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ABSTRACT: The luminescent properties of two families of heteronuclear
lanthanide-containing coordination polymers are compared. These families
have general chemical formulas [Ln,_,In’,(ip);(H,0),-6H,0],, and
[Ln,_,.Ln’,(aip),(H,0)¢(aip)-4H,0],, where Hyip and H,aip stand for
isophthalic acid and S-amino-isophthalic acid, respectively, and where Ln
and Ln’ are one of the lanthanide ions between Sm®" and Dy*". Hetero- UV /
nuclear compounds that belong to each family are isostructural to the %;
already reported homonuclear compounds [Gd,(ip);(H,0)s6H,0], and :
[Eu,(aip),(H,0);¢:(aip)-4H,0], respectively. These two crystal structures —\

are very similar. However, despite similar chemical formulas, similar crystal e
structures, and similar hydration rates, these two families of compounds . )
present very different luminescent properties that have thus been deeply :

investigated. This study demonstrates that these different optical behaviors

can be attributed to the presence of a PET (photoinduced electron transfer) mechanism that is only present in the amino-
isophthalate-containing coordination polymers.

Eu3* - Eu?*

Bl INTRODUCTION Scheme 1. (Left) Isophtalic Acid (1,3-Benzene-di-carboxylic

For more than a decade, lanthanide-containing coordination 1(\5‘3ifiAI)n1.\bbrle§i;ted HZ(iS-) an(:) (Rilgihtj)‘A.g;ilgti’sopl.lttalilc Acid
polymers have attracted great attention because of their po- “Amno-S,o-benzene-di-carboxylic Act reviate

tential applications " in gas storage,” "' catalysis,'* separation,'® H,(aip)

molecular magnetism,H_lé or luminescence.'” ™3 Actually, due HN

to the inner character of their valence orbitals, lanthanide ions OH OH
have similar chemical properties, and it is possible to synthesize

coordination polymers in which two or more lanthanide ions are o o
randomly distributed over the metallic sites.”**> This enables HO HO

one to tune the intermetallic distances and therefore to modulate (o] o

the color and the brightness of emission.”” In the past few
years it has been demonstrated that heteronuclear lanthanide-

based coordination polymers present high potential as far as of stairlike molecular double chains motifs, but very different
luminescent properties are targeted.24’3l_35 Despite this obvious luminescence properties (see Supporting Information Figures S1
advantage, there are only few heteronuclear compounds de- and 82).

scribed to date.2*~3%3637 In both crystal structures there are two crystallographically

For almost a decade our group is involved in the synthesis of independent lanthanide ions that are nine-coordinated.

benzene-polycarboxylate lanthanide-based coordination poly- In [Gd,(ip);(H,0)y-6H,0], Gd1 is linked to four oxygen
mers.*®*” In the frame of this work, we have obtained two fami- atoms from two bidentate carboxylate groups and five oxygen
lies of isostructural compounds%’“ with respective general chemi- atoms from five coordination water molecules. Gd2 is also co-
cal formulas [Ln,(ip);(H,0)s-6H,0],, and [Lny(aip),(H,0), ordinated to four oxygen atoms that belong to bidentate car-
aip)-4H,0],, where H,ip and H,aip stand for isophthalic acid and boxylate groups and four oxygen atoms from coordination water

S-amino-isophthalic acid, respectively (Scheme 1), and where Ln molecules. The ninth oxygen atom belongs to a monodentate

and Ln’ are lanthanide ions falling between Sm** and Dy*".
Surprisingly, these two families of compounds present very Received: November 13, 2013
similar crystal structures that can be described as a juxtaposition Published: January 8, 2014
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Table 1. Elemental Analyses for [Ln,(ip);(H,0)y°6H,0], with Ln = Sm—Dy

caled (found) %

MW (g mol™") Ln C (¢} H
[Sm,(ip);(H,0)46H,0], 1063.29 28.3 (28.2) 27.1 (27.2) 40.6 (40.4) 40 (42)
[Ew,(ip);(H,0)96H,0], 1066.50 28.5 (28.5) 27.0 (27.1) 40.5 (40.5) 4.0 (3.9)
[Gd,(ip)3(H,0)46H,0] 1077.07 29.2 (29.4) 26.8 (26.8) 40.1 (40.0) 3.9 (3.8)
[Tb,(ip);(H,0)s6H,0] 1080.42 29.4 (29.4) 26.7 (26.7) 40.0 (39.8) 39 (4.1)
[Dy,(ip);(H,0)y6H,0], 1087.57 29.9 (29.8) 26.5 (26.4) 39.7 (39.7) 3.9 (3.7)
Table 2. Elemental Analyses for [Ln,(aip);(H,0) (aip)-4H,0], with Ln = Sm—Dy
calcd (found) %
MW (g mol™) Ln C N (0] H
[Smy,(aip);(H,0) 1 (aip)-4H,0] 1269.45 23.7 (23.7) 30.3 (30.4) 44 (4.3) 37.8 (37.9) 3.8 (3.7)
Eu,(aip);(H,0) ¢ (aip)-4H,0] 1272.66 23.9 (23.8) 30.2 (30.1) 4.4 (4.5) 37.7 (37.8) 3.8 (3.8)
[Gd,(aip);(H,0),¢ (aip)-4H,0]., 1283.23 24.5 (24.6) 29.9 (30.0) 44 (44) 374 (37.3) 3.8 (3.7)
[Tb,(aip);(H,0) 1o+ (aip)-4H,0] 1286.58 24.7 (24.7) 29.9 (30.0) 4.3 (42) 37.3 (37.4) 3.8 (3.7)
[Dy,(aip);(H,0) ¢ (aip)-4H,0] 1293.73 252 (25.2) 29.7 (29.9) 4.3 (4.3) 37.1 (37.0) 3.7 (3.6)

carboxylate group of an isophthalate ligand that lies in the
interchain space. The second carboxylate group of this ligand is
not bounding. The two coordination polyhedrons are best de-
scribed by tricapped trigonal prism. Globally, in this crystal
structure, the two Gd*" ions are linked to nine coordination
water molecules, and six crystallization water molecules are
located between the chains.

In [Eu,(aip),(H,0), (aip)-4H,0], both Eu®" ions are
linked to four oxygen atoms from two bidentate carboxylate
groups and five oxygen atoms from coordination water mole-
cules. The two coordination polyhedrons are best described by
tricapped trigonal prism. Overall, in this crystal structure, the two
Eu® ions are linked to 10 coordination water molecules, and 4
crystallization water molecules are located between the chains.
Therefore, hydration rates are close in both crystal structures.
Actually, the main difference with the previous crystal structure is
that, in this crystal structure, the amino-isophthalate ligand that
lies in the interchain space is not bounded to the molecular
skeleton.

It can be noticed that, upon UV irradiation of the ligand, both
Tb-containing compounds exhibit strong green luminescence
(Supporting Information Figures S1 and S2). On the other hand,
only the isophthalate-based Eu-containing compound,
[Eu,(ip);(H,0)y-6H,0]., exhibits red luminescence while the
amino-isophthalate-based one, [Eu,(aip),(H,0);,-(aip)-
4H,0],, exhibits almost no luminescence. In order to
understand why these two almost isoreticular families of
compounds exhibit such different luminescent properties we
have undertaken the synthesis of heteronuclear members of
both series. Indeed, it has been proven that the study of
heterolanthanide-based coordination polymers is useful for
understanding the different mechanisms involved in their
luminescence.***’

B EXPERIMENTAL SECTION

Synthesis of the Microcrystalline Powders. 1,3-Benzene-
dicarboxylic and S-amino-1,3-benzene-dicarboxylic acids were pur-
chased from Acros Organics and used without further purification. Their
disodium salts were prepared by addition of 2 equiv of sodium hydroxide
to aqueous suspensions of acids. Then, the obtained clear solutions were
evaporated to dryness. The resulting solids were suspended in small
amounts of ethanol. The mixtures were stirred and refluxed for 1 h.
Upon addition of ethoxyethane, precipitations occurred. After filtration
and drying, white powders of the disodium salts were obtained in 90%
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yields. For Na,(ip)-H,0, CgH¢OsNa, (MW = 228 g mol™") Anal. Calcd
(Found): C 45.7% (45.5%); H 1.9% (2.0%); O 30.5% (30.6%); Na
21.9% (21.9%).

For Na,(aip)-H,0, CgH,NO3Na, (MW = 243 g mol™') Calcd
(Found): C 42.5% (42.5%); H 2.7% (2.6%); N 6.2% (6.3%); O 28.3%
(28.2%); Na 20.3% (20.4%).

Hydration rates of the two salts have been confirmed by TGA
(Supporting Information Figures S3 and S4).

Hydrated lanthanide chlorides were prepared from the corresponding
oxides according to literatures methods.> Lanthanide oxides were pur-
chased from STREM Chemicals and used without further purification.

Microcrystalline powders of the homonuclear coordination polymers
were obtained as already described.*>*' The obtained microcrystalline
powders have been assumed to be isostructural to the single crystals
on the basis of their X-ray powder diffraction diagrams (Supporting
Information Figure SS). Results of the elemental chemical analyzes are
listed in Tables 1 and 2.

Microcrystalline powders of the heteronuclear compounds have been
obtained according to similar procedures by simply replacing the
lanthanide chloride solution by the appropriate mixture of lanthanide
chloride solutions in the synthetic processes. The obtained micro-
crystalline powders have been assumed to be isostructural to the corre-
sponding homonuclear compounds, on the basis of their X-ray powder
diffraction diagrams. For example, X-ray diffraction patterns for some
heteronuclear compounds are reported in Supporting Information
Figure S6.

For heteronuclear compounds the relative ratios between the two
different lanthanide ions have been measured by EDS. Some results are
listed in Table 3.

X-ray Powder Diffraction. The diagrams have been collected using
a Panalytical X'Pert Pro diffractometer with an X’Celerator detector.
The typical recording conditions were 40 kV, 40 mA for Cu Ka (4 =
1.542 A), and the diagrams were recorded in 8/6 mode for 60 min
between 5° and 75° (8378 measurements) with a step size of 0.0084°
and a scan time of 50 s. The calculated patterns were produced using the
Powdercell and WinPLOTR software programs.**~**

FT-IR Measurements. FT-IR measurements have been performed
on KBr pellets between 400 and 4000 cm™' using a Perkin-Elmer
Paragon 1000 PC spectrometer. For both series of compounds, the IR
spectra support the crystal structure. Actually all spectra clearly show the
characteristic band for deprotonated carboxylato groups (1380 cm™)
and not for protonated carboxylato groups (1410 cm™). The char-
acteristic band for —NH, at 1610 cm™" is also observed for compounds
that constitute the amino-isophthalate-based family.

Energy Dispersive Spectroscopy. All EDS measurements were
carried out with a Hitachi TM-1000, Tabletop Microscope version 02.11
(Hitachi High-Technologies, Corporation, Tokyo, Japan) with EDS
analysis system (SwiftED-TM, Oxford Instruments Link INCA). The
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Table 3. Relative Ratios between Ln and Ln’ for Some
[EquTbe(ip)3(H20)9'6H20]oo and
[EuMXTbe(aip) z(Hzo) 10" (aip) '4H20] o

[Euz—ZXTbe(aiP)Z(HZO) 10° (aip)~

[Euz—ZbeZx(iP)3(Hzo)9'6H20]oo 4HZO]00
Tb (%)* Eu (%)° P Tb (%)* Eu (%)” a?
100(2) 0(2) 1.00 100(2) 0(2) 1.00
91(2) 9(2) 0.90 89(2) 11(2) 0.90
81(2) 19(2) 0.80 78(2) 22(2) 0.80
71(2) 29(2) 0.70 72(2) 28(2) 0.70
59(2) 41(2) 0.60 57(2) 43(2) 0.60
48(2) 52(2) 0.50 45(2) 55(2) 0.50
41(2) 59(2) 0.40 40(2) 60(2) 0.40
33(2) 67(2) 0.30 27(2) 73(2) 0.30
23(2) 77(2) 0.20 25(2) 75(2) 0.20
10(2) 90(2) 0.10 10(2) 90(2) 0.10
0(2) 100(2) 0.00 0(2) 100(2) 0.00

“Experimental values (metal fractions found by elemental analyses).
bTheoretical values (metal fractions used during the syntheses).

detector is a silicon drift detector, with an energy resolution of 165 eV
which allows us to detect the element from Na to U. With the software
SwiftED-TM, qualitative and quantitative analyses can be performed. All
the samples have been observed by means of an electron beam
accelerated at 15 kV, under high vacuum. The samples were assembled
on carbon discs, stuck on an aluminum stub fixed at 7 mm from EDX
beam, with an angle of measurement of 22°. Reproducibility of the
elemental analyses was carefully checked by reproducing several times
the measurements on different takings for each sample. These
measurements, as well as the pictures (see for example Supporting

Information Figure S7), strongly support the monophasic character of
all samples.

Solid State Luminescent Measurements. Solid state emission
spectra were measured on a Horiba Jobin-Yvon Fluorolog III
fluorescence spectrometer with a pulsed Xe lamp. Slit widths for
excitation and emission were 2 nm for the Eu- and Tb-containing
compounds and S nm for the Sm- and Dy-containing compounds.
Almost all luminescence spectra were recorded at room temperature
between 450 and 800 nm except for [Eu,(aip);(H,0) o (aip)-4H,0],
for which it has also been recorded at 77 K. The data were collected at
every nanometer with an integration time of 100 ms for each step. The
quantum yield measurements were performed using a Jobin—Yvon
integrating sphere [® = (E. — E,)/(L, — L.) with E_being the integrated
emission spectrum of the sample, E, the integrated “blank” emission
spectrum, L, the “blank” absorption, and L. the sample absorption at the
excitation wavelength].

Comparative solid state luminescent spectra were measured on a
Perkin-Elmer LS-55 spectrometer between 450 and 800 nm under
identical operating conditions and without turning the lamp off to
ensure a valid comparison between the emission spectra. Reproduci-
bility of the measurements as well as surface states of the samples
(1.5 cm? pellets) have been carefully checked. Slit widths for excitation
and emission were 5 or 10 nm depending on the series of samples.

The solid state luminescence spectra of the homonuclear Gd-
containing compounds were recorded at 77 K in order to obtain the
energy levels of the lowest triplet states of the ligands (see Supporting
Information Figures S8 and S9).

Luminescence intensities of the samples expressed in Cd m™ have
been measured with a Gigahertz-Optik X1-1 optometer with an
integration time of 200 ms on 1.5 cm? pellets. The intensity of the UV
flux, 2.5(1) W m™2, was measured with a Vilber Lourmat VLX-3W
radiometer.

Figure 1. Projection views of the stair-like double molecular chains of [Gd,(ip);(H,0)o-6H,0],, (a) and of [Eu,(aip),(H,0);¢(aip)-4H,0], (b).
Hydrogen bonds and 7-stacking interactions are symbolized by dotted lines.
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Figure 2. Projection views along the b axis of the packing of two double-chain motifs of [Gd,(ip);(H,0)y-6H,0], (2) and of [Eu,(aip),(H,0),,-(aip)-
4H,0],, (b). Hydrogen bonds and 7-stacking interactions are symbolized by dotted lines.

b
L.a
Figure 3. Intermetallic distances between Gd atoms that belong to the same molecular motif in [Gd,(ip);(H,0)y-6H,0] . Distances are listed in
Supporting Information Table S7.

UV-Vis Absorption Measurements. UV—vis absorption spectra UV—vis absorption spectra of the Gd-containing compounds have been
were recorded on a Perkin-Elmer Lambda 650 spectrometer. Solid state recorded for estimating the energy of the lowest singlet excited states of
measurements were recorded using a praying mantis unit. Solid state the ligands. Liquid state measurements were performed for evaluating
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Figure 4. Intermetallic distances between Eu atoms that belong to the same molecular motif in [Eu,(aip),(H,0) - (aip)-4H, 0] . Distances are listed in

Supporting Information Table S8.

Table 4. Shortest Intermetallic Distances (<11 A) between
Lanthanide Ions That Belong to Different Double-Chain
Molecular Motifs for [Gd,(ip);(H,0),6H,0],, (Top) and
[Eu,(aip),(H,0) o' (aip)-4H,0],, (Bottom)

atom1 atom2 symmetry distance (A)
Gd1 Gd2 —15+x 05—y —1+z 10.274(1)
Gdl Gd2 15 +% 05—y —1+z 10.446(1)
Gdl Gd2 15—x15+y,2—2 10.464(1)
Gd1 Gd2 —15+%—05—y -1+z 10.515(1)
Gdl Gdl “l+x 24y —l+z 10.541(1)
Eul Eu2 %,z 8.721(1)

Table 6. Spectroscopic Data for [Eu,(ip);(H,0)y"6H,0]
and [Tb,(ip);(H,0),"6H,0],

ligand Ln

In Qr, Msens Trad
(%) Tops (ms) (%) (%)*  (ms)
[Eu,(ip)3(H,0), 10(1)  0.19(2)  11(1) 90 1.7
[TbZZip):EHZO)Q~ 28(2) 0.60(6)  32(3) 87 1.9
6H,0],

“Errors on calculated 7., and 7,,4 can be estimated to 15%. b B2 and
QP have been estimated on the basis of emission spectra recorded at
395 nm (°D; energy level for Eu**) and 380 nm (°D; energy level for
Tb?*), respectively.

Table S. Spectroscopic Data for [Ln,(ip);(H,0)y"6H,0],
with Ln = Sm, Eu, Tb, and Dy

QE™(%) Tops ()
[Sm,(ip);(H,0)46H,0], 0.3(1) 0.007(1)
[Euz(ip)3(H20)9-6HZO]m 10(1) 0.19(2)
[Th,(ip)3(H,0)s-6H,0], 28(2) 0.60(6)
[DY2(iP)3(H20)9'6H201m 0~8(1) 0~23(2)

molar absorption coefficients of the ligands (see Supporting Information
Figures S10 and S11).

Colorimetric Measurements. The CIE (Commission Internatio-
nale de I'Eclairage) («, y) emission color coordinates*>*® were obtained
using a MSU-003 colorimeter (Majantys) with the PhotonProbe 1.6.0
software (Majantys). Color measurements: 2°, CIE 1931, step S nm,
under 312 nm UV light. X = k X /§§8§$Iz Xux,Y=kX f;ggﬁﬁll Xy, and
Z=kX f JoonmI, X z; with k constant for the measurement system I,
sample spectrum intensity, wavelength depending, «;, y,, z; trichromatic
values x = X/(X + Y + Z),y =Y/(X+Y+2Z),andz=Z/(X+Y + 2Z).
Mean xyz values are given for each sample, which act as light sources
(luminescent samples). Standards from Phosphor Technology used as
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Table 7. Spectroscopic Data for [Ln,(aip);(H,0) o (aip)*
4H,0], with Ln = Sm, Tb, and Dy

Qg™ (%) Taps (M)
[Smy,(aip);(H,0),¢- (aip)-4H,0] 0.2(1) 0.011(2)
[Tb,(aip)3(H,0),o (aip)-4H,0], 32(3) 0.47(5)
[Dy,(aip)3(H,0) 0" (aip)-4H,0], 0.6(1) 0.005(2)

follows, calibrated at 312 nm: red phosphor Gd,0,S:Eu (x = 0.667, y =
0.330) and green phosphor Gd,0,S5:Tb (x = 0.328, y = 0.537).

B RESULTS AND DISCUSSION

Crystal Structures Comparison. Both crystal structures are
monodimensional and can be described as the juxtaposition of
stair-like double molecular chains (See Figure 1).

In both crystal structures the double chain molecular motifs
are strongly held together by a complex network of hydrogen
bonds and #-stacking interactions to form stair-like molecular
double-chains. These short intermolecular contacts are listed in
Supporting Information Tables S3 and S4.

dx.doi.org/10.1021/ic402841d | Inorg. Chem. 2014, 53, 1217—-1228
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These double-chains are further interacting via hydrogen
bonds and z-stacking interactions that involve the ligands which
are located between the molecular double-chains (Figure 2).

- Ny A

T T U U T T

450 500 550 600 650 700 750 800

Wavelength (nm)

Figure S. Emission spectra (4, = 365 nm) for [Eu,(aip);(H,0),o
(aip)-4H,0], recorded at room temperature and at 77 K in similar
experimental conditions. Spectrum recorded at room temperature is
magnified (X50).

Aem =615 nm Aexc =395 nm
Dy>F,
Eu
Wavelength (nm} h
5Dy=>7F,4
5D, >7F, l 5Dy>"F,

450 500 550 600 650 700 750
Wavelength (nm)

Figure 6. Excitation and emission spectra under direct excitation of the

Eu* ion (A = 395 nm) of [Eu,(aip);(H,0);o-(aip)-4H,0] .

These intermolecular contacts are listed in Supporting
Information Tables S5 and S6.

The intermetallic distances between lanthanide ions that
belong to the same double chain molecular motif are similar in
both crystal structures (see Figures 3 and 4).

For both crystal structures, the distances between lanthanide
ions that belong to different double-chain-like molecular motifs
are quite long. The closest contacts are reported in Table 4.

This structural analysis confirms that the slight structural
differences are not enough for explaining the observed differ-
ences between the luminescent properties.

Luminescent Properties of the Homonuclear Com-
pounds [Ln,(ip);(H,0)s'6H,0],, with Ln = Sm—Dy. When
exposed under UV radiation, some of these homonuclear com-
pounds emit visible light (Supporting Information Figure S1).
Excitation and emission spectra have been recorded for
[Ln,(ip);(H,0)y-6H,0], with Ln = Sm to Dy except Gd
(Supporting Information Figure S12). All excitation spectra
show broad bands from isophthalate ligand around 300 nm. This
confirms the sensitization of the luminescence of the Ln*" ions
through the ligand. The emission spectrum of the Sm-containing
compound exhibits typical *Gs;, = °H; (J = §/2—11/2) and is
dominated by the *G;,/, = °H;/, and *Gg/, = °H,, transitions at
598 and 641 nm, respectively. The emission spectrum of the Eu-
containing compound displays typical Eu** transitions (°D, —
7F] J = 0—6) and is dominated by the D, — ’F, transition
centered at 615 nm. The spectrum of the Tb-based compound
features the characteristic Tb***D, — "F; (J = 6—0) transitions
and is dominated by the °D, — "F; transition at 545 nm. Finally,
emission of the Dy-based compound arises from the Dy***F, ,, —
6H] (J = 15/2—9/2) and is dominated by the *Fy,, — °Hj;,
transition at 572 nm. These results are in perfect agreement with
those that have already been reported.*’

Luminescent quantum yields and lifetimes of these four
compounds are listed in Table S. For all of them, the luminescent
decay profiles are monoexponential. The weak luminescence of
the Sm- and Dy-based compounds can be related to their small
energy gaps.”’ In contrast, the Eu- and Tb-based coordination
polymers present quite sizable quantum yields.

It is well-established that one of the most important processes
that influences the luminescence properties of lanthanide ions in
lanthanide-based coordination polymers is the intramolecular
energy transfer that usually arises between the triplet state of the
ligand and the lanthanide receiving levels.** The lowest excited
singlet and triplet states have been estimated by referring to
the wavelength of the UV—vis absorbance edge (320 nm ~
31250 cm™') and to the shortest wavelength of the phos-
phorescent band (425 nm ~ 23 530 cm™") of the Gd-containing

Scheme 2. Suggested Luminescence Mechanisms for [Eu,(ip);(H,0),6H20], (Left) and [Eu,(aip);(H,0) ¢ (aip)-4H,0],

(Right)

uv

Eu?* - Eu®*
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Figure 8. (Left) Luminescence spectra of some [Eu,_5, T, (ip)3(H,0),-6H,0], coordination polymers under UV irradiation (4e, = 312 nm) with 0
< x < 1. (Right) Qg (in red) and Qi (in green) versus x for [Eu,_,, Tb,,(ip);(H,0)s6H,0], with 0 < x < 1.

Table 8. Spectroscopic Data for [Gd,Tb, (ip);(H,0),6H,0], and [Eu, Tb,(ip);(H,0)46H,0]

QE™ (%) Taps (ms) Qg™ (%) Tops (ms) 7o (ms)
[Eu, Tb, (ip)5(H,0)s-6H,0] o0 8.3(8) 020(2) 11.1(10) 0.38(3)
[Gd, T, (ip)5(H,0)s-6H,0] 24.1(20) 065(6)
homologous compound (Supporting Information Figure $8). 4751 Here, ®,, is the luminescence intensity, Q'™ is the overall

According to Reinhoudt’s empirical rules,*> the intersystem
crossing process is efficient when AE('zz*—’nz*) is greater
than 5000 cm™ which is the case here (AE = 7720 cm™).
Moreover, according to Latva’s rules,>** the energy of the
lowest excited triplet state of the ligand (23530 cm™) is
supposed to favor good ligand-to-metal energy transfer without
significant back-transfer. This is in agreement with the quite
sizable quantum yields that have been measured (Table S). On
the other hand, the luminance values of the Eu- and Tb-based
compounds, 5(1) Cd m™2 and 43(1) Cd m™2, respectively (see
Supporting Information Table S1), are lower than those
observed for other coordination polymers involving similar
ligands.”® This discrepancy between quantum yield and
luminance can be related to the absorption ability of the ligand.
Actually, the luminescence intensity depends on both the
quantum yield and the molar absorption coefficient:
ligand

Qi R & X Q) (1)

1223

quantum yield, and ¢, is the molar absorption coeflicient at the
excitation wavelength.>®

Because of the insolubility in solvents of these coordination
polymers, their molar absorption coefficients could not be
measured which prevented us from estimating their lumines-
cence intensity. Therefore, the molar absorption coeflicient of
the deprotonated ligand has been calculated from dilute aqueous

solutions of its sodium salt: &;,,, = 670 L mol ' cm™ (see
Supporting Information Figure $10). This quite low value®®
explains the moderate luminance of these compounds.

The efficiency of the overall ligand-to-metal energy transfer
(Msens) is also an important parameter. It is defined as the efficacy
with which energy is transferred from the feeding levels of the
ligand onto the lanthanide excited state:

Q ligand __ Tobs
In -

In _
X an = Myens x

nsens

)

Here, Qi& is the overall quantum yield upon ligand excitation,
" the intrinsic quantum yield upon direct excitation of the

rad
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Scheme 3. Suggested Mechanism of Luminescence for
[Eu, Tb, (ip)3(H,0),"6H,0],
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lanthanide ion, 7, the observed luminescent lifetime, and
7,,4 the radiative luminescent lifetime.**>” The luminescence
lifetimes and the intrinsic quantum yield have been measured
for both the Tb- and the Eu-based coordination polymers
(Table 6)°® under excitation wavelengths that correspond to f—f
transitions that do not overlap with the absorption band of the
ligand: 395 nm (°D; energy level for Eu**) and 380 nm (°D,
energy level for Tb*"), respectively.>>®

In order to verify the reliability of these values we have used
them for calculating the refractive index of the Eu-containing
compound according to relation 4. The obtained value, n =
1.5(1), is in perfect agreement with what has already been
measured for similar compounds.”® These results indicate that
isophthalate ligand is a good sensitizer for both Eu** and Tb*"
ions. On the other hand, QE! is significantly lower than Q1p. This
indicates that nonradiative deactivation of the Eu** is important.
This can be related to the presence of 4.5 coordination water
molecules per lanthanide ion. Indeed, it is known that the
luminescence of Eu** ions is more sensitive to deactivation by
O—H oscillators than that of Tb*" ions.*®

Luminescent Properties of the Homonuclear Com-
pounds [Ln,(aip);(H,0);,(aip)-4H,0]., with Ln = Sm—Dy.
When exposed under UV radiation, some of these homonuclear
compounds emit visible light (see Supporting Information
Figure S2). Excitation and emission spectra have been recorded
for [Ln,(aip);(H,0),,- (aip)-4H,0],, with Ln = Sm—Dy except
Gd (Supporting Information Figure S13). All the excitation
spectra but one for the Eu-based compound show broad bands
from amino-isophthalate ligand around 365 nm. This confirms
the sensitization of the luminescence of the Ln** ions through the
ligand. The emission spectrum of the Sm-containing compound
exhibits typical *Gs/, = °H; (J = §/2—9/2) and is dominated by
the *Gs;, — °H,), and *Gg), — °H,, transitions at 598 and
641 nm, respectively. The spectrum of the Tb-based compound
features the characteristic Tb**°D, — 7F] (J = 6—3) transitions
and is dominated by the *D, — ’F; transition at 545 nm. Finally,
emission of the Dy-based compound arises from the Dy***F, , —
6H] (J = 15/2—9/2) and is dominated by the *Fy,, — °H3/,
transition at 572 nm. These results are in perfect agreement with
those that have already been reported.*'

The luminescent quantum yields for [Ln,(aip);(H,0) - (aip)-
4H,0], with Ln = Sm, Tb, and Dy are listed in Table 7. The
luminescent decay profiles are monoexponential.
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The main difference between the luminescent properties of the
two series of coordination polymers is the complete absence of
luminescence for [Eu,(aip);(H,0),, (aip)-4H,0],, at room
temperature.

On the basis of the absorption and phosphorescence spectra
(see Supporting Information Figure S9) of the Gd-containing
homologous coordination polymers, we have estimated the
energy of the lowest singlet and triplet excited states of the
amino-isophthalate ligand: E('zz*) ~ 375 nm ~ 26 660 cm ™
and E(zz*) & 505 nm & 19 800 cm™". Therefore, according to
Reinhoudt’s rule,” the intersystem crossing is supposed to be
efficient (AE ~ 6860 cm™" > 5000 cm™). According to Latva’s
rules,” the energy of the lowest excited triplet state is also
favorable to ligand-to-Tb energy transfer. The quantum yield
(32%) and the luminance (47 Cd m™2) of [Tb,(aip);(H,0);o"
(aip)-4H,0], are close to that of [Tb,(ip);(H,0)y-6H,0],
(28% and 43 Cd m™?) although their respective molar absorption

coefficients (670 L mol ! cm™" for (ip)* and 2330 L mol ™ cm™"
for (aip)* see Supporting Information Figure S11) are slightly
different.

On the other hand, Latva’s rules indicate that this lowest
excited triplet state energy is also supposed to favor ligand-to-Eu
energy transfer and therefore cannot explain the absence of
luminescence.

Two well-known energy transfer mechanisms can explain this
extinction of the Eu** luminescence: the back energy transfer Eu-
to-ligand and the photoinduced electron transfer (PET). Both
mechanisms are supposed to become less efficient when the
temperature is lowered.>® This is actually what we have observed
(see Figure 5).

If back transfer was responsible of this phenomenon, it should
arise even under direct excitation of the Eu®". Therefore, we have
recorded the emission spectrum of [Eu,(aip);(H,0),,(aip)-
4H,0], with A, = 395 nm which is the wavelength that corre-
sponds to the excitation of the "Fy — Dj transition (Figure 6).

The measured overall quantum yield and luminescent lifetime
are 8.8(8)% and 0.17(2) ms, respectively. They are in perfect
agreement with what is observed for the homologous
isophthalate-based compound (Qi® = 11(1)% and 7,
0.12(2) ms). Therefore, it seems that back-transfer is not
responsible of the absence of luminescence of [Eu,(aip),-
(H,0)1¢(aip)-4H,0], under ligand excitation.

On the other hand, it is well-known that for easily reducible
lanthanide ions a redox based mechanism can operate in which
the first step is a photoinduced electron-transfer from the ligand
to the lanthanide ion.%"®* This mechanism is known for being
efficient when —NH, electron donor groups are present in the
vicinity of the lanthanide ion.”> Therefore, PET mechanism is
likely responsible of the absence of luminescence of [Eu,(aip)s-
(H,0)1¢(aip)-4H,0],, under ligand excitation. Luminescence
mechanisms suggested for the two Eu-containing coordination
polymers described above are illustrated in Scheme 2.

In order to evaluate the influence of the PET mechanism on
heteronuclear coordination polymers luminescence, we have
undertaken the comparison of the luminescent properties ex-
hibited by heterodinuclear coordination polymers that are
isostructural to one or the other family.

Luminescent Properties of the Heteronuclear Coordi-
nation Polymers [Eu,_,,Tb,, (ip);(H,0)y°6H,0],, with 0 < x
< 1. Heteronuclear coordination polymers with general chem-
ical formula [Eu,_,, Tb,,(ip);(H,0),6H,0], with 0 < x < 1
have been synthesized and characterized. Their colorimetric
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Figure 10. Luminescence spectra of some [Eu,_,,Thb,,(aip);(H,0) ¢ (aip)-4H,0], compounds under UV irradiation of the ligand (4., = 365 nm)
with 0 < x < 1. Q™ versus x with 0 < x < 1 (right). These overall quantum yields have been estimated as described previously.
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Figure 11. Emission spectra of [Eu; Tb, (aip)(H,0);o(aip)-4H,0], (left) and [Gd, Tb,(aip);(H,0) ¢ (aip)-4H,0],, (right). For both spectra A, =

365 nm.

(Figure 7) and spectroscopic (Figure 8) properties have been
measured. Numerical results are listed in Supporting Information
Table S9.

This series of compounds presents a nonlinear evolution of the
luminescent and colorimetric properties versus the Tb/Eu ratio.
This is a classical behavior which has already been observed.**>¢

The luminescent contributions to the total emission spectra of
the Eu®" and Tb** ions have been estimated on the basis of the
Dy = "Fq and °D, — "F; transitions, respectively, because they
do not overlap with any other transition. Considering that all the
compounds are isostructural and that the lanthanide ions are
randomly distributed over the metallic sites of the crystal
structure, it has been assumed that the relative intensities of all

1225

the peaks are similar to what was observed for the homonuclear
compounds. With this assumption, Qi*™ and Q™! have been
estimated (Figure 8). These calculations show that the Tb-to-Eu
intermetallic energy transfer is efficient for x < 0.9, that is, as soon
as statistically one Eu®" ion is present in the neighborhood of a
Tb* ion.*® This intermetallic energy transfer (17zr) can be
quantified using the following relationship:

1— Tobs

Mgt
Ty

©)

Here, 7, and 7, are, respectively, the lifetimes in the presence
and in the absence of an acceptor.*” As the Gd** ion presents its
first excited states above the luminescent levels of the Tb** ion
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Figure 12. Emission spectrum of [Eu, Tb, (aip);(H,0),,: (aip)-4H,0],
under direct excitation of the Eu**. Excitation wavelength is 395 nm (°D;
energy level for Eu®*). Inset shows the excitation spectrum.

and above the ligand triplet state, it cannot act as an acceptor.
Therefore, we have synthesized [Gd,Tb,(ip);(H,0)s6H,0],
and [Eu,Tb,(ip);(H,0)s-6H,0],, and studied their lumines-
cent properties (Table 8). On the basis of these data, the
intermetallic energy transfer can be estimated to 42(4)%.
Luminescence spectra for both compounds are reported on
Supporting Information Figures S14 and S15.

It can also be noticed in Table 8 that the overall quantum yield
Qignd is 24(2)% for [Gd,Tb,(ip);(H,0)y-6H,0]. This
suggests that the Gd®" acts as a spacer in this compound and
reduces the Tb-to-Tb energy transfer by increasing the Tb—Tb
mean distance.

In the frame of the assumption that the relative intensities of
the different peaks of the emission spectra do not depend on the
Eu/Tb ratio, neither does 7,,4. Indeed

1 3 Itot
— = Aypn
Trad

(4)

where Ay is a constant equal to 14.65 s™', n is the refractive
index, I,,, is the integrated emission of the *Dy, — "F; (J = 0—6)
transitions, and Iy, is the integrated emission of the *Dy — F,
transition.**

Therefore, in this assumption, the radiative lifetimes of the
homonuclear compounds can be considered as a good approx-
imation of the radiative lifetimes of all the isostructural Tb/Eu
dinuclear derivatives. Thus, from eq 2, 7., relative to Tb*" and
Eu®" can be estimated to 55% and 70%, respectively, for [Eu, Tb-
(ip)3(H,0)9-6H,0] . A schematic summary of the different
energy transfers is suggested in Scheme 3.

These values are in perfect agreement with what has been
recently observed on terephthalate-based heteronuclear coordi-
nation polymers.>®

Luminescent Properties of the Heteronuclear Coordi-
nation Polymers [Eu,_,,Tb,(aip);(H,0),0°(aip)-4H,0]
with 0 < x < 1. Heteronuclear coordination polymers with gen-
eral chemical formula [Eu,_,,Tb, (aip);(H,0), (aip)-4H,0]
with 0 < x < 1 have been synthesized and characterized. Their
colorimetric (Figure 9) and spectroscopic (Figure 10) properties
have been measured. Numerical results are listed in Supporting
Information Table S10.

Obviously, this series of coordination polymers exhibits
completely different luminescent properties than the previous
series. Indeed, the luminance and the Tb** characteristic peak
intensities decrease abruptly as soon as some Eu® ions are

IMD
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present. Moreover, no red component to the color emission
arises even for high Eu**/Tb*" ratios. This behavior supports the
hypothesis of a strong intermetallic energy transfer between Tb**
and Eu’* followed by an efficient Eu®* deactivation through a PET
mechanism. Moreover, a broad band appears in the 400—500 nm
range for Eu-containing coordination polymers (Figure 10). This
band, that could be attributed to a ligand-to-metal charge transfer
transition,*® is responsible of the blue component of the color
emission (Figure 9).

These spectra suggest that there is an efficient Tb-to-Eu inter-
metallic energy transfer (#7g7). Therefore, we have synthesized
compounds [Eu,Tb,(aip);(H,0);-(aip)-4H,0], and
[Gd,Tb,(aip);(H,0);¢: (aip)-4H,0] . Their luminescent spec-
tra were recorded and the luminescent lifetimes measured
(Figure 11). It can be noticed that because of the low intensity of
the spectra, it has not been possible to measure accurately the
quantum yields. The observed luminescent lifetimes are,
respectively, 0.061(6) and 0.435(40) ms. Then, with the same
procedure as the one previously described, it has been estimated
that 7z = 86(8)%. This quite sizable value confirms our
interpretation.

For [Gd,Tb,(aip);(H,0),o(aip)-4H,0], it has been pos-
sible to measure the overall quantum yield, Q2" = 25(2)%. This
value is quite high and confirms that Gd** ions can act as spacers
that reduce the Tb-to-Tb energy transfer.

At last, we have recorded the emission spectra of [Eu,Th;-
(aip);(H,0) ¢+ (aip)-4H,0], under direct excitation of the Eu**
(Figure 12). The results support our hypothesis. Indeed, when
the Eu®" ion is excited directly, no PET occurs, and luminescence
is observed.

B CONCLUSIONS AND OUTLOOKS

Coordination polymer series that present isoreticular crystal
structures are quite rare.”® In this Article, the luminescence pro-
perties of two pseudoisoreticular coordination polymers series
are compared, and an efficient PET process is evidenced for the
aip”-based series. This mechanism is well-known and has already
been employed for the design of pH sensors® or signaling
systems for s-block metal ions.®” This mechanism constitutes a
drawback as far as the red luminescence of Eu®* ion is targeted,
but it can be an asset for accessing new emitted colors by heter-
onuclear coordination polymers. Moreover, luminescent lantha-
nide-based coordination polymers are also known for their use as
tagger in fight against counterfeiting.68 Obviously, playing with
PET mechanism and intermetallic energy transfer could provide
new systems with new optical properties usable in that field. Our
group is currently working along this line.

B ASSOCIATED CONTENT

© Supporting Information

Projection view of an extended asymmetric unit of [Gd,(ip);-
(H,0)4-6H,0]. Colorimetric and luminance data upon UV
irradiation (A = 312 nm) of [Ln,(ip);(H,0),6H,0],, with
Ln = Sm, Eu, Gd, Tb, and Dy (Figure S1). Projection view of an
extended asymmetric unit of [Eu,(aip),(H,0)¢ (aip)-4H,0] .
Colorimetric and luminance data upon UV irradiation (A, = 365
nm) of [Ln,(aip);(H,0);¢-(aip)-4H,0] ,, with Ln = Sm, Eu, Gd,
Tb, and Dy (Figure S2). Colorimetric and luminance data for
[Lny(ip)3(H,0)e:6H,0], (Table S1) and [Ln,(aip);(H,0),o
(aip)-4H,0],, (Table S2) with Ln = Sm, Eu, Gd, Tb, and Dy.
Thermogravimetric analyses for Na,(ip)-H,O (Figure S3) and
Na,(aip)-H,0 (Figure S4). Experimental X-ray diffraction
patterns for [Ln,(ip);(H,0)s-6H,0], and [Ln,(aip);(H,0),,’
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(aip)-4H,0], with Ln = Sm, Eu, Gd, Tb, and Dy (Figure SS).
Powder X-ray diffraction patterns for some [Eu,_,,Tb,.(ip)s-
(H,0):6H,0], and [Eu,_,,Tb,,(aip),(H,0) ;¢ (aip)-4H,0]
compounds with 0.1 < x < 0.9 (Figure S6). SEM pictures of
[Euy ¢Tby4(ip)3(H,0)e'6H,0], and [Eu; 4Tbo(aip);(H,0) 1o
(aip)-4H,0], microcrystalline powders (Figure S7). Emission
spectra of [Gd,(ip);(H,0),-6H,0],, (Figure S8) and of
[Gd,(aip);(H,0);¢-(aip)-4H,0],, (Figure S9) recorded at
77 K. Absorbance versus concentration of aqueous dilute
solutions of the sodium salt of isophthalic acid (Figure S10)
and of amino-isophthalic acid (Figure S11). Shortest interchain
distances in a double chain molecular motif of [ Gd,(ip);(H,0)y
6H,0],, (Table S3) and of [Eu,(aip),(H,0);¢(aip)-4H,0]
(Table S4). Shortest interchain distances between double chain
molecular motifs of [Gd,(ip);(H,0)y6H,0],, (Table SS) and
of [Eu,(aip),(H,0),¢(aip)-4H,0],, (Table S6). Shortest
intermetallic distances between lanthanide ions that belong to
the same double chain molecular motif for [Gd,(ip);(H,0)y:
6H,0], (Table S7) and for [Eu,(aip),(H,0);¢:(aip)-4H,0]
(Table S8). Colorimetric and luminance data for [Eu,_,,Tb,,-
(ip)3(H,0)¢6H,0],, (Table S9) and for [Eu,_,,Tb,,
(aip),(H,0);¢-(aip)-4H,0],, (Table S10) with 0 < x < 1.
Excitation and emission spectra for [Ln,(ip);(H,0)y6H,0]
with Ln = Sm, Eu, Tb, and Dy (Figure S12). Excitation and
emission spectra for [Ln,(aip);(H,0);0 (aip)-4H,0],, with
Ln = Sm, Tb. and Dy (Figure S13). Luminescence spectrum
for [EuTb(ip);(H,0),-6H,0],, (Figure S14) and for [GdTb-
(ip);(H,0)o:6H,0],, (Figure S15). This material is available
free of charge via the Internet at http://pubs.acs.org.
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