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Abstract

Metal organic frameworks (MOF) are porous materialhich generally construct with ligands and metal
ions. Recently, most of studies in the field ajtpluminescence properties of Ln(lll) complexes hasn
focused on Eu(lll), Tbh(lll), Dy(lll) and Sm(lll) eepounds. In according to our research; investigatof
luminescence properties of specially Pr(lll) coexas are limited report in literature. In this dy Pr(ll1)
metal ion has been selected to form the metal acgltameworks. Because of forbidden f—f trans#ion
direct excitation of lanthanide (lll) ions is negrimpossible. The sensitization of organic ligarsore
effectively achieved a via antenna effect. Toiakgacellent luminescence properties, the significesign

or selection of a suitable ligand play a key ratethe building of 3D-MOFs. In this work, luminesce
characteristics of the Pr-MOF complex both in visiand NIR region and energy transfer mechanismehav
been investigated.

Keywords Metal organic framework, porous material, prasgodum(lll), photoluminescence, antenna
effect.

Go6zenekli malzemelerde Pr(lll) iyonlarinin antekistile duyarlilgtiriimasi

Ozet

Metal organik cerceveler (MOC) genellikle ligandlare metal iyonlar ile olgturulan gb6zenekli
malzemelerdir. Son zamanlarda, Ln(lll) kompleksi@r fotoliminesans o6zellikleri alaninda yapilan
calismalarin ¢gzu Eu(lll), Tb(lll), Dy(lll) ve Sm(lll) komplekslere odaklanmtir. Arastirmalarimiza gore;
Ozellikle Pr(ll) komplekslerinin [iminesans 6zelliklerinin incelesimézerine yapilan ¢cgimalar literattirde
sinirhdir.  Bu calymada, metal organik cerceve elde etmek icin Pr(tigtal iyonu secilngiir. f-f
gecislerinin yasakli olmasi nedeniyle, lantanit (lll)aglarinin d@rudan uyarilmasi hemen hemen mimkin
degildir. Organik ligandlarin sgladigi anten etkisiyle liminesans artdaha etkili birsekilde elde edilir.
Uygun bir ligandin secimi veya anlamli tasarimi, kathmel liminesans 6zelliklerini elde etmek igin 3
boyutlu MOC'lerin olgturulmasinda énemli bir rol oynamaktadir. Bu galada Pr-MOC kompleksinin hem
gorundr hem de NIR bolgedeki liminesans karakigrige enerji transfer mekanizmasi incelegtini

Anahtar Kelimeler Metal organik ¢cerceve, gézenekli materyal, praeo(lll), fotoliminesans, anten etkisi.
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1. Introduction complex had been already reported as only structura
properties [10].
Porous coordination polymers (PCPs) or Metal
Organic Frameworks (MOFs) have recently become
a popular study area in material research [1,22. Experimental
These porous framework structures are synthesized
from the metal ions and organic bridge ligands vi2.1. Materials and physical measurements
coordination  bonds. Generally, aromatidPraseodymium(lll) nitrate hexahydrate and 1, 2, 4,
polycarboxylates are favoured to other organib- benzene tetracarboxylic acid were purchased from
ligands because they generate robust thr&&gma-Aldrich and used without further purification
dimensional (3D) frameworks with interestingElemental (C, H) analyses were determined with a
porous properties and large aperture loops [3LECO, CHNS-932 analyzer. FT-IR spectrum were
Furthermore, polycarboxylate anions are suitablecorded with a Perkin-Elmer Spectrum 65
bridging ligands for constructing porous metainstrument in the range of 4000 — 600" ¢mPowder
organic frameworks which can find lots of potentialX-ray measurements were performed using CuK
application areas (Scheme 1) [4-7]. Also, lanttani radiation § = 1.5418 A) on a Bruker-AXS D8-
cations have larger ionic radius and higheAdvance diffractometer equipped with a secondary
coordination numbers than transition metals anthonochromator. The data were collected in the
they can be coordinated with numerous organicange 5°< 2 < 50° in6—0 mode with a step time of
ligands that lead to different topologies [8]. ns (5 s < n <10 s) and step width of 0.017°. doli
state UV-visible spectra were measured with an
Ocean Optics Maya 2000Pro Spectrophotometer at

soelestrone

ﬁ ,j = room temperature. Solid state photoluminescence
 meF ¢ spectra in both the visible and NIR region were
- ;j ' D = measured at room temperature with an ANDOR
= - : SR500i-BL Photoluminescence Spectrometer. The
R R _ measurements were carried out using the excitation
f4\§.\§f* | Colllfmanens source (349 nm) of a Spectra-physics Nd:YLF laser
RO e E’ as a source.
o D . 2.2. Synthesis of complex 1

Complex1 was hydrothermally synthesized from a

Scheme 1. Application areas of porous metal organiixture of benzene-1, 2, 4, 5-tetracarboxylic acid
frameworks. (H4btec) (0.15 mmol, 0.038g), Pr(NR.6(H,0)

(0.15 mmol, 0.065 g), an aqueous solution of NaOH
Hydrothermal technique is well suited to the(0,65M- 0,5ml) and 20 ml distilled water. The
preparation of crystals of new inorganic materialgeaction mixture was added to a 45 mL Parr-Teflon
porous coordination polymers and metal organilined stainless steel vessel (while pH 5). Theseks
frameworks [9]. The starting pH and reactiorsealed and heated at 160 °C for 4 d. After the
temperature value have critic importance for toeaction, greenish colorless crystals were obtained
obtaining porous coordination polymers undewhich were filtered off and washed with cold
hydrothermal conditions. Especially the pH is thdistilled water, and then single crystals of comple
most important parameter of the controlling thevere collected and dried in air. ;@HsPrQy: C,
number of free carboxylic acid functions of the29.29; H, 1.23; Found: C, 29.13; H, 1.36 IR (§m
organic ligand. 1594 (w), 1525 (s), 1491 (s),1379 (s), 1326 (w),

1299 (w), 1241 (w), 1194 (w), 1144 (m), 944 (w),
Porous framework structures which contain€92 (w), 863 (m), 813 (s), 764 (m), 723 (w), 713
lanthanide ions have sensitize luminescence whéw), 660 (w), 617 (w).
they excited via antenna effect. This effect come
true with using suitable organic ligand as &.3. X-ray structure determination
sensitizers to obtain energy transfer from ligand tX-ray diffraction data of the complegt were
metal with indirect pathway and this way lanthanideollected on a Xcalibur, Eos diffractometer using
ions may exhibit intense luminescence. Herei,1, MoK, radiation at room temperature (293 K).
4, 5- benzene tetracarboxylic acidftec) was used Structure of complexl was solved by direct
as main sensitizer for Pr(lll) ions in compléx In methods using SHELXS [11] and refined by
this study, crystal structure of [Pre2(btgg]H20)], full-matrix least-squares based on,lF using
(1) porous 3D metal organic framework wasSHELXL with OLEX2 program [12]. The
obtained using hydrothermal technique andetailed hydrogen bonding and supramolecular
characterized by IR, UV-Vis, photoluminescencénteractions were calculated with PLATON 1.16
spectroscopy and X-ray single crystal analysisis Th
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program [13]. Molecular graphics were achievedThe crystallographic data and refinement parameters
for complexl are listed briefly in Table 1. Selected

using OLEX2 and MERCURY [12, 14].

Table 1.Single crystal data and refinement
parameters for complek

geometric parameters and possible hydrogen bond
geometry (A,°) are summarized in Table 2 and
Table 3, respectively.

Chemical Formula GHsPrQy Table 3. Hydrogen bond geometry for complex
My 410.05
ggfgg'gi{)ﬁgm ’ Triclinic, P-1 p-HaA D7 Ha O Symmetry
2z 6.38924) A _ g 435(6)° Ol'~ ' 08 210 2930(5) 162  2x2v,z
Unit cell dimensions =09.3530(7) A B = 74.414(6)° H1B-08
c=9.5444(7) A - o oM -
y = 76.692(6) H7-ogi 082 178 2581(5) 166  2x1y,1-z
V(A9 534.27(7) & c3 -
, 3 ) haoo 093 245 2773() 100 XY,Z
et (g CN) 2.549 B, 093 234 2688(6) 102 Xy:2
p (mn) 4.608 [Symmetry code(s): (iii) 2-x,1-y,-z; (i) X, -1+¥; (vii) 2-X, 2-y, -
Omin-Omax (°) 3,2°- 26,4° z ; (viii) -1+x, -1+y, z ]
h,k,I range -7<h<7
-11<k<11
-11<1<6
Number of Collected, . _ .
Independent, 2865; 2147 (@;85?25), 1960 [ >
Observed Reflection
S 1.05
R[F? > 26(F?)] 0.028
WR(F?) 0.054
Table 2. Selected geometric parameters for conthlex
Bond lengths (A)
Pri-01 2.466(4) Pri— 65 2.438(3)
Prl - 02 2.611(3) Pri - ®6 2.538(3)
Pri - 03 2.512(3) Pri- 08 2.565(3)
Prl - 03 2.514(3) Pri — ®9 2.549(3)
Pri— 04 2.389(4)
Bond Angles (°)
01 -Pr1-02 78.05(11) "2 Pr1 - 08 85.56(11)
01-Pr1-0?% 70.42(11) 08 —Pr1i-08 80.24(11)
01 -Pr1-03 103.18(11) &2 Pr1-0Y 73.49(9)
01 -Pr1-04 139.68(13) 03 - Pr1-04 81.26(11)
01-Pr1-05 66.58(12) 03 —Pr1-05 72.76(10)
01 -Pr1-0% 73.15(12) 03 —Pr1-06 159.48(10)
01-Pr1-08 146.54(12) 03-Pr1 -8 73.25(9)
01-Pr1-09% 129.92(11) 03 -Pr1-&9 122.38(10)
02-Pr1-0% 63.12(9) 04 —Pr1-05 77.13(12)
02 - Pr1-03 50.53(9) 04 - Pr1 —06 88.85(13)
02 - Pr1-04 127.94(12) 04 — Pr1 208 73.54(12)
02 -Pr1-05 101.71(10) 04 - Pr1 - &9 72.36(11)
02 -Pr1-06 143.14(11) 05— Pr1 - 08 87.56(11)
02 -Pr1-08 74.48(10) Ob— Pr1 — O8 137.73(11)
02 —Pr1-0% 114.27(9) Ob—Pr1— OY 142.36(10)
02" - Pr1 - 03 112.65(9) 6 Pr1 — O8 121.14(10)
02" —Pr1-04 145.29(11) %6 Pr1 - 0Y 70.53(10)
02" — pr1 — 05 136.61(11) 08— Pr1 - OY 50.63(9)

[Symmetry code(s): (ii) 1-x, 1-y, 1-z ; (iii) 2-%)-z ; (iv) X, -1+y, z ; (Vi) 2-X, -y, 1-Z ]

3. Result and discussion

3.1. X—ray structure determinations of

Complexl

been determined by single crystal X-ray diffraction

analysis.

Complex crystallizes in triclinic space

group P-1 and possesses a 3D coordination

framework.

The asymmetric unit of Pr complex

In this study, a PF based metal organic frameworkconsists of one Pr(lll) ion, two half btec ligaadd

(1) has been

hydrothermal technique.

successfully
Its crystal structure hagf
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[Pre2(btec),,»(H20)] with atom labeling. As is also
understood from the Fig. 1, two crystallographic
inversion center come across with the center of two # e o,
btec aromatic ring. The four carboxyl groups & th ﬁ

btec anion take two different coordination modes ﬁ '

(%1, n°ue, m: number of coordination bond: :

number obonded metal) (Scheme 2). In complex '

there is a carboxyl group of the jhec is ) a ﬁ' b o
deprotonated, in good agreement with the IR Flgure.3. kepiresentation of the (&) coor<_:i|nat|on
spectral data since absence of the band around 1700 €nvironment and (b) polyhedra of Pr ion.
cm’* for -COOH was observed. Pr ions linked by Y

bridging carboxylate groups, to generate a 1D cha '
with Pr-Pr distances of 4.366 and 5.901 A
respectively (Fig. 2). Also  coordination & @\
environment of each Pr ion complete with six bte <.
ligand and one water molecule to reach nin
coordination (Fig. 3a). Fig. 3b illustrates of
polyhedral geometry of Pr(lll) ions called distmit
monocapped square-antiprism. Furthermore, ea
btec ligand links four Pr(lll) centers to form a 2D
network. Then the 2D networks are further linkec
by btec ligand, to generate a porous 3D framework

structure (Fig. 4). Figure 4. lllustrations of the 3D porous coordioati
network of complex.

R

=

3.2. FT-IR spectra

The IR spectrum of the compléxwas given in Fig.

5. The absence of the band at about 1700' cm
[v(C=0)] which exist in the Kbtec ligand for
complex1 is originated from deprotonation of the
ligand in the complex [15]. The absorption bands
due to the asymmetriofs,{COO)] and symmetric

[Vsy(COOQ)] vibration of carboxylate were observed

Figure 1. Part of representation of crystal Stri&€tu  petween 1594 and 1326 crfor complex1[16].
of [Pre2(btec)1/2¢(H20)]. [Symmetry code(s): () 1

X, 2=y, -z; (i) 1-x, 1=y, 1-z; (iii) 2-x, 1-y, -Ziv) X,
14y, 3 (V) 10X, -y, 1-z; (Vi) —x+1, —y+2, —z+2]

Pr complex
Pr

Transmittance (%T)

btec ligand

Pr
Pr

Srcheme 2. Coordination modes of btec ligand in

4000 3500 3000 2500 2000 1500 1000
Complexl.

- Wavenumber (cm'l)
? 5901 A

{ A T
e \'P.--ad.f v "l-\_f*’ta\*‘(i Vil VP O Figure 5. FT-IR spectra of free btec ligand and
PN Sl N\ IN—A Complexl.
4.366 A There is no band at about 3400 “triv(O-H)]
because of no lattice water molecule in the complex
Figure 2. A view of 1D chain of compléxwhich The p, (H,0) vibration at about 660 c¢hin complex
illustrates Pr-Pr distances. 1 is originated from coordinated water molecule
[17,18]. The IR results are in agreement with the
crystallographic parameters.
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3.3. Solid state UV-Vis spectra more three characteristic emissions at about 866 nm
The UV-Vis absorption spectra of the free ligandl081 nm, 1503 nm in NIR region, which assigned to
and complexL were determined in the solid state atD,—*F,, 'D,—°F, and 'D,—'G, transitions of the
room temperature and illustrated in the Fig.The Pr3+ ion, respectively (Fig. 8b) [25- 27]. The
absorption spectra of the free ligand exhibits Broaemitting bands around 1081 nm arise fréb not
band and it can be assigned to the singlet-singl®, level, in that thé G,—°Hs emission around 1320
n—n* transitions with maximum at 395 nm [19, 20].nm was not observed, referring nonradiative process
Whereas free jbtec exhibited a broad absorptionwith phonon assistance predominates relaxation of
band with maximum owing to the-n* transitions, ‘G, manifold energy levels. It is significant to
complex1 showed broad band at about 490 nm. Ilobtain the NIR luminescence of Pr(lll) ion, sinbe t
complex1, lower energy absorption at 490 nm tharPr(lll) ion can show emissions from three different
in the Hibtec ligand could be assigned by virtue ofevels P, ‘D, and'G,) when excitation [25].

ligand to metal charge transfer transitions from

oxygen atoms to Pr(lll) atoms [21]. Broad bands —— btec
ranging from 400 to 500 nm originate in the n
electronic transitions from the bonding orbitals to _
the non-bonding orbitals. ~ This transition is g
prohibited, and consequently, the absorption >
intensity in the visible region is lower than thadt g
the absorption in the UV region originated from the £
transitions from the bonding orbitals to the anti-
bonding orbitals [22].
400 500 600 700
— btec Wavelength (nm)
= Pr complex

~ Figure 7. Visible emission spectra of free btec

3 ligand.

2

§ 3.5. Sensitization of Pr(lll) ions and Energy

E Transfer Mechanism

In general, the sensitization process of the omani
ligands for lanthanide ions can be expounded as
250 300 350 400 450 500 550 following;

Wavelength (nm)

i. Firstly, the ligands absorb energy in the UV
region and a few electrons from singlet ground
state (g would stimulated to the first excited
singlet state (J,

Figure 6: UV-Visible spectras of btec ligand and
complex1 as solid state.

3.4. Photoluminescence Properties 1.
Upon excitation at the 349 nm, the solid-state
photoluminescence properties of the btec ligand and
complex1 were investigated at room temperature iff'-
the visible and NIR regions. The emission spectrum
of the ligand in visible region, displayed an ernass
band with a maximum wavelength of 480 nm!V-
Accordingly, the ligand showed blue emission as
conform with its maximum wavelength (Fig. 7). For
Pr (Ill) in complex 1, there were obtained two
possible emitting f state€®j (j = 0, 1, 2) andD, for

Then they pass to the lowest triplet excited state
(T, via intersystem crossing which is a

radiationless transition,

Afterwards energy is transferred through inter-
bond coupling to the lowest excitation state of
lanthanide ions,

Finally, the excited electrons turn back to the
ground state, thereby emitting the characteristic
intensive luminescence of lanthanide ions.

The chromothographic ligands act a role of antenna

visible and NIR region, respectively. The emissio®Y the way of transferring energy efficiently to
spectrum of complexl in visible region upon central Ln(lll) ions and this process called as

excitation at 349 nm exhibited three characteristigntenna effect (Fig. 9) [28].

In the present study

transition with peaks at 456, 478, and 501 nm (Fig!Pon indirect se_znsitiza.tion of the Pr(lll) emission
8a), respectively corresponding to the transitiohs USing by Hbtec ligand via antenna effect, complex

Pr(lll) from *P, — *H,, *P; — *H,, and®P, — °H,

exhibit

intense  sensitive  photoluminescence

[23]. The residual emissions from thebitec ligand €Mission behavior both visible and NIR region.
have located in the wavelength region of 400-45BNergy transfer paths in compléxwith Jablonski

nm, which can be attributed to the phosphorescenéégram is given Fig. 11.

Researchers have

of the ligand [24]. And also complek showed suggested an idea for determination of antennateffe
by examination of spectrum as the overlaps between
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the excitation spectrum of complex and the Complex 1
absorption spectra of its corresponding ligandg.(Fi
10) [29- 31] . btec
3
" ©
Residual emission = Pr-vis Z
D from the ligands é‘
(7]
c
a g
—~ c
3 £
s 3
> Pr—=3H,
g 3P0_.3H4 v v v v v v v v
o] 35 3y 250 300 350 400 450 500 550 600
i 4
= Wavelength (nm)
Figure 10. Overlapping of absorption spectrum of
. . . the free and excitation spectra of Comple(All
400 450 500 550 spectra are normalized to a constant intensitiieat t
Wavelength (nm) maximum).
Tp— 3¢ — Pr-NIR
2 4 Encrgy (cm'l)
-3,0x10°
—_ b 2,5%10°
s o
8 o F2,0x10"
2
a 1Dy 1
2 1,5x10
g
£ ‘e bq,0x10"
s
2Fy 2
o F5,0x10°
T T T T T So % e . - . k0,0
750 900 1050 1200 1350 1500 Ln Pr

Wavelength (nm)
Figure 11.Energy transfer paths in Compl&x
Figure 8. The emission spectrum of complein
solid samples at room temperatukg € 349 nm).
(a) visible, (b) near-infrared region (range of 750 4. Conclusion
1600 nm) [Upper-left photos in figures are
photoluminescent images of compounds while The content of this study relates to the
excited at 349 nm] synthesization, crystal structure analysis and
photosensitization of visible and near-infrared
luminescent Pr(lll) complex. A porous lanthanide
complex  [Pre2(btec)1/2¢(H20)] have been
successfully synthesized by hydrothermal technique
using Hbtec ligand as oxygen donor. Its structure
was well characterized by FT-IR, UV-Vis absorption
spectroscopy and single-crystal X-ray diffraction.
Organic bridge ligand and Pr(lll) ions for the
complex 1 clustered to generate a porous 3D
framework structure and formed a structure which
has nine coordination encircled the Pr(lll) atom.
Photoluminescence properties of the complevere
Figure 9.Schematic diagram of the Antenna Effect Studied upon laser excitation at 349 nm as a sulid
room temperature. The results of luminescence
When photoluminescence emission spectra dfvestigations showed intense and characteristic
complex 1 are examined, a broad band emissioRnotoluminescence emissions ~from the f-f
except three characteristic transitions is observdfansitions for complexi both visible and NIR
belong to ligand centered emission in the visibl&8gion, mentioned Jtec ligand effectively
region. Energy transfer from ligand to metal has n Sensitized the luminescence of Pr(lll) ions through
actualized effectively in the relevant regionthe energy transfer from the ligands to metal atom.
However, obtaining the three for each characteristil "€ results obtained from this study not only

transitions both in visible and NIR region showttha€nriched the structures of porous organic
increase the sensitization of Pr(lll) ions. frameworks with lanthanides, but also showed
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special interesting photophysical properties agisinUniversity for the use of the Agilent Xcalibur Eddfractometer

from the lanthanide metal ions.
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