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ABSTRACT: Two 3D porous terbium(II) mucicate
frameworks, {[Tb,(Mu®");(H,0),]-4H,0}, (1) and
{[Tb(Mu*")(0x*")o5(H,0)]-H,0}, (2), have been syn-
thesized under hydrothermal conditions by changing the
pH of the reaction medium. Isostructural europium(III)
and seven mixed terbium(III)—europium(III) mucicates
were synthesized by doping different percentages of Eu™
under similar reaction conditions and unveiling different
emission colors ranging from green to red under the same
wavelength. Both dehydrated Tb™ metal—organic frame-
works exhibit selective H,O vapor sorption over other
solvent molecules (MeOH, MeCN, and EtOH) of less
polarity and bigger size and have been correlated to the
highly hydrophilic pore surfaces decorated with —OH
groups and O atoms from the carboxyl groups of mucicate.

etal—organic frameworks (MOFs) with open structure

have attracted considerable interest because of their
promising applications in gas storage, catalysis, sensing,
magnetism, and luminescence." The majority of the research
on MOFs has been focused on the transition-metal ions."*~%8"
Recently, lanthanides (Ln™) containing MOFs have attracted
substantial interest because of their structural versatility (based
on different coordination numbers) with interesting photo-
luminescence, magnetic, and electronic properties resultin
from the 4f electronic shell.'**? In general, (Eu", Pr', Sm"™),
(Tb™, Er™), and (Tm"™, Ce™) Ln ions show red, green, and
blue emission, respectively, and multiple emission colors can be
achieved by adjusting the relative amounts of red, green, and
blue components in a host Ln compound.> Moreover, materials
emitting multiple colors under single-wavelength excitation are
of paramount importance in the field of light display, lasers, and
optoelectronic devices. The emsisson properties of the different
individual Ln compounds are well documentend;'®®>*
however, color modulation in Ln-based MOFs by varying the
dopant concentration is yet to be properly e)q)101‘ed.3a’d’f
Furthermore, to date, a few lanthanide—organic frameworks
with porous functionalities have been reported.""** Among the
different organic linkers, 2,3,4,5-tetrahydroxyhexanedioic acid
(mucic acid) is a rarely used naturally occurring organic linker,
and on the basis of four hydroxy and two carboxy groups, it can
provide pH-dependent flexible binding modes.* Moreover, a
long alkyl chain with four hydroxy groups can be useful for
generating a flexible and porous structure. A systematic study
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on the effect of the pH on the framework structure® and the
overall network topology in a metal mucicate system is yet to
be reported. In this contribution, we have used mucic acid as an
organic linker for the synthesis of Ln (Tb™ and Eu™)-based
frameworks having a flexible coordination geometry. We have
isolated two terbium(III) muciate frameworks,
{[sz(Muz_)3(HZO)2]‘4H20}n (1) and {[Tb(Mu’")-
(0x*7)y5(H,0)]'H,0}, (2), by changing the pH of the
reaction medium (Scheme 1). At pH & 2, mucic acid acts as

Scheme 1. Representing a pH-Controlled Synthesis of
Terbium(IIT) Mucicate (1) and Terbium(III) Mucicate—
Oxalate (2) Frameworks
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both a ligand and a precursor of oxalate, whereas at pH = 4, it
acts as a linker only. The europium(IIl) mucicate
{[Eu,(Mu?*"),(H,0),]-4H,0}, (3) framework and a series of
Eu"-doped frameworks (with different atom %), isomorphs of
1, have been synthesized, and luminescence colors of the
compounds {[Tb,_,Eu, (Mu*");(H,0),]-4H,0}, were easily
tuned from green, green-yellow, yellow, orange, and red-orange
by changing the doping concentration of the Eu ion. To the
best of our knowledge, this is the first report of the color
tunability and pH-controlled synthesis of lanthanide mucicate
frameworks.

The terbium(III) mucicate frameworks have been synthe-
sized hydrothermally at 120 °C at pH ~ 4.0 (for 1) and 2.0 (for
2), see the Supporting Information (SI). Various coordination
modes of mucicate (Mu®") to Tb™ are shown in Figure S1 in
the SI. 1 and 2 crystallize in triclinic space group P1 (Table S1
in the SI), and the structure determination of both 1 and 2
reveals a 3D coordination framework of Tb™ bridged by Mu*~
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(dianionic form of mucic acid) in 1 and Mu®>~ and oxalate
(Ox*7) in 2. There are four different types of binding modes of
Mu*", viz, Mu*~_a, Mu’"_b, Mu’" ¢, and Mu*"_d in
compounds 1 and 2 (Figures S1 and S2 in the SI). In 1, a
nine-coordinated Tbl center is connected to three different
Mu®~ (Mu®~_a, Mu®>~_b, and Mu®*~_¢) to satisfy coordination
number 8, whereas in 2, the Tb1 center is coordinated to two
Mu*” (Mu®>" b and Mu®" d) and one Ox*~ to satisfy
coordination number 7 (Figure S2 in the SI). Ninth and
eighth coordination of Tbl in 1 and 2 are occupied by H,O
molecules, respectively. In 1, Mu®>~_a and Mu®"_b are chelated
to a Tb™ center in tridentate (05, O7, and O8) and bidentate
(O9 and O11) fashion, respectively, to build a 1D zigzag chain
along the crystallographic ¢ direction (Figure S3a in the SI).
The chains are lying on the ac plane (Figure S3b in the SI),
which are diagonally pillared by Mu®" ¢, where syn—anti-
bridged carboxylate O atoms (O1 and O2) and O3 from OH
coordinated to Tb™ centers result in a 3D structure (Figure
la). In compound 2, each eight-coordinated Tbl center is

Figure 1. (a) 3D structure of 1 viewed along the a axis formed by the
three different bindings of Mu®>~ (b) 3D structure of 2 viewed along
the b axis formed by the two different Mu®~ and one Ox*".

chelated to Ox*~ through the O atoms (O3 and O7) and to two
Mu?~ (Mu®>"_b and Mu>"_d) through O atoms (O1, 02, and
Ur-04, 08). A 2D sheet is formed by coordination of Mu*~ b
and Mu®~_d in the crystallographic bc plane (Figure S4 in the
SI), which is further connected by Ox*~ along the crystallo-
graphic a direction to form a 3D coordination framework
(Figure 1b). Topological analysis suggests that both frame-
works have a 7-c uninodal structure with point symbol
{3%4%5%6} and the type of topology is svi-x/I4/mcm —
Ibam. Bond sets: 1, 4, S, 6: svi-x; obtained from the TOPOS
Topological Database (TTD)® (Figure SS in the SI). Tb1-O
bond distances are in the range of 2.315(5)—2.574(4) A and
2.288(8)—2.444(4) A for 1 and 2, respectively (Tables S2 and
S3 in the SI). The 3D framework of 1 contains dumbbell-
shaped channels (4.9 X 6.9 A%) along the a axis and rectangular-
shaped channels (2.8 X 1.7 A®) along the b axis occupied by the
guest H,O molecules (Figures S6ab and S7a in the SI).
Compound 2 contains hexagonal-shaped channels along the ¢
axis with a smaller pore aperture (3.85 X 2.31 A%). (Figures S6¢
and S7b in the SI). Compounds 1 and 2 contain four and one
guest H,O molecules per formula unit, respectively. The
effective pore dimension of the dumbbell-shaped channels in 1
is less because of the presence of hanging hydroxyl groups on
the pore walls. Calculations using PLATON® suggest that the
dehydrated frameworks of 1 and 2 contain 23.7% and 17% void
space to the total crystal volume.

Thermogravimetric analysis (TGA) suggests the concomitant
release of both coordinated and crystalline H,O molecules in
compound 1 and the stepwise release of crystalline and
coordinated H,0 molecules in compound 2 (Figure S8 in the
SI). Both dehydrated frameworks (1’ and 2’) are stable up to
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230 °C. Powder X-ray diffraction (PXRD) studies of both
dehydrated frameworks show significant changes, indicating
structural change after removal of the guest and Tb"-bound
H,0 molecules rather than collapse of the framework (Figure
S9 in the SI).

To examine the permanent porosity, the dehydrated
frameworks 1’ and 2’ were subjected to adsorption studies
with N, (kinetic diameter 3.6 A) and CO, (kinetic diameter 3.3
A) at 77 and 195 K, respectively. Both isotherms show typical
type II profiles with small uptake up to P/P, ~ 1, indicating
only surface adsorption (Figure S10 in the SI). These results
can be correlated to the smaller effective pore sizes of 1’ and 2’
compared to the kinetic diameters of N, and CO,. In the case
of 1’, the effective pore size is smaller because of blocking by
pendent hydroxyl groups. H,O (kinetic diameter 2.65 A),
MeOH (4.0 A), MeCN (4.3 A), and EtOH (4.5 A) vapor
sorption isotherms were measured under ambient conditions to
study the selectivity based on the polarity and pore size of the
framework. As shown in Figure SI11 in the SI, the sorption
profile of H,O shows a typical type I curve with steep uptake at
the low-pressure region, whereas other solvents are not
adsorbed by any of the compounds, suggesting the strong
hydrophilic nature of the pore surface. The amounts of final
uptake are about 160 and 40 mL g_1 at P/P, ~ 1, which
corresponds to about 7 and 1 molecules of H,O per formula
unit of 1’ and 2/, respectively. The values of SE,, which reflect
the adsorbate—adsorbent affinity, are significantly high (9.7 kJ
mol™" (1) and 8.99 kJ mol™" (2'), also suggesting the strong
hydrophilic nature of the framework, which can be attributed to
the presence of pendent oxygen (carboxyl group) and hydroxyl
groups on the pore surface. The effective pore dimensions in 1’
and 2’ are also not sufficient for the inclusion of larger guest
molecules like MeOH, MeCN, and EtOH.

The PXRD pattern of 3 is similar to that of 1, and indexing of
the pattern using the KOHL program® suggests a cell
parameter identical with that of 1 (Table S4 in the SI),
confirming that 1 and 3 are isomorphous (Figure S12 in the
SI). Typical emission spectra of 1 and its europium analogue 3
show their respective characteristic peaks when excited at 315
nm for both compounds. Compound 1 shows emission peaks
at 485, 545, 585, and 620 nm corresponding to transitions from
D, to 7FI (where J = 6—3, respectively) for Tb™ (Figure S13 in
the SI), whereas compound 3 exhibits emission peaks at 590,
6135, 650, and 693 nm related to 5Do-to-7F] transitions, where |
= 1—4, respectively (Figure S14 in the SI). The red emission of
the pure Eu™ compound (3) is due to the most intense peak at
615 nm for a *Dy-to-'F, transition, and the green color of the
pure Tb™ compound is due to the most intense peak at 545 nm
for a SD,-to-"F; transition. Furthermore, Tb™ and Eu'™ are a
well-known donor—acceptor pair, where Tb™ acts as a donor
and Eu™ acts as an acceptor, and they have green and red
emission, respectively, as described previously. Eu™ and Tb™
have similar charge and ionic radii; therefore, Eu' can be
doped easily in the Tb™ compound and the corresponding
emission color can be tuned based on the concentration of the
acceptor Eu™ through an energy-transfer process. Thus, to
obtain color tunability based on compound 1, we varied the
doping amount of Eu™ in 1 and isolated seven mixed Tb"'—
Eu"™ compounds of Eu'™ contents of 50, 24, 15, 7, 4, 1.24, and
0.6 atom %. The compositions of the compounds were
confirmed by energy-dispersive X-ray analysis. The PXRD
patterns of all mixed Tb™—Eu" compounds are similar to that
of compound 1, indicating that they are all isostructural (Figure
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S12 in the SI). By increasing the Eu"" content in the system, we
observed that the emission color changes from green to red
gradually (inset of Figure 2). As we know, the Ln ion possesses

650
\‘l\ﬂ(lﬂ.lnml

550 00

Figure 2. (Top) Color of different samples of different Eu™ contents

in 1 under UV light. (Bottom) Emission spectra of mixed Tb™—Eu™
compounds with different percentages of Eu doping (4., = 315 nm):
(a) 50%; (b) 24%; (c) 15%; (d) 7%; (e) 4%; (f) 1.24%; (g) 0.6%.

a very low extinction coefficient because of the intraconfigura-
tional f—f transition and has very weak emission when directly
excited. The problem of inefficient emission can be overcome
via the indirect excitation of a coordinated organic ligand, and
this phenomenon is generally known as sensitization or the
antenna effect. In all of the compounds, mucic acid is acting as
an antenna. In order to understand the energy-transfer
phenomenon, we have excited different Eu-doped Tb
compounds at 315 nm. The emission spectra and decay
profiles for different compounds are shown in Figures 2 and
S15 in the SI The spectra of the Tb,_, Eu,, compounds show
peaks at 485, 545, 589, and 615 nm; among them, the most
intense peaks are at 545 and 615 nm for green and red
emission, respectively. The intensities of the peaks at 545 and
615 nm decrease and increase, respectively, with increasing
percentage of Eu™ in {[Tb,_,Eu, ,(Mu*>"),(H,0),]-4H,0},.
The lifetimes of the D, (Eu™) and ’D, (Tb™) states increase
and decrease in the doped sample from the pure compound,
implying the presence of Forster resonance energy transfer
(FRET) from Tb" to Eul (SI).>" The efficiency of energy
transfer within a single donor—acceptor pair at distance r is E =
RS/(Ry + 1°), where Ry is the Forster distance. Because of the
longer distance (6 A) between the Tb™ and Eu™ centers,
FRET would be weak in doped compounds, with a very low
concentration of the acceptor (Eu"; Table S6 in the SI).

In conclusion, we have isolated two different terbium (III)
mucicate compounds and one isostructural europium(III)
mucicate compound at two different pH values and structurally
characterized them. High-temperature acidic conditions
produce oxalate by decomposition of the ligand. This is the
first report of the synthesis of two different mucicate MOFs by
varying the pH of the medium. Both the frameworks are
hydrophilic in nature. Mixed lanthanide Tb,Eu,_, compounds
are synthesized by doping different percentages of Eu" into
framework 1, and composition-dependent emission color and
energy-transfer efficiency have been demonstrated. We are
trying to explore the magnetic and sensing properties of these
compounds, which will be published later.

B ASSOCIATED CONTENT
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X-ray crystallographic details in CIF format, detailed exper-
imental procedures, excitation and emission spectra, PXRD
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patterns, and TGA profiles. This material is available free of
charge via the Internet at http://pubs.acs.org.
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