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Novel azobenzene-derived p-diketonates (4,4,5,5,6,6,6-heptafluoro-1-azobenzene-1,3-hexanedione
(LA), 4,4,5,5,6,6,6-heptafluoro-1-(4-dimethylamino)azobenzene-1,3-hexanedione (LB)) were designed
and their complexes with lanthanide cations (La>*, Eu®*, Gd®*, Yb>*) were prepared and characterized
by 'H NMR, FT-IR, and elemental analysis. Three of the complexes were crystallized successfully and
identified by X-ray diffraction. It was significant to find that LA showed remarkably reversible trans-to-cis
isomerization properties, however, LB, bearing an electron donor compared with LA, slowed down the
isomerization to an extent. The presence of Ln(i) enhanced the reversible trans-to-cis isomerization pro-
perties of both LA and LB a little upon photoirradiation in organic solvents, and amazingly increased the
fatigue resistance. In addition, the complexes doped in polymethyl methacrylate (PMMA) films produced a
similar phenomenon as well as when in solution. Theoretical calculations based on time dependent
density functional theory (TD-DFT) were performed for geometry optimization and to determine the exci-
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tation energies of LA and LB to gain further insight into the electronic structure of the complexes, and the
data were consistent with the experimental results. The excellent reversible photoisomerization properties
of the newly designed Ln(i) complexes can offer important advantages that will help with the further
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Introduction

Azobenzene has received much attention due to its well-known
reversible photoisomerization between the trans and cis
isomers.'™ For application of this compound as a bistable
molecular photoswitch, a fast switching process, large extinc-
tion coefficient with high quantum yield and high fatigue
resistance in environmental conditions are important
prerequisites.>®” For instance, it has been used to orient
liquid crystal domains selectively,® create nonlinear optical
materials,”"""*7**> change the pitch of a cholesteric phase,'
incorporate into polymer matrices as stabilizers,'” %" and
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study of these materials to reach their full potential in applications such as molecular switching devices.

control protein activity by attaching ligands to photomodulate
their affinity.>*>” Most importantly, it is perhaps the best arti-
ficial mimic of the retinal/rhodopsin photoswitch system in
terms of reversibility, speed and simplicity of incorporation.”®
However, this emerging field is at an early stage of research
output, and the utility of azobenzene is still limited. Extension
of the photoresponsive azobenzene to metal complexes results
in substantial functions, in view of the combination of optical,
magnetic, redox and other unexpected properties of the azo-
benzene moiety, and is an interesting alternative to pure
azobenzene.”*?' A number of photoisomerization azo-
attached metal complexes have been reported in recent years,
including a wide range of metal centers such as Cr,** Cu,*?
Co,** Fe,**%° 7n,>*7 1r,°® Ry,*>*° Rh,***° and Pt.*" There is a
good review that covers the primary studies.’® Data related to
the lanthanide ions (Ln(u)) that possess unusual electronic
properties that result from shielding of the 4f orbitals by the
filled 55> and 5p° sub-shells are barely reported.”?
Nevertheless, Ln(u) complexes with p-diketonates are stable
in aqueous solutions since diketonate ligands have the advan-
tage of a negatively charged binding site that leads to neutral,
3:1 ligand:lanthanide complexes.** Lanthanide diketonate
complexes have been widely studied as highly luminescent
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materials, effective receptors for anionic substrates
and chiral sensing,>**® and even more for the development of
new materials as second-order nonlinear optical chromo-
phores,”® near-IR LEDs*”*® or polymers.”® Carbon-fluorine
(C-F) has commonly been introduced to the molecular system as
part of the lanthanide ligands because it is a highly electron-
withdrawing group, which can minimize the energy losses and
better promote the solubility of lanthanide bis(p-diketonate)
complexes in different organic solvents.*>*® In the studied
Ln(m) complexes with p-diketonates, the direct absorption of
Ln(m) is weak due to their Laporte forbidden f-f transitions,
and energy transfer from the chromophore to the metal center
usually takes place to modulate their luminescence pro-
perties.®® We then designed and synthesized two novel ligands
which incorporated an azo group into the p-diketone deriva-
tives. We synthesized 4,4,5,5,6,6,6-heptafluoro-1-azobenzene-
1,3-hexanedione (LA) and 4,4,5,5,6,6,6-heptafluoro-1-(4-di-
methylamino)azobenzene-1,3-hexanedione (LB). LA and LB
contained the same azo group but with different electron
donating abilities. We presented the structural characteriz-
ation of LA and LB in combination with the Ln(m) cations.

We investigated the reversible trans-to-cis photoisomeriza-
tion of these azobenzene-derivated tris-f-diketonate Ln(m)
complexes. Unsurprisingly, the luminescence properties of the
complexes were not obvious as the energy could not be trans-
ferred from the chromophore to the metal center. The exci-
tation energies of the lowest excited triplet states of LA and LB
were calculated by time-dependent density functional theory
(TD-DFT) to be 1.7215 and 1.7025 eV, respectively. Both of
these were lower than the resonance level of the Eu*" (°D,,
2.1434 eV) and Gd** (°P,), 3.9957 eV) ions. Thus, the exci-
tation energy could not be transferred from the ligands to the
rare earth ions according to the triplet state of the ligand that
was below the resonance level of the rare earth ion.
Nevertheless, the coordination effect of Ln(m) to the ligands
increased the rate of trans-to-cis photoisomerization of the azo
ligands, as well as the fatigue resistance as a consequence of
the parity forbidden nature of the 4f transitions. The trans-to-
cis photoisomerization rate constants of our complexes for the
LA ligand (107> s7') are at least 10 times higher than the
reported Ru(n), Rh(m) and Ir(m) complex (107°-107° s7%), as
well as azobenzene itself (107°-107* s71).3%41.61

To the best of our knowledge, this is the first report of the
synthesis of LA and LB and their complexing behavior with
Ln(w) ions in both liquid (organic solvents) and solid (poly-
methyl methacrylate (PMMA) film) statuses.

Results and discussion
Characterization and X-ray crystallographic analysis

The eight azobenzene-derived tris-f-diketonate lanthanide
complexes are soluble in most polar solvents, such as aceto-
nitrile, dichloromethane and chloroform. All of them contain
two water molecules characterized by elemental analyses
and thermal analysis. The thermal properties of the eight
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complexes were examined using thermogravimetric analysis
(TGA) in the temperature range of 30-900 °C on powder
samples, and the TGA results are shown in Fig. 1. As expected,
the LA-Ln(m) complexes have similar thermal behavior, so do
the LB-Ln(m) complexes. However, a remarkable difference is
observed between LA-Ln(m) and LB-Ln(m), which could be
ascribed to the N,N-dimethyl substituted group on the azo-
benzene. The melting points of complexes LB-Ln(m) are
higher than those of complexes LA-Ln(m). This is easy to
understand because the N,N-dimethyl substituted group leads
to higher melting points.®> From the TGA traces, it is obvious
that the two groups have very similar weight loss trends.
A weight loss of about 2.48-2.87% before 97 °C can be observed
for complexes LA-Ln(ur), whereas complexes LB-Ln(u) lose
2.25-2.39% weight before 133 °C, suggesting that all the com-
plexes lose two water molecules at this step. Then complexes
LA-Ln(m) and LB-Ln(m) reach constant weights until 240 °C
and 273 °C, respectively. Upon further heating, they start to
decompose until 900 °C.

The crystal structures of Yb(LA);, Eu(LB); and Yb(LB); were
obtained by slow evaporation of their methanol and ethanol or
ethanol and acetone mixed solutions for two weeks to give
plate crystals, which were determined by single-crystal X-ray
crystallography. All three complexes crystallize in the triclinic
P1 space group with two molecules in each unit cell. They have
very similar structures with three ligands and two solvent
molecules coordinated in each asymmetric unit, corres-
ponding to a formula of [Ln(L);] (Solvent),. Crystallographic
details are shown in Table 1. The crystal of complex Yb(LA); is
formed by the chelation of three LA ligand anions and two
ethanol molecules substituting its original two water mole-
cules. The Yb(u) ion is eight-coordinated to six oxygen atoms
from the three LA ligands and two oxygen atoms from solvent
ethanol, forming a trigonal dodecahedron coordination geo-
metry (Fig. 2). The crystal structures of complexes Eu(LB); and
Yb(LB); are isomorphic with that of complex Yb(LA);. The
differences among them are in the coordinated solvent mole-
cules. For complex Eu(LB)3, the Eu(u) ion is eight-coordinated
to six oxygen atoms from the three LB ligands and two oxygen
atoms from one solvent ethanol and one water, and the unit
cell contains two solvent acetone molecules (Fig. S1 in the
ESIf). The oxygen atom from the acetone molecule forms
intermolecular hydrogen bonding both with the hydrogen
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Fig. 1 TGA curves of complexes LA-Ln(i) and LB—Ln(i).
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Table 1 Crystallographic data for complexes Yb(LA)s, Eu(LB)s and Yb(LB)3
Crystal data Yb(LA);(CH;CH,0H), Eu(LB);(CH;CH,0H)(H,0) Yb(LB);(CH;CH,0H),
CCDC number 1422642 1422641 1422643
Empirical number CsgH4,F,1NgOsYb Ce2H53F21NgOgEU, 2(C3HgO) CesHs7F51NgOgYb, H,O
Formula weight 1523.01 1719.25 1670.24
Temperature (K) 173 173 173
Wavelength (A) 0.71073 0.71073 0.71073
Crystal system Triclinic Triclinic Triclinic
Space group P1 P1 P1
a(A) 11.023(15) 10.143(5) 10.786(10)
b(A) 11.338(16) 14.054(7) 13.663(12)
c(A) 23.45(3) 26.70(1) 23.76(2)
a () 90.46(1) 92.08(1) 84.22(13)
B(°) 99.96(1) 96.84(1) 89.38(15)
7 (°) 93.35(1) 108.54(1) 74.27(5)
V(A) 2881(7) 3571(3) 3353(6)
zZ 2 2 2
Calculated density (mg m™) 1.756 1.599 1.653
Absorption coefficient (mm ™) 1.753 0.996 1.516
6 range 2.19 to 23.95 1.5 to 25.0 0.86 to 28.11
Reflections collected 14618 25 803 29138
Completeness to theta 98.7%(25.00°) 99.0%(25.00°) 99.0%(25.23°)
Data/restraints/parameters 9945/7/870 12 596/20/1083 15071/46/977
Goodness of fit on F* 0.995 1.149 1.025
Final R indices [I > 26(I)] R, =0.0648 R, =0.0611 R, =0.0900
WR, = 0.1657 WR, = 0.1541 WR, = 0.2241
R indices (all data) R, =0.0820 R, =0.0692 R, =0.151
WR, = 0.1578 WR, = 0.1504 WR, = 0.2624
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Fig. 2 Crystal structure of Yb(LA)3(CHsCH,OH), (all hydrogen atoms
are omitted for clarity) (a) and the coordination polyhedron geometry of
the central Yb(m) (b). Selected bond distances (A) and angles (°): Yb01-
O1A 2.210(6), Yb01-02 2.226(5), Yb01-0O2B 2.218(6), Yb01-O1B 2.259(6),
Yb01-01 2.283(6), Yb01-O2A 2.294(6), Yb01-001S 2.363(7), Yb01-0O1S
2.371(6); O1A-Yb01-0O2B 93.6(2), O1A-Yb01-0O1B 74.0(2), O2B-Yb01-
01 147.1(2), O1B-Yb01-01 74.2(2), 0O2-Yb01-O2A 144.6(2), O1-Yb0O1-
0O2A 126.8(2), 02-Yb01-001S 94.0(2), O1-Yb01-0O01S 72.9(2).

atom from the coordinated water molecule and the ethanol
hydroxyl (O1W-H2W---O-1S 2.643 A, 02C-H2C---02S 2.762 A).
For complex Yb(LB)3, the Yb(u) ion is also eight-coordinated to
six oxygen atoms from the three LB ligands and two oxygen
atoms from the two solvent ethanol, and the unit cell contains
one solvent water molecule (Fig. S2 in the ESIf). The oxygen
atom from the solvent water molecule forms intermolecular
hydrogen bonding with the hydrogen atom from the co-
ordinated ethanol hydroxyl (09-H9B---08 2.770 A). The Yb-O
distances are found in the ranges of 2.212(6)-2.371(6) A for
Yb(LA); and 2.229(8)-2.344(10) A for Yb(LB);, and the Eu-O
bond lengths are in the range of 2.316(4)-2.464(4) for Eu(LB)s;
all are in the normal ranges compared with other lanthanide
p-diketonates complexes reported.**

This journal is © The Royal Society of Chemistry 2016

UV-vis spectroscopy

The absorption spectra of the free ligands LA, LB and their
complexes LA-Ln(m), LB-Ln(m) in acetonitrile solution at
room temperature are shown in Fig. 3, and the spectral data
are presented in Table 2. When changing the organic solvents
to ethanol and hexane, the spectral behavior of these com-
pounds are very similar to that in acetonitrile (Fig. S3 and S4
in the ESIt). As shown in Fig. 3, the free LA ligand has typical
absorption bands of azobenzene derivatives in the region of
300-500 nm, a high intensity n-n* band (358 nm/3.74 x 10°
L mol™" ¢cm™) and a low intensity n-n* band (443 nm/850
L mol™" em™"), whereas LB has only high intensity n-7* bands
(273 nm/2.49 x 10*, 332 nm/3.19 x 10, 489 nm/9.53 x 10*
L mol™* em™) due to the contribution of the electron-donating
N,N-dimethylamino group. The large red shift of the n-n*

—1LA
- - - La(LA),

-~ Eu(LA),
—-=--Gd(LA),
Yb(LA),

—1LB
- - - La(LB),
-~ Eu(LB),
--=--Gd(LB),
Yb(LB),

0-— T T T T T T
250 300 350 400 450 500 550 600 650
‘Wavelength / nm

Fig. 3 Absorption spectra of LA, LA-Ln(m) (a) and LB, LB-Ln(m)
(b) (2.0 x 107> mol L™) in acetonitrile solution.
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Table 2 UV-vis absorption data of ligands LA and LB and complexes LA—Ln(i), LB—Ln(i) in different solvents (Amax [NM], £max [10% L mol™ cm™ in

brackets)
Compounds Acetonitrile Ethanol Hexane
LA 358(3.74), 446(0.085) 356(3.32), 452(0.080) 357(6.15), 452(0.14)
La(LA); 358(11.56), 446(0.46) 357(10.09), 454(0.44) 357(13.07), 450(0.32)
Eu(LA); 358(10.68), 446(0.42) 357(10.11), 454(0.41) 357(9.70), 450(0.31)
Gd(LA); 358(10.85), 446(0.38) 357(10.27), 454(0.37) 357(11.76), 450(0.31)
Yb(LA); 358(10.86), 446(0.37) 357(11.14), 454(0.36) 357(10.49), 450(0.28)
LB 273(2.49), 332(3.19), 489(9.53) 273(2.74), 332(2.77), 462(7.85) 368(1.11), 320(1.31), 452(4.34)
La(LB); 273(3.89), 332(3.58), 451(12.06) 273(3.78), 332(3.30), 443(11.67) 270(3.17), 330(3.17), 433(9.36)
Eu(LB), 273(3.28), 332(3.07), 451(10.22) 273(2.70), 332(2.37), 443(8.34) 273(2.79), 330(2.88), 436(6.97)
Gd(LB); 273(3.18), 332(3.21), 451(10.22) 273(2.96), 332(2.76), 443(9.36) 273(2.71), 330(3.03), 443(6.85)
Yb(LB); 273(3.59), 332(3.44), 451(11.13) 273(2.99), 332(2.87), 443(9.12) 271(2.92), 330(3.17), 435(8.87)
band (489 nm) of LB leads to no observation of the weak n-n* 0.6 FP P —n— —————

LA S nm UV light irradiation | y 450 nm Visible light irradiation

band, perhaps because the n—n* band is buried in the absorp-
tion band at 489 nm.> The absorption spectra of the LA-Ln ()
complexes show similar absorption bands to those of free
ligand LA in different solvents such as acetonitrile, ethanol
and hexane, with a high intensity band at around 350 nm and
a low intensity n-n* band at around 450 nm. The difference
between the LA-Ln(m) complexes and pure ligand LA is that
the molar extinction coefficients of the LA-Ln(m) complexes
are nearly five times stronger than that of LA. This is easily
reasoned by the ligand absorption being perturbed by the
lanthanide ion coordination, as expected, and it is pro-
portional to the number of azobenzene p-diketones in the
complex. In the case of LB and the LB-Ln(m) complexes,
lanthanide ion coordination produces a large bathochromic
shift in the intense n-n* band at around 451 nm. This obser-
vation suggests that the para electron-donating N,N-dimethyl-
amino group makes the LB ligand push-pull an azobenzene
derivative. As a result, LB presents an intense and red shifted
n-n* band at around 451 nm, which buries its n-n* band.
Lanthanide ions coordinate to such a push-pull ligand and
establish stronger electronic communication to the azo-
benzene group, leading to the large bathochromic shift in the
intense n—n* band.

Photoisomerization behavior of LA and LB

The change of the UV-vis absorption spectra of the LA and LB
ligands upon irradiation with UV (365 nm) and visible
(450 nm) light in acetonitrile solution as a function of time is
shown in Fig. 4. Similar absorption spectra in ethanol and
hexane solutions are in the ESI (Fig. S5-S8t). For LA, upon
UV 365 nm light irradiation, the absorbance at 358 nm due to
the symmetry-allowed n-n* transition decreases, while the
absorbance at 446 nm due to the symmetry-forbidden n-n*
transition increases. The absorption spectrum of the photo-
stationary state appears after 30 min. Subsequent irradiation
with visible (450 nm) light leads to partial complete recovery
of the absorption spectrum. This reversible spectral change
was observed repeatedly, indicating the absorption spectrum
change upon irradiation results from the photoisomerization
of the azobenzene group. The UV-vis spectrum of LB upon
UV 365 nm light irradiation exhibits a decrease in the high
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Fig. 4 UV-vis spectral changes of LA and LB in acetonitrile (2.0 x 10~>
mol L) upon irradiation at 365 nm and recoverable irradiation at
450 nm as a function of time.

intensity band at 489 nm and is accompanied by a slightly
bathochromic shift to 485 nm, owing to the trans-to-cis photo-
isomerization. The back reversion of cis-to-trans isomerization
upon visible light irradiation is also observed. Measuring the
degree of photoisomerization by "H NMR was unsuccessful
due to the overlap of signals, however, an estimate of the
photoreaction yields can be made. The quantum yields (D._.)
in different solvents are evaluated using eqn (1), see the
Experimental section. The quantum yields (&) of LA and LB
in different solvents are listed in Table 3. It is obvious that LA
exhibits higher quantum yields and conversion ratios for cis-
to-trans photoisomerization than LB. Here, the para electron-
donating N,N-dimethylamino group produces drastic changes
to the absorption and undesired photochemical properties
of LB.

Photoisomerization behavior of complexes LA-Ln(m) and
LB-Ln(m) in different solvents

Complexes LA-Ln(m) and LB-Ln(um) derived from ligands LA
and LB showed similar spectral changes upon irradiation in
different solvents. However, the rates of the isomerization

This journal is © The Royal Society of Chemistry 2016
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Table 3 Quantum yields (&,_.) and rate constants of the photoisomerization of LA and LB and complexes LA-Ln(i) and LB—Ln(m) in different

solvents

Compounds Acetonitrile ®_,., 10% kigo [s'] Ethanol @, 10% kig, [s'] Hexane @_, 10” kiso [s ]
LA 0.25 + 0.02, 0.32 + 0.03 0.17 £ 0.02, 0.22 + 0.02 0.021 + 0.002, 0.85 + 0.06
La(LA)3 0.21 + 0.02, 1.70 = 0.10 0.23 £ 0.02,1.30 £ 0.08 0.13 £0.01, 0.75 = 0.04
Eu(LA)3 0.19 + 0.02, 0.11 + 0.02 0.19 £ 0.02, 0.91 + 0.03 0.10 = 0.01, 0.56 + 0.05
Gd(LA)3 0.16 + 0.02, 0.85 = 0.05 0.17 £ 0.02, 0.91 £ 0.04 0.10 £ 0.01, 0.85 £ 0.04
Yb(LA)3 0.14 + 0.02, 0.98 + 0.05 0.17 £ 0.02, 0.91 + 0.03 0.19 + 0.02, 0.92 + 0.05
LB 0.0034 £ 0.0005, 0.21 = 0.02 — —

La(LB)3 — — 0.0086 = 0.0001, 0.013 £+ 0.02
Eu(LB);; 0.0035 + 0.0005, 0.34 + 0.03 0.010 + 0.005, 0.87 + 0.08 0.080 + 0.007, 2.90 + 0.10
Gd(LB)_’; 0.00093 + 0.0002, 0.074 = 0.007 0.017 + 0.0007, 1.40 + 0.08 0.024 + 0.003, 2.10 + 0.10
Yb(LB)3 0.0054 £ 0.001, 0.67 = 0.06 0.0018 = 0.0002, 0.83 = 0.04 0.049 + 0.005, 0.22 + 0.02

— No significant photoisomerization behavior was observed.

processes are different in organic solvents as listed in Table 3.
For example, the rate of Eu(LA); in acetonitrile differs by an
order of magnitude vs. in ethanol, and the rate of Gb(LB); in
acetonitrile also is higher than that in ethanol and hexane.
There are two possible reasons for the phenomena, one is that
the dielectric constant of acetonitrile is relatively larger
(36.8),%® the other is related to the physical properties of the
lanthanides. Both Eu(m) and Gd(m) have a higher number of
single f electrons. For example, Eu(ui) has an electron configur-
ation of f°. The six electrons are unpaired, each in a different
singly occupied f-orbital. Gd(m) contains seven single f elec-
trons. While there is no f electron for La(um), Yb only has one
unpaired electron within 13 f electrons. Compared with other
azobenzene-containing organometallic compounds, such
lanthanide coordinated complexes show active photoisomeri-
zation.® Their photoisomerization quantum yields are com-
parable and even better than the pure ligands. It is obvious
that the trans-to-cis photoisomerization rates of our complexes
derived from the LA ligand (107> S™') are at least 10 times
higher than the reported complex (107>-107° S7'), as well as
azobenzene itself (107°-107* §7").*>*"%" Taking complexes Yb
(LA); and Yb(LB); as examples, Fig. 5 shows the typical spectral
change of Yb(LA); in acetonitrile solution upon 365 nm
irradiation and its recoverable spectrum after 450 nm
irradiation. The absorption maximum of Yb(LA); in aceto-
nitrile appears at 358 nm, characteristic of the =—n* absorption

— U
— 55
— 10s
— 30s
1 min

365 nm irradiaiton

—— 2 min
—— Smin

1 (b) 450 nm irradiaiton

Abs.
.
b

T
—0s
— 25
—— 5
1.5+ — 10s

305
107 —— 2 min|
0.5 10min]

—— 30min'
T T T T T T
250 300 350 400 450 500 550
Wavelength / nm

Fig. 5 UV-vis spectral changes of Yb(LA)s in acetonitrile (2.0 x 10~°
mol L™ upon irradiation at 365 nm and recoverable irradiation at
450 nm as a function of time.

This journal is © The Royal Society of Chemistry 2016

band, and there is a very weak n-n* absorption band at
446 nm. Upon UV irradiation, a band at 446 nm develops at
the expense of the original band at 358 nm, accompanied by a
slightly bathochromic shift to 349 nm with three isosbestic
points located at 233, 288 and 413 nm. This is a spectral indi-
cation of the occurrence of photoisomerization in solution.
The photoisomerization of Yb(LA); in solution obeys the first-
order reaction with the rate constants of 9.8 x 107> s™" in
acetonitrile, 9.1 x 107> s™! in ethanol and 9.2 x 1072 s™! in
hexane, respectively (Table 3). It reached a photostationary
state in 10 min with irradiation at 365 nm. When the UV
irradiation ceased, the compound turned back to 80% trans
form with visible 450 nm irradiation in 10 s. The reason for
the incomplete recovery of the trans form by visible light is
that it reaches a photostationary state. The photochemical
pathway is not simple in such a complex, as visible absorption
would involve mixing of other bands such as LMCT bands, not
just the azo n-n* band. The good reversibility of the ¢trans—cis-
trans photoisomerization of Yb(LA); in acetonitrile denied the
possibility of photodegradation (Fig. S97). To test the stability
of the trans-cis-trans photoisomerization, ten cycles of
complex Yb(LA); switching in acetonitrile were conducted by
irradiating the sample using 365 nm light for 10 min, followed
by 450 nm light for 2 min. The complex Yb(LA); was stable
under these conditions and no signs of photodegradation were
detected. The excellent photostability of the complex is vivid
for a sustainable application as a molecular photoswitch. The
UV-vis absorption spectral changes of Yb(LA); in ethanol and
hexane solutions are similar to those in acetonitrile (Fig. S10
and S11 in the ESIT), and complexes La(LA)z;, Eu(LA);, and Gd
(LA); have similar UV-vis absorption spectra changes to that of
Yb(LA); (Fig. S12-S14 in the ESIT). Complexes LA-Ln(ui) show
overall reversible isomerization reactions and more than ten
cycles can be repeated, demonstrating their excellent fatigue
resistance and reversibility.

The UV-vis spectral changes of Yb(LB); upon UV 365 nm
light irradiation in acetonitrile exhibit a similar trend as
that of LB, decreasing in the high intensity band at 451 nm
and being accompanied by a slightly bathochromic shift
to 445 nm, owing to the trans-to-cis photoisomerization
(Fig. S15%). As shown in Table 3, the quantum yield of
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isomerization of Yb(LB); is much smaller than that of LA and
the LA-Ln(m) complexes due to the para electron-donating
N,N-dimethylamino group in the LB ligand. The photoisomeri-
zation properties of complexes La(LB);, Eu(LB);, Gd(LB); are
similar to those of Yb(LB); (Fig. S16-S19 in the ESIT).

Photoisomerization behavior of the LA-Ln(m) complexes in
PMMA film

The LA-Ln(um) complexes showed nice reversible and repeated
isomerization reactions in solution. For the purpose of practi-
cal use, we extended the system from organic solvents to the
solid state. Therefore, the LA-Ln(in) complexes in solid PMMA
film were investigated. The transmittance absorption spectrum
changes of LA-Ln(m) doped in PMMA film upon photoirradia-
tion were measured. The four complexes showed even more
excellent reversible and repeated isomerization reactions in
PMMA film than those in solution. Fig. 6 shows the UV-vis

0.40 10
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cle number

0.00
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Fig. 6 UV-vis spectral changes of Yb(LA)z in PMMA film (5.0 wt%) upon
irradiation at 365 nm (a) and recoverable irradiation at 450 nm as a func-
tion of time (b) (inset: reversible change of the absorption intensity at
358 nm in the photostationary states after alternating the irradiation at
365 nm and 450 nm in repeating switching cycles).

Table 4 Trans-to-cis photoisomerization rate constants of the
LA-Ln(i) complexes in PMMA film
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absorption spectral changes of Yb(LA); in PMMA film upon
irradiation at 365 nm and its recoverable spectral changes
upon irradiation at 450 nm. The n-n* absorption band of Yb
(LA); in PMMA film also appears at 358 nm, and there is a
weak n-n* absorption band at 446 nm. Upon 365 nm UV
irradiation, the band at 446 nm is developed at the expense of
the band at 358 nm, and is accompanied by a slightly batho-
chromic shift to 348 nm with three isosbestic points at 233,
288 and 413 nm. The first-order reaction rate constant of Yb
(LA); in PMMA film is 3.3 x 10~° s~ . It reaches a photostation-
ary state in just 10 min with irradiation at 365 nm. When the
UV irradiation ceases, the system almost completely returns to
the trans form with visible 450 nm irradiation in 10 s. The
complete recovery of the trans form by visible light demon-
strates that the photochemical pathway is simple in the solid
state. To test the stability of the ¢trans—cis-trans photoisomeriza-
tion, ten cycles of Yb(LA); switching in PMMA film were con-
ducted by irradiating the sample using 365 nm light for
10 min, followed by 450 nm light for 1 min. Complex Yb(LA);
in PMMA film was very stable under these conditions and no
signs of photodegradation were detected. The other three com-
plexes, La(LA);, Eu(LA); and Gd(LA);, have similar isomeriza-
tion properties to those of Yb(LA); (Fig. S20-S22 in the ESIf).
The first-order reaction rate constants of LA-Ln(m) in PMMA
film are listed in Table 4. The excellent photostability of the
complexes is vivid for future application in molecular switch-
ing devices.

TD-DFT calculations

The geometry of the ground states of LA and LB in gas were
optimized by the DFT(B3LYP) method with the 6-31+G(d)
basis set. TD-DFT was then applied to calculate their exci-
tation energies and the oscillator strengths of the singlet and
triplet states. The data are summarized in Table 5. The exci-
tation energies of the lowest excited triplet states of LA and LB
are 1.7215 and 1.7025 eV, respectively, and both are lower
than the resonance level of the Eu** (°D,, 2.1434 eV) and Gd**
(°P52, 3.9957 eV) ions, which is the major reason that the
luminescence properties of the LA-Ln(u) and LB-Ln(m) com-
plexes are not obvious. The energy could not be transferred
from the chromophore to the metal center. Moreover, the

Compounds La(LA); Bu(La); Gd(rA); Yb(LA); oscillator strength of the lowest excitation energy of the
10° kigo (xs™")  4.8£1.9%  62+1.2%  3.3+9.7% 3.4:4.4% singlet transition of both LA and LB is calculated to be 0,
Table 5 Excited states of molecular LA and LB
LA LB

Excited Oscillator Excited Excited Oscillator
Excited state Multiplicity energy/eV strengths state Multiplicity energy/eV strengths
1 T 1.7215 0.0000 1 T 1.7025 0.0000
2 T 2.0726 0.0000 2 T 1.8160 0.0000
3 T 3.1669 0.0000 3 T 2.8224 0.0000
4 S 2.4199 0.0000 4 S 2.4466 0.0000
5 S 3.4404 0.9958 5 S 2.6755 0.7962
6 S 3.5672 0.0003 6 S 3.0850 0.3377

Dalton Trans.

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c6dt01310d

Published on 16 August 2016. Downloaded by Cornell University Library on 24/08/2016 08:03:09.

Dalton Transactions

indicating a disallowed transition. Meanwhile the oscillator
strength of the second singlet transition state is near to 1, the
ligand is mainly excited to the second singlet transition state,
and then relaxes to the lowest energy singlet transition or to
the ground state, which also hinders the energy transfer from
ligands to the lanthanide ions. Thus, the excitation energy
could not be transferred from the ligand to the rare earth ion
according to the triplet state of the ligand that was below the
resonance level of the rare earth ion.®* Therefore, it is easy to
understand why the luminescence properties were not
observed in the Eu*" and Gd*" complexes at room tempera-
ture. Currently, further studies focusing on the construction
of novel lanthanide complexes with azo derived p-diketones
showing luminescence and photoisomerization dual-behavior
are being considered in our laboratory.

Experimental

Materials and methods

LnCl3-6H,0 (Ln = La, Eu, Gd and Yb; Jinan Camolai Trading
Company), methyl heptafluorobutyrate (TCI (Shanghai)
Chemical Industry Co.), polymethyl methacrylate (PMMA)
(Alfa Aesar) and all other chemicals were obtained from
Sinopharm Chemical Reagent Co. Analytical-grade solvents
were all received from Shanghai Chemicals Group Co. and
were redistilled before use, except for ether and tetrahydro-
furan, which were freshly prepared by distilling a deep-blue
solution resulting from benzophenone/sodium under dry
dinitrogen before use. The melting point was determined with
an X-4 micromelting point apparatus without correction.
Elemental analyses were performed on a Vario EL III elemental
analyzer. Infrared spectra were recorded on a Nicolet AVATAR
FT-IR 330 spectrometer by using pressed KBr pellets in the
range of 4000-400 cm™'. Absorption spectra were scanned
using a Shimadzu UV-2550 absorption spectrophotometer.
ESI-MS data were obtained on a Bruker ESQUIRE-3000 Plus
LC-MS/MS spectrometer. Solution 'H NMR spectra were
acquired on a Bruker Unity 400 MHz (or 500 MHz) spectrometer
using TMS as an internal standard. Thermogravimetric analysis
(TGA) was carried out on a SDTQ 600 thermogravimeter at a
heating rate of 10 °C min~" under a dinitrogen atmosphere.

Ligand synthesis (see Schemes 1 and 2)

Synthesis of 4-acetyl-azobenzene (A).°> Nitrosobenzene
(0.16 g, 1.5 mmol) was dissolved in 6 ml of acetic acid and
heated to 90 °C, then 0.18 g 1-(4-aminophenyl)ethanone
(1.5 mmol) was added dropwise under stirring. The mixture
was stirred at 90 °C for a further 12 h and allowed to cool
down to room temperature. After that, deionized water (10 ml)
was added to the reaction. The mixture was stirred for another
20 min. The red mixture was extracted by CH,Cl, until the
CH,CI, layer turned pale yellow. Then, the CH,Cl, solution
was dried over anhydrous MgSO, and filtered. The solution
was concentrated and purified by column chromatography
(silica) with 20:1 petrol/ethyl acetate as the eluent (R = 0.8),
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Ln = La(III), Eu(III), Gd(III), Yb(IIT)

Scheme 1 Synthetic procedures used in the preparation of LA and LA-
Ln(i) complexes.
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Scheme 2 Synthetic procedures used in the preparation of LB and LB—
Ln(i) complexes.

obtaining A (0.21 g, 62%) as an orange-red solid: mp
101-102 °C; ESI(+)-MS (m/z, methanol) = 224.1; 'H NMR
(400 MHz, CDCI;) 6 8.13 (d, J = 8.6 Hz, 2H), 8.02-7.95 (m, 4H),
7.55 (d, J = 7.2 Hz, 3H), 2.68 (s, 3H).

Synthesis of 4-dimethylamino-4'-acetyl-azobenzene (B).*®
4-Aminoacetophenone (0.83 g, 5.0 mmol) was dissolved in a HCI
solution (5.0 mL, 3.0 mol L™"). A solution of sodium nitrite
(0.38 g, 5.5 mmol) in distilled water (5.0 mL) was prepared in
a test tube and added dropwise to the acidic solution of
4-aminoacetophenone over 5 min at 0 °C. The mixture was
stirred at 0 °C for 30 min. N,N-Dimethylphenylamine (0.61 g,
5.0 mmol) was dissolved in 3 mL acetic acid and cooled to
0 °C, and the solution was added slowly to the above aryldi-
azonium salt solution at 0 °C. The resultant colored mixture
was precipitated by addition of NaOH solution (20%). After the
pH reached 7-8, the solution was stirred for a further 2 h at
0 °C. The precipitate was washed with 1:1 ethanol/water and
recrystallized with acetone, generating a red solid (0.81 g,
61%): mp 173-175 °C; ESI(+)-MS (m/z, methanol) = 268.2;
'H NMR (400 MHz, CDCl3) & 8.06 (d, J = 8.4 Hz, 2H), 7.93 (dd,
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J = 12.6, 8.8 Hz, 4H), 6.77 (d, J = 8.9 Hz, 2H), 3.12 (s, 6H),
2.64 (s, 3H).

Synthesis of 4,4,5,5,6,6,6-heptafluoro-1-azobenzene-1,3-hexa-
nedione (LA).*” Sodium hydride (0.13 g, 5.5 mmol) and methyl
heptafluorobutyrate (1.25 g, 5.5 mmol) were dissolved in dry
ether (10 ml). The solution was stirred at 0-5 °C for 30 min.
Then compound A (1.12 g, 5.0 mmol) was added to the above
solution. The mixture was further stirred for 16 h at room
temperature. A few drops of dilute sulfuric acid were added to
the solution, which was further washed with water (3 x 15 mL).
The resultant solution was separated and dried with an-
hydrous MgSO,. Removal of the ether afforded a crude
product, which was purified by recrystallization with ethanol
to give a solid bright yellow pure product (1.41 g, 67%): mp
99-100 °C; ESI(+)-MS (m/z, methanol) = 421.2; "H NMR
(400 MHz, CDCl;) § 15.25 (bs, 1H), 8.13 (d, J = 8.6 Hz, 2H),
8.08-7.93 (m, 4H), 7.55-7.50 (m, 3H), 6.68 (s, 1H); FT-IR (KBr,
em™") 3440 (s, O-H), 2922 (w, C-H), 1635 (s, C=0), 1516 (m,
N=N), 1349 (s, C-N), 1240 (s, C-F), 1128 (s, C-O), 889, 797,
750, 691 (m, Ph-H); Elemental analysis (%) calculated for
CigH,11FsN,0,: C, 51.44; H, 2.64; N, 6.67. Found: C, 51.53;
H, 2.75; N, 6.61.

Synthesis of 4,4,5,5,6,6,6-heptafluoro-1-(4-dimethylamino)
azobenzene-1,3-hexanedione (LB).*” Sodium hydride (0.13 g,
5.5 mmol) and methyl heptafluorobutyrate (1.25 g, 5.5 mmol)
were dissolved in dry ether (6.5 ml). The solution was stirred at
0-5 °C for 30 min. Then B (1.33 g, 5.0 mmol) was added to the
above solution and the mixture was further stirred for 16 h at
room temperature. After the addition of a few drops of dilute
sulfuric acid, the solution was washed with water (3 x 15 mL),
separated and dried with anhydrous MgSO,. The mixture was
concentrated and purified by column chromatography (silica)
with 8:1 petrol/ethyl acetate as the eluent (R; = 0.7), giving a
pure deep red solid product (0.97 g, 42%): mp 145-147 °C; ESI
(+)-MS (m/z, methanol) = 464.2; '"H NMR (400 MHz, CDCI,)
§15.36 (s, 1H), 8.08 (d, J = 8.3 Hz, 2H), 7.96 (t, ] = 12.1 Hz, 4H),
6.79 (d, J = 8.0 Hz, 2H), 6.66 (s, 1H), 3.13 (s, 6H); FT-IR (KBr,
em™') 3437 (s, O-H), 2922 (m, C-H), 1596 (s, C=0), 1518
(m, N=N), 1448 (m, C—C), 1366 (m, C-N), 1231 (s, C-F), 1141
(s, C-0), 885, 804, 744, 695 (m, Ph-H); Elemental analysis (%)
calculated for C,,H;cFsN;0,: C, 51.84; H, 3.48; N, 9.07. Found:
C, 51.94; H, 3.95; N, 9.01.

Synthesis of Ln(m) complexes 1-8%°

General procedure. LA (or LB) (0.20 mmol) and NaOH
(0.23 mmol) were dissolved in hot ethanol (10 mL) and water
(1 mL). After the above solution was cooled down to room
temperature, LnCl;-6H,0 (0.067 mmol) in ethanol (10 mL) was
added dropwise and the mixture was further stirred for 24 h
(Schemes 1 and 2). The precipitate formed after the addition
of water was filtered, recrystallized from 95% ethanol and
dried in vacuum.

La(LA);(H,0),, yellow solid (yield = 92%); mp 131-132 °C;
"H NMR (400 MHz, CDCl;) § 8.36-8.18 (m, 18H), 7.49 (s, 9H),
6.68 (s, 3H); FT-IR (KBr, cm™') 3448 (s, O-H), 2915 (w, C-H),
1634 (s, C=0), 1524 (m, N=N), 1348 (m, C-N), 1225 (m, C-F),
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1116 (m, C-O), 896, 797, 753, 694 (m, Ph-H); Elemental
analysis (%) calculated for Cs,H3,LaF,;NgOg: C, 45.27; H, 2.39;
N, 5.87; Found: C, 45.21; H, 2.38; N, 5.86.

Eu(LA);(H,0),, orange solid (yield = 95%); mp 128-130 °C;
'H NMR (400 MHz, DMSO-ds) & 7.84 (s, 9H), 7.67-7.54
(m, 15H), 7.00 (s, 3H); 4.77 (s, 3H); FT-IR (KBr, cm™") 3434
(s, O-H), 2920 (w, C-H), 1616 (s, C=0), 1523 (m, N=N), 1486
(w, C=C), 1346 (m, C-N), 1227 (s, C-F), 1116 (m, C-0), 894,
791, 749, 692 (m, Ph-H); Elemental analysis (%) calculated for
Cs,H3,EuF,,NeOg: C, 4.86; H, 2.37; N, 5.81; Found: C, 43.45;
H, 2.45; N, 5.75.

Gd(LA);3(H,0),, yellow solid (yield = 94%); mp 130-132 °C;
FT-IR (KBr, cm™") 3448 (s, O-H), 2912 (w, C-H), 1618 (s, C=0),
1523 (m, N=N), 1485 (m, C=C), 1346 (m, C-N), 1226 (s, C-F),
1116 (s, C-0), 891, 791, 749, 692 (m, Ph-H); Elemental analysis
(%) calculated for C5,H;3,GdF,;NOg: C, 44.70; H, 2.36; N, 5.79;
Found: C, 44.74; H, 2.62; N, 5.78. (No NMR data due to the
paramagnetic properties of the Gd(m) ion.)

Yb(LA);(H,0),, yellow solid (yield = 90%); mp 131-133 °C;
'H NMR (400 MHz, CDCl;) 6 9.79 (s, 6H), 8.78 (s, 6H), 8.44
(s, 6H), 7.84 (s, 9H), 6.72 (s, 3H); FT-IR (KBr, cm ') 3449
(s, O-H), 2920 (w, C-H), 1617 (s, C=0), 1573 (m, C=C), 1521
(m, N=N), 1343 (m, C-N), 1227 (s, C-F), 1140 (s, C-O), 891,
792, 753, 691 (m, Ph-H); Elemental analysis (%) calculated for
Cs4H3,YbF,;NgOg: C, 44.21; H, 2.34; N, 5.73; Found: C, 44.04;
H, 2.41; N, 5.68. Orange plate crystals were obtained by slow
evaporation of ethanol solution. Ethanol substituted the co-
ordinated water molecule in the crystal structure to give
Yb(LA);(CH;CH,OH),.

La(LB);(H,0),, deep red solid (yield = 89%); mp
260-263 °C; 'H NMR (400 MHz, DMSO-d) § 8.04 (s, 6H),
7.77 (dd, J = 18.0, 8.6 Hz, 12H), 6.82 (d, J = 9.1 Hz, 6H), 6.36
(s, 3H), 3.07 (s, 18H); FT-IR (KBr, cm™') 3439 (s, O-H), 2920
(w, C-H), 1605 (s, C=0), 1573 (m, C=C), 1519 (m, N=N),
1366 (m, C-N), 1229 (m, C-F), 1139 (s, C-O), 892, 791, 750,
622 (m, Ph-H); Elemental analysis (%) calculated for
CeoHaoLaF, NoOg: C, 46.14; H, 3.16; N, 8.07; Found: C, 45.68;
H, 3.51; N, 7.91.

Eu(LB);(H,0),, deep red solid (yield = 92%); mp
250-253 °C; "H NMR (400 MHz, CDCl;) § 8.15 (d, J = 8.5 Hz,
9H), 8.06-8.01 (m, 9H), 7.32 (s, 6H), 7.25-7.23 (m, 3H), 2.71
(s, 18H); FT-IR (KBr, cm™") 3437 (s, O-H), 2917 (w, C-H), 1606
(s, C=0), 1571 (m, C=C), 1518 (m, N=N), 1366 (m, C-N),
1226 (s, C-F), 1141 (s, C-O), 894, 791, 750, 618 (m, Ph-H);
Elemental analysis (%) calculated for Cs,H 9EUF,;NgOg:
C, 45.75; H, 3.14; N, 8.00; Found: C, 45.31; H, 3.43; N, 7.92.
Orange plate crystals were obtained by slow evaporation of
ethanol and acetone mixed solution. Ethanol substituted the
coordinated water molecule in the crystal structure to give
Eu(LB);(CH;CH,OH)(H,0).

Gd(LB);(H,0),, deep red solid (yield = 89%); mp
250-253 °C; FT-IR (KBr, cm™") 3449 (s, O-H), 2918 (m, C-H),
1605 (s, C=0), 1571 (m, C=C), 1518 (m, N=N), 1366 (m,
C-N), 1227 (s, C-F), 1141 (s, C-0O), 894, 798, 750, 619 (m,
Ph-H); Elemental analysis (%) calculated for C5,H,oGdF,;NgOg:
C, 45.60; H, 3.13; N, 7.98; Found: C, 45.66; H, 3.04; N, 7.91.

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c6dt01310d

Published on 16 August 2016. Downloaded by Cornell University Library on 24/08/2016 08:03:09.

Dalton Transactions

(No NMR data due to the paramagnetic properties of the
Gd(m) ion.)

Yb(LB);(H,0),, deep red solid (yield = 87%); mp
263-265 °C; 'H NMR (400 MHz, CDCl;) 6 10.05 (s, 6H), 8.97
(s, 6H), 8.65 (s, 6H), 7.11 (d, J = 7.0 Hz, 6H), 6.87 (s, 3H), 3.35
(s, 18H); FT-IR (KBr, cm™") 3443 (s, O-H), 2917 (w, C-H), 1607
(s, C=0), 1571 (m, C=C), 1521 (m, N=N), 1366 (m, C-N),
1230 (s, C-F), 1140 (s, C-O), 820, 791, 750, 620 (m, Ph-H);
Elemental analysis (%) calculated for CgoHsoYDF,1NgOg:
C, 45.15; H, 3.09; N, 7.90; Found: C, 45.56; H, 3.15; N, 7.85.
Orange plate crystals were obtained by slow evaporation
of ethanol solution. Ethanol substituted the coordinated
water molecules in the crystal structure to give Yb
(LB);(CH;CH,O0H),.

PMMA thin film preparation

Complexes were made into thin films using PMMA as the
polymer matrix. 100.0 mg of PMMA was dissolved in 20.0 mL
chloroform with mild sonication for 15 min. 5.0 mg of the
complex was added to the above solution and sonicated
mildly. The polymer thin film with approximately the same
thickness was coated on a 12 mm X 45 mm Quartz plate
substrate.

Measurement of photoisomerization quantum yields

365 nm UV light was obtained from a ZF-2 UV analyzer
(Shanghai Yihui). For the cis-to-trans reverse reactions, visible
light irradiation was from a 300 W Xe lamp (PLS-SXE300CUV).
The 450 nm light was isolated by a sharp cut filter. A 10 mm
light path-length quartz cell was used for the isomerization
measurements. The light intensity was measured by a UV-A
radiation meter (optical electrical apparatus factory of Beijing
Normal University). The sample concentration was 2.0 x 107>
mol L' for all complexes. The quantum yield for photoiso-

merization is evaluated using eqn (1):°>%°

P S - (1)
Iy1— 10

where k, is a zero-order rate constant for the decrease of the
initial isomer concentration in mol L™ s™*, I, is the intensity
of incident irradiation light in einstein L™" s7", ¢ is the extinc-
tion coefficient in L mol™" em™" at the irradiation wavelength
of the solution, ¢ is the concentration of this solution in mol L™,
and [ is the path length of the light through the sample
in cm. The trans-to-cis photoisomerization obeyed first-order
kinetics, with the isomerization rate constant, k;s,, being calcu-
lated from the change in absorbance at a certain wavelength

with time using eqn (2):*>*°

lnﬁ: ol )
where A, Ay, and A, denote the absorbance at time ¢, zero
time and at the end of the reaction, respectively.
The uncertainty of the quantum yields and the rate con-
stants for all compounds were calculated according to three
independent replicates performed for each concentration.
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Time dependent density functional theory (TD-DFT)
calculations

DFT calculations were performed with the three-parametrized
Becke-Lee-Yang-Parr (B3LYP) hybrid exchange-correlation
functional and 6-31+G(d) basis set by using the Gaussian 09
program.”® Low-lying singlet and triplet excitation energies
were calculated at the optimized geometries by TD-DFT with
the same basis set. The geometries of these compounds were
optimized by the DFT(B3LYP) method without considering the
solvent effect.

Structure determination of Yb(LA);, Eu(LB);, Yb(LB); by the
X-ray diffraction

The X-ray diffraction data were collected on a Bruker SMART
Apex CCD diffractometer equipped with graphite-mono-
chromatic MoKa (1 = 0.71073 A) radiation using an  scan mode
at 173(2) K. The crystal data integration and reduction steps were
performed using the SAINT software. Lorentz-polarization and
empirical absorption corrections were applied to the data.
The structure was solved by direct methods with SHELXS-97
and refined by full-matrix least-squares calculations with
SHELXL-97 based on F>.”" All non-hydrogen atoms were
refined anisotropically. Treatment of hydrogen atoms in the
least-squares refinement resulted in different data, some of
them were constrained, the others were independent. For the
constrained data, hydrogen atoms were located at the calcu-
lated positions. Three -C3;F; groups in the compounds were
seriously disordered and they were restrained because of the
high displacement parameters. The “simu, delu, dfix and isor”
restraints were used in the refinement of -C3F, groups to
ensure reasonable bonds and conformation. Some of the C-F
distances were restrained to their ideal values and F-F dis-
tances were restrained to be similar to regularize the angles.
One of the -C;F; groups in molecules Eu(LB)3;, Yb(LA); and the
coordinated solvent ethanol in the molecule Yb(LB); were
found to be rotationally disordered around two independent
orientations. The occupancy of disordered fluorines and
ethanol at two orientations was refined by using the PART
command in SHELXL2014. Crystallographic details for
complexes Yb(LA);, Eu(LB); and Yb(LB); are summarized in
Table 1. Data for the crystal structures of complexes Yb(LA)3,
Eu(LB); and Yb(LB); have been deposited at the Cambridge
Crystallographic Data Centre (CCDC 1422641 for Eu(LB),
1422642 for Yb(LA);, and 1422643 for Yb(LB);).

Conclusions

In summary, we have synthesized and characterized eight
lanthanide tris-B-diketonate complexes functionalized with the
azobenzene group. Among these complexes, we obtained three
crystal structures. They have very similar structures and all
three complexes crystallize in the triclinic P1 space group. The
lanthanide(u) ion is eight-coordinated to six oxygen atoms
from the three fB-diketonate ligands and two oxygen atoms
from solvent molecules, forming a trigonal dodecahedron
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coordination geometry. The photoisomerization properties of
the complexes have been investigated in detail. All the com-
plexes are able to undergo reversible trans-to-cis photoisomeri-
zation in different organic solvents as well as in solid PMMA
film. The LA-Ln(m) complexes bearing azobenzene groups
without a donor substituent show better reversible trans-to-cis
photoisomerization compared with the LB-Ln(u1) complexes.
Although the luminescence properties of the LA-Ln(u) and
LB-Ln(m) complexes were not observed due to the resonance
level of Ln(m) being higher than that of the ligands, it is
remarkable to find that the newly designed complexes possess
the unique properties of fast trans-to-cis photoisomerization,
large extinction coefficient and high fatigue resistance both in
solution and in solid PMMA film. We believe that this novel
design of the complexes, together with the influence of the
electron donor, opens a new perspective for the development
of photoisomerization of azobenzene-derived Ln(ui) complexes
and offers great flexibility and options for the rational design
of ligands, which, in turn, will facilitate development of photo-
isomerization. We are currently focusing on the studies of this
modified system in which the photoisomerization is
accompanied with luminescence properties via properly
designed azobenzene derived $-diketones and might be appli-
cable to optical devices, photonic memory and biological
photosensing fields.
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