as the acceptors. The alignments of chlorides governed by these
hydrogen bonding interactions can therefore be the key factor
driving the formation of the tubular structures in these cubic
Pa3 and Ia3 structures alike.

The Monoclinic P2,/c [Ln(pdc)(Hpdc)(H;0);]-3H,0 (Vi—
VIl). As the heating under reflux was employed, the lower
symmetry structures of the monoclinic P2,/c space group have
been synthesized. Pure monoclinic structure could even be
afforded in the case of praseodymium complex (VI), although
the cubic structures are favored for the other lanthanides. These
P2,/c structures have been previously reported as can be
yielded also by the hydrothermal technique.'"'* The
asymmetric units of VI=VIII are bulky, comprising one unique
lanthanide ion, a whole molecule each of the partially
deprotonated Hpdc™ and the completely deprotonated pdc®”,
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Table 2. List of Hydrogen Bonding Distances (DA, A) and Angles (£D—HA,°) for I-X
e e e e _71“”’ I . _,in""
R D-H-A ., “DeA - D-HwA.. . - D LD-HwA - .
" 0s—Hs5A-02 ey T oAy T Tasmey T T
05—HSA--03% 2.874(7) 05—H5B--Cl2A" 3.084(8) 140
05—HSB--Cl2A 3.141(2) 0S—HSB--CI2B 3.281(7) 122
05—HSB--CI2B 3.142(2) 06—H6B--03' 2.687(7) 151
06—H6A--O1% 2.640(1) 160 07—-H7B---O1f 2.650(7) 154
08—H8B--Cl1 3.113(1) 131 08-H8B---Cll 3.120(4) 97
. O8—H8B--Cl2A. ;.48}(3) ) 127
;- D-HeA : . i Df‘-(,-A‘ . /D-Hi&
" 0s—HsA-ClzA 3260(7) R TY77 Mt YR
O5—HSA--CI2B! 3.055(6) O6—H6A---03' 2.689(2) 153
05—H5B--03% 2.941(4) 07-H7B--01% 2.637(3) 160
06—H6A-O1% 2.638(7) 08—H8A--Cl2A" 3.053(8) 133
07-H7B-03¢ 2.675(5) 08—H8A-CI2B 3.242(9) 136
0O8—HS8A--Cl2C 2.750(3) 08-H8B--03' 2.929(1) 140
08~H8B--Cl1 3.131(5)

D-H--A © . DA . T D-HwA * DA £D-HA
05—HSA~C2A T oa476(3) 09—H9A~O14! T 2m36 153
05—H5B--ClL 3.123(8) 145 09—H9B---0l3* 2.6504 11
06—-H6B---OI* 2.634(8) 161 010-H10A:-03% 2.7788 142
07-H7B--03" 2.681(9) 158 010-H10B--07" 27773 147
08—HB8A--03" 2.902(3) 151 013—-HI13A--06 2.7464 149
08—H8B--CI2A% 3.106(8) 139 013-H13B--014 2.9051 156
08—H§B--CI2B 3.271(9) 124 0O14—H14A-0S - 29373 170

014-H14B--06" 2.8732 139
Voo -, D-HWA . 07 D=H~A . 4 ) £ZD-H+A ' .
" og—mea-o1l T O9_HOA-012" R Y
09-H9B--012% 09-H9B--O11* 143
010-H10A--02% 010-H10A--O1% 27176 129
010-H10B--06" 2.7690 163 010—H10B--07" 27216 142
Ol11-H11A--08 27384 142 O11-H11A--06' 2.8759 161
O11-HI11B--012 29132 141 O11-H11B--09" 27526 167
0O12—H12A--05 32154 166 012-H12A--06 2.6866 172
012—-HI12A--07 2.9505 113 012-H12B--011 2.9041 145
012—-H12B--O8' 2.9189 165 013—-HI13A012 3.0075 132
014-H14A--013" 27926 103
e — Ol4-HMB-O13" = 279%6 100
: N v : x} "
. D—H ' R DA* v ZD—H---A B
" 03—H3A~ - os_H3A-OL T sesa 109
03—H3B--Cl1B 142 03-H3B--ClIB® 3.1894 150
04—-H4A--O1* 2.6478 135 04—H4B--01% 2.6539 151

2Symmetry codes: (i) = —0.5+x, 0.5—y, 1-z; (i) = 0.5—x, 0.5+, z; (iii) = —0.5+x, y, 0.5—z. bSymmetry codes: (i) = 0.5, 0.5+, Z; (i) = 0.5+x, y,
0.5—z; (iii) = —0.5+x, y, 0.5—z. “Symmetry codes: (i) = 0.5+x, y, 0.5—z; (i) = 0.5—x, 0.5y, z; (iii) = —0.5+x, y, 0.5~z 4Symmetry codes: (i) = 0.5—
%, 0.5+y, z; (i) = 0.5+, 3, 0.5-z; (iii) = 0.5+, y, 0.5—z. “Symmetry codes: @) = %, 0.5—y, —0.5+z; (ii) = 0.5+x, y, 0.5—2; (iii) = x, 0.5—y, 0.5+z.
SSymmetry codes: (i) = x, 1/2 —y, —1/2+z; (i) = —x, —1/2+y, 1/2—z; (iii) = 1=%, 1/2+y, 1/2—z; (iv) = %, 1/2—y, 1/2+z. $Symmetry codes: @) =

—x, =1/24y, 1/2—2; (il) = &, 1/2—y, —1/24z; (iii) = 1—w, 1/2+y, 1/2—2;

(iv) = x, 1/2—y, 1/2+z. hg mmetry codes: (i) = —x, —1/2+y, 1/2-z; (i) =
P ymmetry Y

x, 1/2-y, =1/2+z; (i) = 1-x, 1/2+y, 1/2—; () = % 1/2—y, 1/2+z; (v) = 1=, 1—y, 1—z. ‘Symmetry codes: (i) = 1/2—=x, 1/2—y, 1/2—z.
iSymmetry codes: (i) = %, 1/2—y, —1/2+z; () = % —y, 1/2~7 (i) = 1/2—x, 1/2-y, 1/2-z.

two coordinated water molecules, and two unbound water
molecules. Contrary to the cubic structures, the monoclinic
structures include the partially deprotonated Hpdc™ ligand and
less coordinated water molecules (Figure 4a). Although the
coordination about the lanthanide ion in VI-VIIL is the same
9-fold SAPRS-9 as those of the cubic structures, it is however
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highly distorted (Figure 4b). The distorted SAPRS-9 unit of the
monoclinic structures is delineated with two fully deprotonated
pdc®™ through the pyridyl N2 and the carboxylate OS5, O7, and
08, and one mono-deprotonated Hpdc™ through the pyridyl
N1 and the carboxyl O1 and O3. Here, two different modes of
coordination, namely, modes a and b (Scheme 1), are adopted

DOI: 10.1021/a¢s.cgd.6b01389
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(b

Figure 3. Views of (a) an extended asymmetric unit of IX and (b) the enantiomeric A (I1I, IV) and A (IX, X) configurations.

©

Figure 4. Hlustrations of (a) an extended asymmetric unit, (b) the
SAPRS-{LnO,N,} unit, and (c) the infinite ladder-like structure of
VIII (as a representative of VI-VIII).

by the pdc?~ ligand, whereas mode k is adopted by the Hpdc™.
Two water O atoms (O9 and O10) complete the coordination
requirement and therefore the formation of the SAPRS-
{LnO,N,} structural building unit. Atoms O1 and N1 of the
Hpdc™ ligand seem to be the major contribution to the
distortion in the SAPRS-{LnO,N,} unit, which on the other
hand accounts for the lower proclivity for the P2;/c structures
to be yielded.

The discrete SAPRS-{LnO,N,} units are bridged by the
pdc®™ ligands to form an infinite one-dimensional [Ln(pdc)-
(Hpdc)(H,0),] chain extending along the direction of ¢
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(Figure 4c). As the Hpdc™ is arranged in an antiparallel fashion
to the pdc?, the derived chain is puckered rather than linear.
Compared to the cubic structures reported in this work, the
presence of the Hpdc™ ligand forbids the linkage of the adjacent
lanthanide jons to form a higher dimensional coordination
framework. These chains are bundled up into a dense assembly
by the hydrogen bonding interactions between the coordinating
and the unbound water molecules (Table 2) The hydrophobic
pyridyl rings of these chains are aligned leading to the ladder-
like assemblies extending in the ¢ direction. According to the
statistics on the structures submitted to the CSD,"” the
chelating Hpdc™ ligand tends to give ladder-like structures in
both the monoclinic P2,/c and P2,/a space groups.13'17’2]’25'3°
There is however no 7—7 interaction in structures VI—VIIL
The supramolecular assemblies of these [Ln(pdc)(Hpdc)-
(H,0),] chains into a two-dimensional collugated layer
extending in the ab plane and to the three-dimensional
assembly are directed solely by the hydrogen bonding
interactions.

Topology of the Cubic Structures. Despite the different
sets of symmetry operations and the Bravais translation
adopted by the Pa3 and the Ia3 structures, the derived
framework topologies of both cubic structures are identical.
The cubic Pa3 and Ia3 frameworks can be simplified to two
interpenetrated uninodal lcs and peu nets (Figure 5). If the
hydrogen bonding interactions between the coordinating water
molecules and the unbound chloride anions are disregarded
and only the SAPRS-{PrOgN?} unit is taken as node, a uninodal
4-connected Ics net with {6°} point symbol is derived. If only
the {Cl,(H,0)4} motif is, on the other hand, taken as node, the
other uninodal 6-connected pcu net with {4'%.6°} point symbol
is obtained. The interpenetration of the lcs and pcu nets then
establishes the networks in I-V and IX—X.

Thermogravimetric Behaviors of V and VI. Because only
complexes V (Pa3; Gd) and VI (P2,/¢; Pr) could be obtained
with high purity, the thermogravimetric behavior of the two
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peu

Figure S. Interpenetrated uninodal lcs and pcu nets of the cubic structures I~V and IX—-X.

complexes was studied revealing similar weight loss patterns
(Figure 6). The first weight loss in both complexes readily
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Figure 6. Thermogravimetric curves of V (solid line) and VI (dotted
line) with the PXRD patterns of the heated samples shown in the
insets.

occurred under the flow of nitrogen gas attributing to the
liberation of the water molecules; calc. = 16.76%, exp. = 17.4%
for V and calc. = 16.02%, exp. = 17.2% for VI. After the loss of
the water molecules, the weight loss gradually proceeded in
both cases, although the process was extremely slow in the case
of V. The gradual loss led to the collapse of most of the long-
range order in both frameworks revealed by the PXRD results,
suggesting the successive loss of the other compartments of the
frameworks. The second abrupt drops of weight were yet
apparent for both complexes during the heat treatment
occurring at a higher temperature in the case of V (ca. 470
°C) compared to that of VI (ca. 360 °C). This is consistent
with the higher stability of the three-dimensional framework in
V relative to the one-dimensional structure in VI The gradual
weight loss then occurred again for both complexes leading to
the corresponding cubic lanthanide oxides.
Photoluminescence Properties of VI—X. Because of the
purity limitation of the samples yielded from the microwave
synthesis, the photoluminescence spectra of only the samples
yielded from the conventional heating of which every phase
could be identified were collected (Figure 7). The free Hypde
exhibits a broad feature with multiple maxima covering almost
an entire visible region, which can be ascribed to the pyridyl
ring 7% -7 emission.”®*” Different degrees of deprotonation has
been reported to negligibly affect the energy of the triplet state
of the ligand.”® Apparently the ligand is a moderately good
sensitizer for the reported complexes, especially those of the
europium ion (IV + X) of which the intense characteristic
emissions incited from the transitions from the first excited Dy
state to the ground multiplets 7F, (J = 0—4) are vivid. The

efficiency of the energy transfer process from the ligand to the
europium can also be enhanced by the increased molecular
rigidity of the ligand after coordination and the singlet pathway
of the energy transfer.**~>* In the case of praseodymium (VI),
neodymium (II + VII), and samarium ions (III + VIII + IX),
differences between the triplet state of the ligand and the first
excited states of the metal jons result in poor energy transfer,
and therefore only weak emissions can be observed*® Large
numbers of the excited states in praseodymium (VI) and
neodymium (II + VII) may additionally render energy loss
through the nonradiative pathways.”> In comparison to the
spectrum of the free H,pdc, an emission band at 300 nm in the
spectra of these samples may be attributed to the ligand
centered m*—7 emission promoted by the greater molecular
rigidity upon the coordination to the metal centers.®* The
photoluminescence spectrum of the gadolinium complex (V)
was notably not collected. The remarkably high energies of the
excited states of gadolinium ion owing to the exceptional
stability of the half-filled f-shell are known to prevent energy

. transfer from any known ligands, which consequently causes
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any f—f transition to be unachievable.*>*¢

B CONCLUSIONS

In summary, we reported the variation and preference in crystal
structures of the lanthanide-H,pdc complexes synthesized by
two different heating techniques, namely, conventional and
microwave heating, Microwave heating provides the kinetically
favorable cubic Pa3 structures I—V, while conventional heating
results in the formation of three groups of isostructural crystals:
(i) the monoclinic P2,/¢ structures VI—VIII, (ii) the cubic Ia3
structures IX and X; and (jii) the cubic Pa3 structures I, III,
and V. The Pa3 complexes I-V exhibit the tubular structures
built up of the SAPRS-{LnOgN} units leading to the formation
of four discrete one-dimensional channels extending in four <1
1 1> directions. Inside the channels, the chloride ions are
transfixed by coordinating water molecules through hydrogen
bonding interactions. The Ia3 complexes IX and X which are
the supramolecular isomers of III and IV, respectively, consist
of the Astereoisomeric SAPRS-{LnOgN} units, while the
configuration in III and IV are the enantiomeric counterpart,
A. Owing to the close similarity between the cubic 143 and Pa3
structures, their frameworks can be simplified to two inter-
penetrating uninodal Ics and pcu nets alike. In the case of the
P2,/c complexes VI-VIII, they are different from the other
complexes becasuse of the existence of the Hpdc™ ligand, which
leads to the construction of highly distorted SAPRS-{LnO,N,}
units. The linkage of these discrete SAPRS-{LnO,N,} units
resulting in the formation of the infinite one-dimensional
[Ln(pdc)(Hpdc)(H,0),] chains which are further assembled
solely by the hydrogen bonding interactions to two- and three-
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Figure 7. Photoluminescence spectra of the synthesized samples
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(solid line) compared with that of the free Hypdc ligand (dashed line).

dimensional framework. The title complexes showed moderate
thermal stabilities. The photoluminescence study reveraled a
modest ability of the coordinated organic ligand in sensitizing
the characteristic emissions of the lanthanide ions.
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ABSTRACT: Based on the mixed phthalate (phth®™) and adipate--

(ad®), [Nd,(ad)(phth),(H,0),] (1) and [Ln(ad)os(phth)-
(H;0);] (Ln = Ed™* (10), G (HI), Tb™ (IV), Dy™* (V), BT
(VI), Tm™ (VII), 1Eu™:10Tb™ (VIIL), 3Eu™:10Tb™ (1X), and
SEu™:10Tb™ (X)) were synthesized and characterized. Complexes

VII-X show excellent ratiometric temperature sensing behavior in |

physiological and higher temperature ranges (303—423 K) ren-
dered by the Tb-to-Eu'l energy transfer process, The efficiency of

the process as illustrated through the lifetime measurements -

depends on both the Eu™Tb™ miole ratio and the temperature.
The performance of X in terms of relative sensitivity (S,), tem-
perature resolution, and measurement repeatability were . deter-
mined, revealing the maximum S, (S,;) of 1.21%-K™" at 303 K with-
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reliable temperature resolution and excellent repeatability.

B INTRODUCTION

The development of nonevasive thermometry has been recently
demanded due to the intrinsic constraints of conventional and
evasive thermometry with reference to various applications such
as micro- and nanoelectronic diagnoses."* Amid several poten-
tial materials available for noninvasive techniques, those based
on lanthanide photoluminescence have gained zealous atten-
tion. Since the first and recent report of a lanthanide coor-
dination polymer (LnCP), ie. [Euggps9Tbgggsi-DMBDC]
(DMBDC = 2,5-dimethoxy-1,4-benzenedicarboxylate), as a
potential luminescent thermometer,’ ardent investigation on
other LnCPs and lanthanide metal organic frameworks
(LnMOFs) has been escalating. This is partially due to the inex-
haustible choices of structural compositions which can be tai-
lored.*® The photoluminescence behavior of previously
reported LnCPs is mostly accounted for by an antenna model
and Latva’s empirical rule.” These models have been primarily
developed, however, for molecular lanthanide complexes and
sometimes cannot be employed with LnCPs possessing infinite
frameworks of multidimensions. The inherent photolumines-
cence features of each structural component of LnCPs may be
retained or modulated via interactions with neighboring com-
ponents. The new approach of band theory, which can be
regarded as an extension to the antenna model, has very recently
been proposed and successfully applied to several LnCPs.”

© 2018 American Chemical Society

%’ ACS Publications
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Photoluminescence thermometry can be developed based on
the changes in intensity, lifetime, or wavelength of the emission
spectra, among which the ratiometric intensities-based
approach offers several benefits."”** The precision and repeat-
ability of the measurement as well as being self-reference, for
examples, are undeniably appealing. To evaluate the perform-
ance of ratiometric luminescent thermometers, several param-
eters, such as relative sensitivity (S,), temperature resolution
(8T), repeatability (R) and working temperature range, have
been determined."””> Few observations can be made, nonethe-
less, for the reported LnCPs thus far. First, most of the
materials are based on the use of mixed Eu"' and Tb™ as dual
centers (Eu™/Tb™ CPs). Second, the S, of 2%-K~" or higher
have been reported only for the cryogenic (<100 K) and
medium temperatures (100—300 K).** The known materials
with high S, at the physiological (208—328 K) or higher (>350 K)
temperature ranges are extremely rare; [Tbo goEuy; (hfa)s(dpbp)],
(hfa = hexafluoro acetylacetonato, dpbp = 4,4'-bis(diphenyl
PhOSPhOFYI));s TbogeBuiggy(BDC), 5(H,0); (BDC = 1—4-ben-
zene dicarboxylate),” and TbygEu,,BPDA (BPDA = biphenyl-3,5-
dicarboxylate)."® Designing of LnCPs for use as ratiometric
luminescent thermometers in such temperature ranges is still,
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therefore, of great challenge, and Eu™/Tb™ CPs are seemingly
eligible choices to embark on. Scrupulous choices of organic
antenna with appropriate triplet band energies are also critical
in determining the photoluminescence properties of the con-
structed LnCPs although their triplet band energies are gen-
erally lower than the corresponding molecular triplet state
energies.”” The efficiency of the sensitization process can, in
addition to the concentration and type of Ln luminophores, be
modulated by the interactions of the organic antenna with the
Ln luminophores and the neighboring motifs, as well as the
presence of other species in the framework.*~”

Based on the use of rigid phthalic acid (H,phth) and the
flexible adipic acid (H,ad) with freedom to bend or rotate, 12
[Nd;(ad)(phth),(H,0),] (I) and [Ln(ad)os(phth)(H,0),]
(Ln = Ed" (11), Gd™ (111), T™ (XIV), Dy™ (V), E™ (VI),
Tm® (VII), 1Eu™:10Tb™ (VII), 3Eu™:10Tb™ (IX) and
SEu™:10Tb™ (X)) have been synthesized. Their single crystal
structures, thermal stabilities, and photoluminescence proper-
ties are presented. The ratiometric temperature sensing behav-
jor of VIII—X and the key performance parameters of the mea-
surements based on X are included.

EXPERIMENTAL SECTION

Materials and Methods. All chemicals were obtained commer-
cially and used without further purification; Nd,0; (TJTM, 99.99%),
Eu,0; (Merck, 99%), Gd,0; (Sigma-Aldrich, 99.9%), Tb,0, (Sigma-
Aldrich, 99.9%), Dy,0; (Fluka, 99.9%), Er,0, (Fluka, 99.9%), Tm,0;
(Merck), HNO; (Carlo Erba, 65%), phthalic acid (H,phth; CgHsO,,
BDH, 65%), adipic acid (Hyad; C¢H, Oy, Sigma-Aldrich, 99%), and
1,4-diazabicyclo[2.2.2]octane (DABCO; Sigma-Aldrich, 98%).

The elemental analysis was performed using a Thermo Scientific
Flash 2000 CHN analyzer. Infrared (IR) spectra were collected using a
Bruker Tensor 27 FT-IR instrument and KBr discs (BDH, 98.5%).
Powder X-ray diffraction (PXRD) data were recorded using a Rigaku
Mini Flex II X-ray diffractometer operated with Cu Ka radiation
(A = 1.5418 A, 40 KV, 15 mA). The amounts of Eu™ and Tb™ in VIII-X
were determined using a Phillips MagiX PRO (PW2540 vrc sample
changer) X-ray fluorescence (XRF) spectrometer and an energy dis-
persive X-ray analysis (EDS) equipped with a field emission scanning
electron microscope (SEM; JEOL JSM-633SF). Thermogravimetric
analyses were conducted using a PerkinElmer Pyris Diamond TG/DTA
Analyzer in a temperature range 35—1100 °C under a nitrogen gas flow
with a heating rate 10 °C:min~". The UV—vis spectra were collected
using PerkinElmer Lambda2$ UV-vis spectrophotometer.

Room temperature photoluminescence (PL) spectra of I-X and
temperature dependent spectra of II, IV, and VIII—X were collected
on ground crystals using an ASEQ LR-1T broad range spectropho-
tometer equipped with an Ultrafire G60 UV Sw 365 nm Ultraviolet
LED Flashlight Torch excitation source. The temperature controlling
compartment was set up using a Dual Digital F/C PID temperature
controller furnace Kiln oven, type K thermocouple and a BOXCAR
data collecting analysis system. The stray light was filtered out using a
UV optical band-pass (<400 nm), and the temperature was varied
from 303(2) K to 423(2) K. The S, of VIII-X as well as the §T and R
of X were determined.

Synthesis of [Nd,(ad)(phth),(H,0)Jd (I). Nd,0; (0.0673 g,
0.400 mmol Nd™) was dissolved in 7.20 M HNO;(aq). The pH of
the solution was then adjusted to 6 by adding a small amount of 10.00
M NaOH(aq) solution. Separately, a solution of Hyphth (0.0664 g,
0.400 mmol), H,ad (0.0584 g, 0.400 mmol) and DABCO (0.0448 g,
0.400 mmol) was prepared using 7.00 mL of deionized water. The pre-
pared solutions were mixed in a Teflon vessel which was sealed and hydro-
thermally heated at 120 °C for 24 h. After the reaction was cooled down to
room temperature, light violet block crystals of I were obtained in ca. 40%
yield based on Nd. Anal. Calcd for C;,H,,0,Nd, (%): C, 31.73; H,
2.90. Found: C, 31.62; H, 2.83. IR (KBr pellets, cm™): 3435(br),
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2966(w), 2932(w), 1549(s), 1419(s), 1148(w), 1086(w), 760(m),
696(w), 436(w).

[Eu(ad),s(phth)(H,0),] (ll). The colorless prismatic crystals of II
(45% yield based on Eu) were obtained using the same synthetic
procedure as that of I, but replaced Nd,O; with Eu,0, (0.0704 g,
0.400 mmol Eu'™). Anal. Caled for C;;H,,0sEu (%): C, 31.15; H,
2.85. Found: C, 30.99; H, 2.77. IR (KBr pellets, cm™): 3197(br),
2956(w), 2883(w), 1520(s), 1423(s), 1319(m), 1214(w), 1144(w),
846(m), 775(m), 709(m), 655(m), 417(m).

[Gd(ad)qs(phth)(H,0),] (Ilf). The colorless prismatic crystals of III
(55% yield based on Gd) were obtained using the same synthetic
procedure as that of I, but replaced Nd,0; with Gd,O; (0.0726 g,
0.400 mmol Gd™). Anal. Caled for C;;H,,04Gd (%): C, 30.76; H,
2.82. Found: C, 30.73; H, 2.72. IR (KBr pellets, cm™): 3209(br),
2955(w), 2883(w), 1531(s), 1431(s), 1319(m), 1213(w), 1148(w),
853(m), 781(m), 717(m), 662(m), 451(m).

[Tb(ad), s(phth)(H,0),] (IV). The colorless prismatic crystals of IV
(50% yield based on Tb) were obtained using the same synthetic
procedure as that of I, but replaced Nd,0; with Tb,O; (0.0748 g,
0.400 mmol Tb"™™), Anal. Caled for C,;H,;,05Tb (%): C, 30.64; H,
2.80. Found: C, 30.70; H, 2.78. IR (KBr pellets, cm™): 3412(br),
2957(w), 2881(w), 1549(s), 1433(s), 1319(m), 1213(w), 1151(w),
853(m), 781(m), 718(m), 660(w), 451(m).

[Dy(ad)gs(phth)(H,0),] (V). The colorless prismatic crystals of V
(60% yield based on Dy) were obtained using the same synthetic
procedure as that of I, but replaced Nd,0; with Dy, 0, (0.0746 g,
0.400 mmol Dy™). Anal. Caled for C;;H,05Dy (%): C, 30.39; H,
2.78. Found: C, 30.31; H, 2.72. IR (KBr pellets, cm™"): 3204(br),
2955(w), 2880(w), 1566(s), 1435(s), 1402(s), 1319(m), 1211(w),
1153(w), 853(m), 781(m), 716(m), 662(m), 451(m).

[Er{ad)os(phth)(H,0),] (VI). The pale pink prismatic crystals of VI
(45% vyield based on Er) were obtained using the same synthetic
procedure as that of I, but replaced Nd,O; with Er,0; (0.0765 g, 0.400
mmol Ef). Anal. Calcd for C,,H},O4Er (%): C, 30.06; H, 2.75.
Found: C, 30.04; H, 2.66. IR (KBr pellets, cm™'): 3422(br), 2955(w),
2876(w), 1566(s), 1437(s), 1404(s), 1321(m), 1211(w), 1150(w),
853(m), 781(m), 716(m), 662(m), 451(m).

[Tm(ad),s(phth)(H,0),] (VHl). The colorless prismatic crystals of
VII (60% yield based on Tm) were obtained using the same synthetic
procedure as that of I, but replaced Nd,O; with Tm,0; (0.0772 g,
0.400 mmol Tm™)., Anal. Calcd for C,\H,,05Tm (%): C, 29.95; H,
2.74. Found: C, 29.95; H, 2.69. IR (KBr pellets, cm™): 3416(br),
2953(w), 2882(w), 1568(s), 1437(s), 1402(s), 1321(m), 1209(w),
1157(w), 854(w), 779(m), 716(m), 660(m), 451(w).

[Eu,Tb,(ad),s(phth)(H;0);] (VIl-X). The mixed Eu/Tb™ CPs
were synthesized using the same synthetic procedure as that of
I-VIJ, except for the use of Eu,0;/Tb,0; mixtures: 0.0064 g Ev,0,
(0.0364 mmol Eu™)/0.0680 g Tb,0, (0.364 mmol Tb"") for VIIJ,
0.0162 g Eu,O; (0.0920 mmol Eu'™)/0.0575 g Tb,0; (0.308 mmol
Tb™M) for IX, and 0.0235 g Eu,O; (0.134 mmol Eu™)/0.0499 g
Tb,0, (0.267 mmol Tb™") for X. According to the XRF and the
EDS results, which are in excellent agreement with the employed
amount in the syntheses (Table S1), the EuTb™ mole ratios of 1:10
(VIL), 3:10 (IX) and 5:10 (X) were confirmed.

Single Crystal Structures Determination. The crystallographic data
sets of I and III-VII were collected using a Bruker D8 Venture
diffractometer equipped with a microfocus sealed tube X-ray source
with graphite monochromatic Mo Ka radiation (4 = 0.71073 A).
Empirical absorption corrections were applied to all data using the
SADABS program.'® Crystallographic data sets of II and VIII were
collected using a Rigaku FR-E Superbright rotating-anode X-ray source
with a Mo-target (4 = 0.71075 A) equipped with a Rigaku RAXIS VII
imaging plate as a detector. The intensity data were collected by the @-
scan technique and empirically corrected for absorption. To study the
temperature dependence in the structures of II, IV, and VIII, crys-
tallographic data sets of these samples were collected at 303, 363, and
423 K using a Rigaku Mercury 2 CCD detector with the Syn-
chrotron radiation (4 = 0.6997 A) at the BL02B1 beamline in Spring-8
with the approval of the Japan Synchrotron Radiation Research
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Table 1. Crystallographic Data and Refinement Details for I-VIII

T T ST AR , SN o
CCDC No. 1548035 1563675 1548036 1548037 1548038 1548039 1sasos0 - T
Empirical formula CpHyONd;  Cy Hj,OgEn CiH;,0,Gd C11H;;05Tb CiiH,0sDy CHpOgEr C1H20¢Tm C11H,;05E 0005 Tbos1z
Formula weight 832.89 424.17 42946 431.13 43471 439.47 44114 430.52
Temperature (K) 235(2) 173(2) 173(2) 173(2) 173(2) 173(2) 173(2) 173(2)
Crystal system Triclinic Monoclinic Monoclinic Monodinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P1 (No. 1) P2,/n (No. P2,/n (No. P2,/n (No. P2,/n (No. P2,/n (No. P2,/n (No.11)  P2,/n (No. 11)
11) 11) 11) 11) 11)
a(A) 6.2902(9) 13.3183(2) 13.2640(3) 13.2902(7) 13.2574(9) 13.2497(9) 13.3102(7) 13.2848(4)
b (A) 8.8977(12) 5.9450(1) 5.9170(2) 5.9146(3) 5.8930(4) 5.8577(3) 5.8469(3) 5.9188(1)
¢ (A) 12.4234(16) 15.5719(3) 15.4990(3) 15.5575(8) 15.5301(10) 15.5117(10)  15.5139(9) 15.5486(4)
a (deg) 77.185(3) 90.0000 $0.0000 90.0000 90.0000 90.0000 90.0000 90.0000
B (deg) 78.934(3) 93.802(7) 93.9700(3) 94.0530(2) 94.2140(3) 94.3450(3) 94.4840(2) 94.035(7)
7 (deg) 70.880(4) 90.0000 90.0000 90.0000 90.0000 90.0000 90.0000 90.0000
V(&%) 635.203(15) 1230.23(4) 1213.50(5) 1219.86(11)  121002(14)  120045(13)  1203.65(11) 1219.56(5)
z 1 4 4 4 4 4 4 4
Density (mg m™) 2.177 2290 2.351 2.347 2.386 2432 2434 2.348
Abs. coeff. (mm™) 4123 5.13§ 5.503 5.835 6213 7.029 7.409 5.836
F(000) 404 820 824 828 832 840 844 828
Data/restraints/ 7994/3/366 2813/0/183  2126/0/183  5118/0/183  4520/0/183  4730/0/183  2098/0/183 2794/0/183
parameters
Goodness-of-fit 0.995 1.122 1.114 1.030 1.033 1.040 1.152 1075
Final R (all data)
RI1# 0.0330 0.0300 0.0309 0.0363 0.0387 0.0340 0.0157 0.0291
wR2" 0.0621 0.0566 0.0777 0.0530 0.0547 0.0523 0.0357 0.0540

“Ry = E”F of = IF||/1Fyl. bWRz = [EW(Foz - Fcz)z/ EW(FOZ)Z]UZ-

Institute (JASRI). The intensity data were collected by the w-scan
technique and were processed with the Rapid Auto software program.

Every structure was solved by direct methods within the SHELXS
program and refined on F* by the full-matrix least-squares technique
using the SHELXL program via the Olex2 interface.'™® The crys-
tallographic and refinement data for I-VIII are summarized in Table 1,
while the temperature dependent data sets of II, IV, and VIII are
available as Supporting Information (Table S2).

RESULTS AND DISCUSSION

Syntheses and Crystal Structures Description. With the
use of lower temperature (120 °C) and shorter reaction time
(24 h) relative to the conditions generally employed for the syn-
thesis of LnCPs using mixed rigid and flexible polycarbox-
ylates,"~?* [Nd,(ad)(phth),(H,0),] (I) and [Ln(ad),s-
(phth)(H,0),] (II-VII) have been synthesized. Despite the
addition of DABCO, it is not included in the yielded complexes
but acting as a weak base deprotonating the organic ligands’ car-
boxyl groups. According to the PXRD data (Figures S1 and $2),
the yielded products from every synthesis are pure phases.
Regarding VIII-X, their structures can be confirmed to be iso-
structural to those of II-VII based on both single crystal X-ray
diffraction data (VIII; Table 1) and PXRD results (VIII-X;
Figure S2). If the previously reported complexes are taken
into account,”® a series of LnCPs with the same ratio of
Ln™:ad?":phth>:H,O is noticeably completed, manifesting in
two different structures spanning across the lanthanide
contraction from Pr! to Tm'™,

The structure of [Nd,(ad)(phth),(H,0),] (1) is revealed to
be isostructural to [Pry(ad)(phth),(H,0),],”® which is three-
dimensional and nonporous. The asymmetric unit of I (Figure 1)
is composed of two 9-fold coordinated Nd™ jons, a whole
molecule of ad®”, two molecules of phth*~, and four coor-
dinated water molecules. The coordination about both Nd™
ions is alike, featuring a distorted tricapped triangular prismatic
geometry which is delineated by nine oxygen atoms,

2622

TPRS-{NdO,}, from four phth’>~, one ad*~, and two water
molecules. Every two units of TPRS-{NdO,} share an edge to
form a {Nd,0,4} dimer, each of which is linked to the neigh-
boring dimers by phth?~ using the p,-n%n':n":n' mode of coor-
dination, leading to the formation of an infinite two-dimensional
sheet in the ab plane. Both crystallographically independent
phth®~ ligands adopt the same pqn%n':n':n' mode of coor-
dination (Figure S3), which can be found only in I and the
isostructural [Pry(ad)(phth),(H,0),].*® These sheets are then
transfixed into a three-dimensional framework by ad*~ via the
't in' mode of coordination.

Contrary to the three-dimensional framework of I, II-VII
feature a two-dimensional framework. The asymmetric units of
every complex are similar, composed of one unique Ln™ ion
which is 9-fold coordinated to a whole molecule of phth®~, half
a molecule of ad>”, and two coordinated water molecules
(Figure 2). The coordination about the Ln™ ion in II—VII is
intriguingly the same as that of I, i.e. TPRS-{LnOy}. The nine
oxygen atoms of the TPRS-{LnO,} unit in II-VII are, however,
contributed from one ad®”, two water molecules, and three
phth*~, which is different from the case of I, of which four
phth®~ are included. This can be well accounted for by the lan-
thanide contraction.

Rather than the p 727" 7' :n' bridging mode found in X, the
phth?” in II—VII exhibits the p5-7%:n ' ;' mode which is also
very rare for LnCPs (Figure S3). This mode of coordination
leads, however, to the formation of the edge-shared {Ln,O,4}
dimer, which is linked to the adjacent dimers to form an infinite
one-dimensional chain along the b axs (Figure 2). The estab-
lished chains are further linked by ad®~, of which the aliphatic
chain conforms in an anti-anti-anti fashion, leading to the for-
mation of two-dimensional puckered sheet in the ab plane. The
conformations of the ad”*"aliphatic chain in I and II-VIX are
notably different (Figure S$3). The constructed sheets are
stacked in the ¢ direction and interlocked by weak z—n
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Figure 1. Hlustrations of (a) the extended asymmetric unit drawn using 50% thermal ellipsoids with hydrogen atoms omitted, and the fabrication of

(b) the two-dimensional and (c) the three-dimensional structures in I. Symmetry codes: D1+x-1+yz(x-1+32%

W) -1+x1+y-l+z5(M1+xy2z

(iii) —1 + x, y, z;

b

<

(2)

Figure 2. Ilustrations of (a) the extended asymmetric unit drawn using 50%

(b) the two-dimensional structure and (c) the supramolecular packing in I (as a representative of II-VII).
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thermal ellipsoids with hydrogen atoms omitted, and the fabrication of
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interactions between the phenyl rings of phth®~. The centroid- Noticeably, there is not any hydrogen bonding interaction
to-centroid distances and the angles between the two phenyl found in these complexes.
rings for the z—x interactions in II—VII are distributed in Room Temperature Photoluminescence Behavior of I-VII.

narrow ranges of 4.78—4.80 A and 66.84—68.21°, respectively. Upon the excitation at 255 nm (Figure 3), H,phth displays a
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broad emission band with multiple maxima covering almost the
entire spectrum attributed to #* — 7 of the phenyl ring.*® The
phth®~ centered emission remains vivid in the spectra of I and
V—VII although the change in spectral profiles and the red shift
are significant, which should be 1mparted from the increased
molecular rigidity upon coordination.* According to the band
theory,” the accurnulation of these ligands in the frameworks of
LnCPs can also be a significant cause. A distinct display of the
ligand centered emission su II§gests nonetheless the poor energy
transfer from phth®™ to Nd™ (1), Dy™ (V), Ec™ (VI) , and Tm
(VID). Characteristic emissions corresponding to “Fg/, — HJ
(J = 15/2, 13/2, 11/2) of Dy (V) are nevertheless visible.”

In contrast to I and V—VII, phth®" can effectively sensitize
the emission in Eu' (II) and Tb™ (IV) even at room tem-
perature, which is reflected via the complete silence of the
phth®~ centered emission. The characteristic Dy — "F; (J = 1—4)
emissions of Eu'™ are, as planned, distinct in the spectrum of II
with the most intense SD‘, — 7F, red emission centered at 618
nm. The characteristic D, — 7FJ (J = 6—3) emissions of Tb™
are also explicit in the spectrum of IV, with the most intense
D, — "F; green emission centered at 544 nm. % Since the
Jowest excited state energy of Gd™ is much higher than the low-
est triplet band energy of any ligand, it is therefore common to
estimate the triplet band energy of the o 2gamic antennae from
the PL measurement of Gd™ complexes.””* Based on the emis-
sion at 480 nm in the spectrum of III, the triplet band energy of
20,833 cm™! can be estimated for phth®~, which is in a suitable
energy range to promote the sensitization of both Eu™ (II) and
TH™ (IV) according to Latva’s empirical rule.”

Temperature Dependent Photoluminescence Behavior of
I, IV, and VIlI-X. The temperature dependent emission
spectra of II and IV were collected in terms of intensity from
303 to 423 K (Figure 4). With increasing temperature, the
intensity of the most intense D, — "F; (Tb"; IV) emission cen-
tered at 544 nm dropped approximately 23% while that of the
Dy — "F, (Eu'; II) emission centered at 618 nm negligibly
changed. The reduction in intensity in the case of IV is com-
monly explained by thermal activated nonradiative decay.?**°
Intriguingly, the effect of the thermal vibration of the coor-
dinated water molecules about the Eu'™ in Il is silent. This
should be due to the fact that these coordinated water
molecules are transfixed in the frameworks and have limited
freedom in vibration which is different from the molecular
cases.” The fact that the coordinated water molecules in II and
IV remain intact upon heating has been confirmed by the single
crystal data collected at the BLO2B1 beamline in Spring-8
(Table S2). This agrees well with thermogravimetric data
(Figure S4) revealing no weight lost up to approximately 473 K
(200 °C). The enlargement in the unit cell parameters and
volumes of every complex is nonetheless apparent (Figure S$).

The apparently different behavior in temperature dependent
emission between II (Eu™) and IV (Tb™) brought about the
investigation of VIII-X as to if they could exhibit temperature
dependent ratiometric photoluminescence behavior.***> The
remaining of the coordinated water molecules in VIII (as a repre-
sentative of VIII—X) was similarly affirmed by the single crystal
data (Table S2) and the thermogravimetric analysis (Figure $4).
Although the temperature dependent PL spectra of VIII-X
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Figure 6. (a) Emission spectra of IX excited at 365 nm with (b) the temperature-dependent normalized emission intensity of the D, — "F; and
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look rather similar at first glance, they are significantly different.
In the case of VIII (1Eu":10Tb"; Figure $), the intensity of
the D, — "F; (Tb™) emission decreased approximately 37%
from 303 K to 423 K, which is more drastic than that observed
in IV (23%). The intensity of the Dy — "F, (Eu™) emission,
however, negligibly increased and successively diminished at
temperatures higher than 365 K. Based on the intensity ratio of
5D, = 7F; (Tb™) and Dy — 7F, (Eu'), the thermometric
parameter (A) has been calculated, revealing a temperature
dependent linear correlation of A in a temperature range of
303-393 K (R? = 0.993). To evaluate the performance of VIII
for use as a ratiometric photoluminescent thermometer, the
relative sensitivity (S,), which is defined as™***

s = 9b/aT
T A (1

was calculated, revealing the maximum S, value of 0.42%-K™* at
303 K.

As the ratio of Eu™ was increased, ie. 3Eu™:10Tb™ (IX;
Figure 6) and SEu™:10Tb™ (X; Figure 7), the temperature depen-
dent linear correlation of A was improved to cover the whole
range of the experimented temperatures (303—423 K) with
excellent fit to linearity; R* = 0.996 (IX) and 0.998 (X). This
temperature range intriguingly overlaps with the physiological
temperature range (298—328 K). The improvement of the
maximum S, values is also evident. While the S, for IX brings off
the maximum and minimum values of 0.59%-K™" at 303 K and
0.34%-K™! at 423 K, respectively, those for X are 1.21%K™* at
303 K and 0.49%-K™! at 423 K, respectively. The maximum S,

2627

value of X is intriguingly almost twice that of Euy3,Tbg ¢-BTC
at similar temperature and corresponding temperature range
(0.68%-K™" at 313 K, 313-473 K).** Reports on S, of over
1.2%-K™! at temperatures over 300 K are rare, particularly for
the physiological and higher temperature range.” According to
the PXRD results (Figure S6), the stability of VIII-X over
several multiple cycles of heating and cooling during the tem-
perature dependent PL experiments as well as a few months of
storage under ambient conditions has been confirmed to be
significant.

With the increasing ratio of Eu'l, the intensity of the D, —
Fs (Tb™) emission notably declined to a greater extent: 23%
(1), 37% (VII), 48% (IX), and 5$4% (X), indicating the
energy transfer from Tb™ to Eu™ in these LnCPs.'**** This is
consistent with the room temperature lifetime measurement
results (Table 2), revealing the shorter lifetimes for the *D; —
7F, (Tb™) transition with the increasing Eu™ ratio. The longer
lifetimes were consistently apparent for the *D, — ’F, (Eu™)
emission in VIII-X compared to that of II although the
alteration tendency was not apParent. The efficiency of the
energy transfer (zr) from Tb™ to Eu™ in VIII-X was also
estimated:"°

Mer = -1 @)

where 7, and 7, are the lifetimes of the *D, — "F; (Tb™) emis-
sion with and without the acceptor (Eu'), respectively. In a
similar manner, the ngr was improved with the increasing ratio
of the Eu™ acceptor (Table 2), which is consistent with the
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Table 2. List of Photoluminescence Lifetimes and Energy
Transfer Efficiencies (77gr) at Room Temperature for II, IV,
and VIII-X

P

[Eli(a:i)o.;(i;hth)(H;o)z] (H) B O M S 0441 fehiA

[Tb(ad)os(phth)(H,0),] (IV) 121

(Ln(ad)os(phth) (H O)z] 104 0816 1405
(Ln = 1Eu™:10Tb" ; VIII)

[Ln(ad)os(Phth)(Hzlo)z] 0834 0613 3107
(Ln = 3Eu™: IX)

[L(ﬂ(:d_)ogg‘)lhth)(l—lzn(?)z]) 0795 0555 4165

tendency reported for other materials; La, gs_.GaGeg0,4:0.15Tb™,
xBu™ (x = 0, 0.05, 0.07, 0.10, and 0.20),°® and
(Tbl_,Eux)zMo301,_ (x =0, 0.1, 04, 0.6, 0.8, and 1).*” Reports
on the dependence of ngr on the acceptor concentration are
however scarce.

To investigate the performance of X in better detail, the
values of temperature resolution (§T) in terms of standard
deviation of the temperature read out and repeatability of the
measurement (R) were additionally determined:

24+ .d 0.00866T - 1.4036
R =992 n
22¢F
20F SD=1.90
::;ii 18
B2
]
':3 l.6 -
L4t
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Figure 8. (a) Calibration curve and (b) repeatability for temperature
measurement of X.
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A 3)

where A, is the thermometric parameter calculated from the
calibration curve and A; refers to the value of an individual
measurement.’ Based on ten consecutive temperatures read out
at two different temperatures (Figure 8), both the R and 6T
values are exceptional. The potential of X as a high performance
ratiometric luminescent thermometer is therefore illustrated.

R=1-

B CONCLUSIONS

In summary, the three-dimensional [Nd,(ad)(phth),(H,0),]
(I) and the two-dimensional [Ln(ad)¢(phth)(H,0),] (II-VII)
have been constructed based on the mixed ligands approach.
Every LnCP shows exceptional thermal stability without any
liberation of the coordinated water molecules up to
approximately 473 K (200 °C), although cell expansion is
manifested. The effective sensitization of Eu™ and Tb™ in II,
IV, and VIII-X by phth®™ has evidently been illustrated and in
good correspondence with the triplet band energy of phth?~

estimated from the Gd™ complex (III). Complexes VIII-—
exhibit temperature dependent ratiometric photoluminescence
behavior rendered by the energy transfer process from Tb™ to
Eu™, The linear temperature dependence of A in the range of
303—423 K with the maximum §, of 1.21%-K™" (at 303 K) and
excellent R and 6T has been determined for X. In addition to
temperature, the efficiency of the Tb"-to-Eu'" energy transfer
process as illustrated through the lifetime measurements
depends, also, on the mole ratio of Ead™TbY in the frame-
works. If framework structures and composition are considered
as a matrix, which is well acknowledged as an important deter-
minant governing the photoluminescence behavior of lantha-
nide complexes,**’ mixed ligand approaches, such as the work
reported here, would be worthwhile for further investigation.
Use of mixed ligands with varying degrees of sensitization in facile
synthesis of new LnCPs is currently being studied by our group.
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ABSTRACT

With reference to a series of monometallic and bimetallic [Ln(bdc)g s(phth)(H20),] (Ln =
Eu (1), Tb (IT), Ho (IIT), Er (IV), Tm (V), 1.10Eu : 10.0Tb (VI), 2.99Eu : 10.0Tb (VII), 4.84Eu :
10.0Tb (VIII), bdc? = 1,4-benzenedicarboxylate, phth? = 1,2-benzenedicarboxylate), influences
of the use of mixed bdc? and phth?" antennae on temperature dependent photoluminescent
behavior and temperature sensing performance of the derived complexes are presented. The
single crystal structures of I-V which are new complexes are included, revealing the
unprecedented two-dimensional polymorphism in lanthanide coordination polymers. With
reference to the temperature dependent behaviors of I, II and VI-VIII, the segregation of the

sensitization processes which imparted unfavorable impact on temperature sensing performance
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is demonstrated. An exceptional repeatability (> 98%) as a characteristic feature of
photoluminescent sensing and the dependency of the inter-lanthanide energy transfer on the

acceptor content are then proposed and discussed.
KEYWORDS Lanthanide; Luminescence; Coordination polymer; Polymorphism; Thermometry

1. Introduction

Ratiometric photoluminescent temperature sensing based on lanthanide coordination
polymers (LnCPs) has been profoundly investigated in recent years. A great deal of attention
stems from the privileges of being self-reference, fast response, and ex;:eptional accuracy and
precision at particularly sub-micrometer scale.!” The sensing performance of LnCPs can
however be upforeseeable as several competitive mechanisms are involved, e.g. antenna-to-Ln
energy transfer or so-called sensitization, Ln-to-antenna back-energy transfer, inter-Ln energy
transfer and non-radiative decay.3-3 Intriguingly, reports on the synergistic or segregation of
these processes due to the co-existing of mixed antennae as well as their influences on sensing
performance are still deficient to draw any conclusion. In some cases, unexpected results are
unfold. For example, a dilution of 1,2-benzenedicarboxylate (phth?-) antenna by an ineffective
adipate (ad*) in [Ln(ad)os(phth)(H,0),] unanticipatedly promoted their temperature sensing
performance.'¥ To compare the influences of mixed antennae on sensing performance of LnCPs,
the employed LnCPs should be isostructural to eliminate structural factors. However,
isostructural LnCPs built up of different combinations of ligands are thus far unknown of.

Inspired by [Ln(ad)o,s(phth)(HZO)z],14 a series of [Ln(bdc)gs(phth)(H,0),] (bdc* = 1,4-

benzenedicarboxylate; Ln = Eulll (T), Tb™ (IT), Ho'™ (I1I), Er™ (IV), Tm™ (V), Gd™ (IX)), were
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fabricated. Single crystal structures of I-V were determined revealing the closely relevant

framework structures to [Ln(ad)o s(phth)(H,0),].!4 Details on structural relation of the two series

O N QA Umeh W N

of LnCPs are discussed. Temperature dépendent photoluminescent behavior of the titled

— O
(@]

complexes were investigated and are discussed. In addition, the bimetallic

—_
N —

[La(bde)o s(phth)(H;0),] (Lo = 1.10Eu™™ : 10.0Tb™ (VI), 2.99Eul™ : 10.0Tb (VII), 4.84Eu™l ;

—_ -
How

10.0Tb™ (VIIN)) were synthesized and characterized. The influences of mixed antennae on the

- =
N oy u»n

TbU-to-Eull energy transfer and consequently the ratiometric temperature-sensing performance

SIS
O

x

were studied.

N NN W
HWN-=O

2. Experimental

NN
o 1

2.1 Materials and instrumentation

NN
[e RN

All chemicals were obtained commercially and used without further purification: Eu;O;

w w N
- O W0

(Merck, 99%), Gd,03 (Sigma-Aldrich, 99.9%), TbsO; (Sigma-Aldrich, 99.9%), Ho,0O3 (Smart

w W
w N

Elements, 99.99%), Er;O; (Fluka, 99.9%), Tm,0; (Merck), HNO; (Carlo Erba, 65%), 1,2-

U W
[V, N

benzenedicarboxylic acid (Hyphth; CgH¢Os, BDH, 99%), 1,4-benzenedicarboxylic acid (Hpbdc;

w w
N Oy

CsH¢O4, GTI Laboratories Supplies, 99.9%), and 1,4-diazabicyclo[2.2.2]octane (DABCO;

B ow
O O ®

~ Sigma-Aldrich, 98%).

N
& A

Infrared (IR) spectra were collected using a Bruker Tensor 27 FT-IR instrument and KBr

S oD
Hw

discs (BDH, 98.5%). Powder X-ray diffraction (PXRD) data were recorded using a Rigaku Mini

SN
O

Flex 11 X-ray diffractometer operated with Cu Ko, radiation (A = 1.5418 A, 40 kV, 15 mA). The

HOoA D
O 0 N

Eulll and Tb™ contents of the bimetallic complexes were determined using an energy dispersive

wn1
- O

X-ray spectroscopy microanalyzer (EDXA) provided with a JSM 5910 low vacuum scanning

vy 1
HwWwN

electron microscope. The UV-Vis spectra were collected using a Perkin Elmer Lambda25 UV-

wv1 o oh
O O NG W
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Vis spéctrophotometer. Photoluminescent spectra were collected on ground crystals using an
ASEQ LR-1T broad range spectrophotometer equipped with a fiber coupled CCD detector and
an LTB MNL-100 pulsed nitrogen laser excitation source (337 nm). The temperature controlling
compartment was installed using a Dual Digital F/C PID temperature controller furnace Kiln
oven, type K thermocouple and a BOXCAR data collecting analysis system. The stray light was

filtered out using a UV optical band pass (<400 nm).

2.2 Hydrothermal synthesis and crystal growth of I-IX

[Eu(bdc)ys(phth)(H,0),] (I). Solution A: Eu,0; (0.0704 g, 0.400 mmol) was dissolved
in 1.00 mL of HNO; solution (7.20 mol-L!). The pH of the solution was then adjusted to 5 using
NaOH solution (10.00 mol-L). Solution B: Hyphth (0.0664 g, 0.400 mmol), Hybdc (0.0665 g,
0.400 mmol) and DABCO (0.0448 g, 0.400 mmol) were dissolved in 7.00 mL of deionized
water. Solutions A and B were mixed in a 25 mL Teflon lined hydrothermal.r;:actor and made up
to 10.00 mL by deionized water. After carefully sealed, the reaction was carried out under
autogenous pressure generated at 180 °C for 24 h. Yield: 80% based on Eu. IR (cm™): 3600-
3120(br), 3073(w), 2966(w), 1543(s), 1427(s), 1294(w), 1151(w), 1088(w), 843(m), 750(m),
662(w), 532(w), 440(w).

[Th(bdc)ys(phth)(H,0),] (). The same procedure as that of I was adopted but the
metal source was changed to Tb;0; (0.0748 g, 0.400 mmol). Yield: 75% based on Tb. IR (cm!):
3620-3130(br), 3061(w), 2963(w), 1562(s), 1402(s), 1150(w), 1088(w), 847(m), 752(m),
660(w), 532(w), 440(w).

[Ho(bdc)ys(phth)(H,0),] (III). The same procedure as that of I was adopted but the

metal source was changed to Ho,03 (0.0756 g, 0.400 mmol). Yield: 60% based on Ho. IR (cm!):
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3620-3130(br), 3061(w), 2963(w), 1562(s), 1402(s), 1150(w), 1088(w), 847(m), 752(m),
660(w), 532(w), 440(w).

[Er(bdc)os(phth)(H;0);] (IV). The same procedure as that of I was adopted but the
metal source was changed to Er,03 (0.0766 g, 0.400 mmol). Yield: 65% based on Er. IR (cm-!):
3620-3130(br), 3061(w), 2963(w), 1562(s), 1402(s), 1150(w), 1088(w), 847(m), 752(m),
660(w), 532(w), 440(w).

[Tm(bdc)s(phth)(H;0),] (V). The same procedure as that of I was adopted but the
metal source was changed to Tm,03 (0.0772 g, 0.400 mmol). Yield: 75% based on Tm. IR (cm-

): 3620-3130(br), 3061(w), 2963(w), 1562(s), 1402(s), 1150(w), 1088(w), 847(m), 752(m),

- 660(w), 532(w), 440(w).

[Gd(bdc)es(phth)(H;0),] (IX). The same procedure as that of I was adopted but the
metal source was changed to Gd,O3 (0.0725 g, 0.400 mmol). IR (cm): 3620-3130(br), 3061(w),
2963(w), 1562(s), 1402(s), 1150(w), 1088(w), 847(m), 752(rr.x), 660(w), 532(w), 440(w). Since
crystal structure of IX has been previously reported,! its structure and purity were characterized
by PXRD. |

[Eube 1x(bdc)os(phth)(H;0),] (VI-VIII). The same procedure as that of I was adopted,
except for the use of Eu,03/TbsO7 mixtures. The mole ratios of Eu,O; : TbyO7 were: 1Eu,05 :
5TbsO7 (1Eu:10Tb, VI), 3Eu,0;5 : 5TbsO; (3Eu:10Tb, VII), and 1Eu,0; : 1TbyO7 (5Eu:10Th,

VIII).
2.3 Single crystal structure determination of I-V

Crystallographic data sets of new complexes I-V were collected at 293(2) K using a

Rigaku XtaLAB SuperNova Diffractometer equipped with a single micro-focus sealed X-ray

ACS Paragon Plus Environment 5
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tube (Mo K,, A = 0.71073 A) and a Hypix Hybrid Pixel Array detector. Data collection and
reduction were performed using CrysAlisPro 1.171.39.46,'¢ and empirical absorption corrections
were applied to all data sets using spherical harmonics, implemented in SCALE3 ABSPACK

scaling algorithm.!® The structures were solved by intrinsic phasing methods within the

SHELXT program!” and refined on F2 by the full-matrix least squares technique using the

SHELXL program'? via the Olex2 interface.!® The crystallographic and refinement data for I-V

are summarized in Table 1.

3. Results and discussion
3.1 Crystal Structure Description of I-V

The crystal structures of I-V are revealed to be isostructural with
[Gd(bdc)g.s(phth)(H,0),] and [Dy(bdc)es(phth)(H,0),] yielded from different synthesis
approach,!® featuring a non-porous three-dimensional framework. More importantly, I-V exhibit
significant correlation with [Ln(ad)es(phth)(H,0),] (Ln = Eu, Gd, Tb, Dy, Er and Tm; H,ad =
adipic acid)!* in views of both structure and photoluminescent property.

The asymmetric units of I-V are alike comprising an eight-fold coordinated Ln'! bearing
a distorted dodecahedral geometry, denoted as DD-{TbOs}, of which the eight oxygen atoms are
from four equivalent phth?, one bdc? and two water molecules (Figure 1). Due to the pg4-
n'm'mln! coordination mode adopted by phth?, each DD-{TbOs} unit exists as a discreet
moiety and is linked to the other eight equivalents through 8x{OCO} bridges of four
surrounding phth?- to form a two-dimensional [Ln(phth)(H,0),] sheet in the ab plane (Figure 2).
The derived sheet can be characterized as a uninodal 4-connected sql/Shubnikov with {4%.62}

point symbol.
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Figure 1. An extended asymmetric unit of IT as a representative of I-VIII, drawn using 70%
25 thermal ellipsoids with H atoms omitted. Symmetry codes: (i) 1+x, 1+y, z (ii) 1-x, 1-y, 2-z (iii)

27 2-x, 1-y, 1-z.

31 The completely deprotonated phth? discernibly tends to provide two-dimensional
33 framework structure of which the architecture is diversified by the adopted coordination mode
35 (Figure S1). Whilst the pg-nl:m'mlin! mode of phth? leads to a discrete DD-{LnOg} unit as
found in I-V, the pz-n%nimin! mode in [Ln(ad)ys(phth)(H,0),] renders an edge-sharing dimer
40 built up of two TPRS-{LnOy} units.!# Despite the differences in the primary structure-building
42 units, i.e. a discrete DD-{LnOg} and a dimer of two TPRS-{LnOy}, and the three-dimensional
framework topology between I-V and [Ln(ad)os(phth)(H,0O),], chemical composition of the
47 derived sheets of both series is identical, i.e. [Ln(phth)(H,0),]. The [Ln(phth)(H,0),] sheet in I-
49 V can therefore be regarded as a polymorph of the [Ln(phth)(H;O),] sheet in
31 [Ln(ad)o.s(phth)(H,0),], which is evidently induced by different coordination modes of phth?-,
54 This type of polymorphism which is accounted for by versatile coordination modes of the

56 bridging ligand is markedly atypical for LnCPs.
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Figure 2. Depictions of (a) two-dimensional and (b) three-dimensional framework structures of

II and coordination modes adopted by the occluded ligands. H atoms are omitted for clarity.

The [Ln(phth)(H,0),] sheets in structures I-V are collectively pillared by bdc?* in c
direction through the chelating p,-n':n'm'n! mode, giving rise to the three-dimensional

[Ln(bdc)o s(phth)(H,0),] (Figure 2). Compared with [Ln(ad), s(phth)(H,0),],!# role of the longer

ACS Paragon Plus Environment R
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and more flexible ad* resembles that of the relatively rigid and short bdc?, i.e. being a pillar
connecting the polymorphic [Ln(phth)(H,0),] sheets. The two linear bridging bdc? and ad?
intriguingly adopt the same chelating p-n!:n':n':n! mode of coordination, although the shorter
bdc? instigates the non-porosity in I-V. This is an explicit evidence for the introduction of
porosity in pillared layered structures of LnCPs by the pillaring ligands. According to the PXRD
(Figure S2), structures of I-V deduced from single crystal data were confirmed to be appropriate

representatives of the synthesized samples all of which could be yielded as pure phases.

3.2 Photoluminescence Behaviors of I-V

3.2.1 Sensitization Efficiency of Co-existing phth?>- and bdc?. Upon the excitation at
337 nm, the emission spectra of III-V were dominated by a broad feature of the ligand-centered
n*—7 emissions (Figure 3). The strong and intense Eu:’Dy—7F; (J=1-4) (I) and Tb"™:5D4;—7F;
(J=6-3) (II) emissions were, on the other hand, explicit without any trait of the ©*—>n emissions.
Since both phth?- and bdc? are well acknowledged for being effective antennae with respect to
both Eul! and TbL?® the co-existence of both antennae should therefore ensure the effective

sensitization in I and IL.

ACS Paragon Plus Environment 9
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Figure 3. Emission spectra of (a) I (b) II (c) III (d) IV and (¢) V.

According to an antenna model, the primary factor governing effective sensitization is an
appropriate energy gap between the triplet state of the organic antenna and the accepting levels
of L', e.g. A{ECT)-E(Eul:5D,)} (J = 0-2) and A{ECT)-E(Tb":5D,)} (J = 3, 4).7!° The E(*T)
of an antenna transfixed in coordination framework however differs from that of the

corresponding molecular state and depends on its local environment in the framework. To
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estimate the E(*T) of phth?- and bdc? in the titled complexes, [Gd(bdc)o s(phth)(H,0),] (IX} was
synthesized using the same synthesis procedure as that of I-V. Its photoluminescence spectrum
was collected (Supplementary Figure S3). With reference to two emissions at 415 and 466 nm,
the E(T) of 24,096 and 21,459 cm! could be estimated for phth? and bdc?, both of which are
consistent with the previously reported values: 23,810 cm! from [Gdy(phth),(H,0),],¢ 23,256
cm!  from  [Gdy(bdc),(H,0),1,6 22,220 cm!  from  [Gdy(phth);(H,O);]  and
[Gd,(bdc);(DEF),(EtOH),]-2DEF.8 Contribution of structural diversity to discrepancy of ECT) is
clearly displayed. In comparison with the primary accepting levels of Eull (°D,, J= 0-2) and Tb!!I

(°D,),% phth? and bdc? should be able to facilitate the /~f emissions in both I and II.

3.2.2 Temperature-dependent Photoluminescence of I, II, VI-VIIL Upon the heating
of I and II from 303 to 423 K (Figure 4), intensity of both the red Eu™:3Dy—"F, (617 nm, I) and
the green Tb™:D4—7Fs (547 nm, II) emissions significantly declined, indicating the gravity of
the thermally-induced non-radiative decay in both complexes. According to an antenna model
and the Latva proposal,’? a reduction in intensity of Tb":’D4—’Fs (IX) should attribute to the
energy-back transfer owing to a small A{E(T,bdc?)-E(Tb":°D,)}. Intensity declining in the
Euw:’Dy—"F, (I) case may however ascribe to a large A{E(*T,phth?*)-E(Eu™:°Dg)} which
detracts the sensitization and allows intra-ligand non-radiative decay.

To appraise the TbU-to-Eull energy transfer, the bimetallic [Tb™Eu'li;.
«(bdc)g s(phth)(H,0),] (VI-VIII) were synthesized. Structures of VI-VIII were ensured to be
isostructural with I and II by PXRD (Supplementary Figure S4). According to EDXA
microanalysis (Supplementary Figure S5), the Eulll-to-Tb™ mole ratios are 1.10Eu™-to-10.0Tb!"!

(VI), 2.99Eull-to-10.0Tb™ (VII) and 4.84Eull-to-10.0Tb™ (VIII). In accordance with these

ACS Paragon Plus Environment 11
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results, the following formulas can be concluded; [Eug,100Tbo.soo(ad)es(phth)(H20)2] (VI),

[Eug230Tbo770(ad)o.s(phth)(H20),] (VII) and [Eug330Tbo s70(ad)o.s(phth)(H20)2] (VII).

(b)

Z -
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© 1.00 —8— 547 nn (TH™)
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Figure 4. Temperature dependent emission spectra of (a) I and (b) I, with (c) the corresponding

temperature dependent intensities of Eul:5Dy—"F, (617 nm, I) and Tb"™:5D4—"Fs (547 nm, II).

Based upon intensities of the red Eu:5Dy—"F and the green Tb!:5D4—7F5 emissions,
the grievous effect of heating on photoluminescent properties of the VI-VIII were displayed
(Figure 5). The declining intensity of the green emission was markedly more substantial than the
red emission, which is contrary to the I-II cases. The heating effect became successively more
drastic with the rising content of Eu'll, i.e. from 34% (VI) to 49% (VII) and 51% (VIID). A
reduction of the red emission of VI containing the lowest Eulll content was less than 10%

compared with approximately 20% in the cases of VII and VIIL These results manifest the Tb'-
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to-Eull energy transfer in VI-VIIL, and the dependence of the process efficiency on the

concentration of Eu'l, which is an acceptor.
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Figure 5. Temperature dependent emission spectra of (a) VI (b) VII and (c) VIII, with the

corresponding (d) temperature dependent intensities, and (e) the calculated A parameters.

3.2.3 Ratiometric Temperature Sensing Potentiality of VI-VIIIL. Since the enlarged

divergence in temperature dependent characters as found in intensity change of VI-VIII is a

common indicator of sensitivity in ratiometric thermometry,?! thermometric parameters (4) were

thus calculated from intensity ratio of the red Eu™:SDy—"F, and the green Tb: SD;—F;s

emissions (Igy/Ity). An excellent linear correlation has been revealed for the temperature

dependent 4 over the 303-423 X for VI-VIII (Figure 6). This correlation can be reproduced with
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exceptional standard deviations. To evaluate performance of VI-VIII in temperature sensing, the
relative sensitivity (S; %K') were determined, showing the reverse temperature-dependence
with the maximal and the minimal S; at 303 and 423 K, respectively; 0.32-0.23 %-K-! (VI), 0.42-
0.28 %-K-! (VII), and 0.55-0.33 %-K"! (VIII). The highest S, was achieved for VIII containing
the highest content of Eulll, which is an acceptor in the Tb-to-Eulll energy transfer process. The
S; of VI-VIII were however poorer than those of the closely relevant [Ln(ad)y s(phth)(H,0),]
containing only the phth? antenna.'* A nullifying affect imparted from the co-existing of bdc?
and phth? possessing different triplet state energies is therefore revealed. Accordingly, a small
A{ECT,bdc?)-E(Tb™:°Dy)} in II leads to a critical energy-back transfer manifested through a
declining of the emission intensity, despite the presence of phth?. These results imply the
sensitization process between each antenna and the Ln'! to be independent.

With reference to ten successive measurements at two different temperatures (343 and
383 K), the values of temperature resolution (67) in term of percentage deviation of the
temperature read outs (%) and repeatability of the measurement (R) were determined. An
excellent 87 of 1.36% at 343 K and 0.71% at 383 K with R >98% were achieved for VIIIL.
Noticeably, better sensing performance was noticeably yielded at higher temperature.

The room temperature lifetimes (t) were also determined from the Eul':3Dy—7F, (tg,)
and the Tb":’Dy—"F;5 (11,) emissions (Table 2), showing the truncated 11, and the extended tg,
in VI- VIII compared with the corresponding values of I and XI. The Tb™-to-Eul' energy
transfer efficiencies (7gr) in VI-VIII were calculated, displaying the successive enhancement in
ner from VI to VIII of which approximately 81% efficiency was revealed. These results are in
excellent agreement with aforementioned tendencies. In accordance with the yielded data, the

crucial influence of the Tb™-to-Eull! energy transfer of which the efficiency depends on the Eul
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34 Figure 6. Depiction of (a) the temperature dependent A parameters of VI-VIII, and the sensing
36 performance of VIII in terms of (b) S; of VI-VIII, (c) d7, and (d) R based on ten successive

measurements.

43 content can therefore be concluded. The promotion of the divergence in temperature dependent
45 intensities of the two emitters and the enhanced S; can also be accounted for. The improved #gr
would result in a greater loss in Tb™:’D4—>"Fs (1) intensity but a gaining in Eu™:3Do—"F; (&)
50 intensity leading to their divergent temperature dependency. The S; which is one of the practical
52 parameters determining the sensing performance is consequently enhanced. This finding is

consistent with previous reports on the association between the enhancement of 7gr and the Eul"
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acceptor content and the evidence for the importance of the Tb":to-Eul! energy transfer to the

improvement of S; which is notably rare,1422.23

4. Conclusions

Based on a series of monometallic and bimetallic [Ln(bdc), s(phth)(H20),] of which the
structures are intimately relevant to [Ln(ad)o s(phth)(H,0),],!* the influences of mixed bdc?- and
phth?- antennae on temperature dependent photoluminescent behaviour and temperature sensing
performance were studied. Despite being effective antennae, the co-existence of phth? and bdc?
evidently resulted in poorer S; compared with [Ln(ad)s(phth)(H,0),] containing only phth?,
over the same working temperature range of 303-423 K. The energy gap between the E(*T) of
each antenna and the accepting levels of each Ln!ll need to be separately considered. The crucial
influence of the Tb™W-to-Eull! energy transfer on S; and its dependency on the content of Eu'!
have'been displayed. With reference to VIII as a representative of [Ln(bdc)g s(phth)(H,0),], the
maximum S; of 0.55%-K"! was revealed at 303 K before deteriorating to 0.33 %-K! at 423 K. The
- 0T of 1.36% and 0.71% were however yielded at 343 and 383 K, respectively, with R > 98%,

indicating the characteristic temperature resolution and precision of the measurements.
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Table 1. Crystallographic and refinement details of I-V

1 II I v v
CCDC No. 1871926 1871927 1871928 1871929 1871930
Empirical formula C2H;0OsEu CoH;jOsTb  Cj,H;(OgHo CoH00gEr C2H00sTm
Formula weight 434.16 441.12 447.13 449.46 451.13
Crystal color Colorless Colorless Pinkish orange  Pale pink Colorless
Temperature (K) 293(2) 293(2) 293(2) 293(2) 293(2)
Crystal system Triclinic Triclinic Triclinic Triclinic Triclinic
Space group P1 (No. 2) P1(No.2) Pl (No.2) P1 (No. 2) P1 (No. 2)
a(d) 6.1203(2) 6.1106(1) 6.1086(1) 6.1089(1) 6.1060(1)
b(A) 8.8435(4) 8.8120(1) 8.7916(1) 8.7835(1) 8.7537(1)
cd) 12.9577(6) 12.8911(2) 12.8634(2) 12.8533(2) 12.8332(2)
a(®) 94.933(3) 94.902(1) 95.117(1) 78.447(1) 78.324(1)
B 99.053(3) 99.170(1) 99.100(1) 80.964(1) 80.976(1)
7 (°) 109.493(3) 109.803(2) 110.154(1) 69.654(1) 69.728(1)
V(A3 645.63(5) 637.439(18)  632.619(17) 630.671(17) 627.319(17)
z 2 2 2 2 2
Density (Mg-m™) 2.233 2.298 2.347 2.367 2.388
u (mm-t) 4.896 5.586 6.293 6.693 7.111
F(000) 418 422 426 428 430
Data/Restraints/Parameters ~ 2766/0/192 2756/0/192  2728/0/192 2723/0/192 2730/0/192
N 1.006 1.059 1.066 1.067 1.012
R{Y/wRy? 0.0438/0.0964 0.0302/0.0615 0.0282/0.0614  0.0255/0.0468  0.0281/0.0502

@ R[ = E”Fo|-ch”/|Fol, b WR2 = [EW(FQZ-Fcz)z/ZW(FOZ)z] 1/2.

Table 2. Photoluminescent t (ms) and #g7 (%) at room temperature for I, I and VI-VIII

7(Tb": SD4—"Fs)

t(Eul:SDp—"F,)  7er

I, [Eu(bdc)o s(phth)(H;0),] - 0.256 -

1, [Tb(bdc)os(phth)(H;0),] 1.17 ; ;

VI, [EUQ100Tb0900(bdc)05(phth)(H20)2] 0.533 0.524 54.5

VII, [Eu0230Tb0770(bdc)05(phth)(H20)2] 0.308 0.383 73.6

VIIL, [Etg330Tbo.s7o(bdc)es(phth)(H20),]  0.222 0.389 81.0
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