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A MALDI-TOF MS study of lanthanide(lll)-cored
poly(phenylenevinylene) dendrimers

Joaquin C. Garcia-Martinez, Carmen Atienza, Milagros de la Pena,
Ana C. Rodrigo, Juan Tejeda and Julian Rodriguez-Lopez*

An extensive study by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (MS) of some
first-generation and second-generation lanthanide(lll)-cored poly(phenylenevinylene) dendrimers is described. The complexes
were obtained by self-assembly of suitably functionalized carboxylate dendrons around the lanthanide ion (La3*, Er3*). Fourier
transform infrared (FT-IR) spectroscopy gave reasonable evidence for the proposed structures. However, MS was used to
ascertain unequivocally the complex formation. The most reliable results were found in the negative reflector mode, using
2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) as matrix. Well-defined and highly resolved base
peaks corresponding to negative ions of [GnsLal~ and [Gn4Er]~ were found in all cases, with an excellent match between the
theoretical and observed isotope distributions. However, the 3: 1 stoichiometry used in the synthesis guarantees an empirical

formula GnsLn for the complexes. Copyright (©) 2008 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.

Keywords: dendrimers; poly(phenylenevinylene); lanthanide complexes; MALDI-TOF
___________________________________________________________________________________________________|

Introduction

Luminescent lanthanide complexes have attracted a great deal of
attention because of theiracademicinterest and potential utility in
a wide variety of photonic applications such as planar waveguide
amplifiers, plastic lasers, light-emitting diodes, and luminescent
probes.['-8 The encapsulation of luminescent lanthanide (lll) ions
(Ln3*) within luminescent dendrimers can lead to systems capable
of shielding the Ln** jon from a non-radiative environment,
and efficiently transferring excited energy from the peripheral
chromophores to the central Ln3* core. Thus, Fréchet®'? and
Kawal'"l reported the site-isolation and antenna effects of Eu*,
Tb>", and Er**-cored dendrimer complexes obtained by self-
assembly of suitably functionalized carboxylate aryl ether-type
dendrons around the lanthanide ion. Kim and co-workers used
dendritic luminescent ligands based on metalloporphyrin,!'2-14
naphthalene,'>% and 9,10-diphenylanthracenel'” units that also
bear aryl ether-type dendrons.

However, the characterization of these self-assembled com-
plexes is not easy due to their fragile nature, which results from
the weak non-covalent ionic interaction between the Ln** ion
and the dendritic carboxylate sub-units. Experimental evidence
for the proposed structures is usually provided by techniques
such as Fourier transform infrared (FT-IR) and elemental analysis.
Unfortunately, the paramagnetic properties of the lanthanide ion
preclude conventional nuclear magnetic resonance (NMR) studies.
Laser light scattering allows the estimation of the assembly size,”)
while size exclusion chromatography (SEC) was found to be in-
appropriate for these fragile complexes. Similarly, matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF), electro-
spray (ESI), or fast atom bombardment (FAB) mass spectrometry
(MS) do not give rise to a signal corresponding to the Ln>*-complex
in a variety of matrices, with complex spectra including the signal

due to the starting dendron obtained instead.”7'8 The structure
is too weak to withstand the conditions of the mass analyses.

Thus, the complete elucidation of the structure of these
Ln(ll)-cored dendrimers is still a challenge, and further work is
necessary in order to overcome this issue. Typically, they are
depicted in the literature as three dendrons that are probably
assembled as carboxylate ligands surrounding the lanthanide
core.P=1113-181 Some studies with different poly(benzyl ether)
dendrons indicate that the co-ordination structure depends on
the type and generation of the dendron as well as the lanthanide
jon.'?!

As part of our research program aimed at the construction
of m-conjugated dendritic architectures,”® we prepared some
first-generation and second-generation lanthanide(lll)-cored den-
drimers with a poly(phenylenevinylene) backbone (Fig.1). The
ligand-exchange reaction of a lanthanide triacetate with the ap-
propriate acid dendron afforded the desired complexes in good
yields (Experimental). FT-IR spectroscopy gave reasonable evi-
dence for the proposed structures. Thus, the carbonyl absorptions
associated with the precursor acid dendrons, ca. 1690 cm™', were
absent in the spectra of the corresponding Ln3*-cored dendrimer
complexes. In this paper, we present a MALDI-TOF MS study that
provides further evidence for complex formation, confirming the
occurrence of dendritic ligand-lanthanide interactions.
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Scheme 1. Synthesis of first-generation and second-generation poly(phenylenevinylene) acid dendrons.

Experimental
General

In air-sensitive and moisture-sensitive reactions all glassware
was flame dried and cooled under Ar. O-dichlorobenzene
(ODCB) was dried over CaH,, filtered, distilled under re-
duced pressure, and stored over molecular sieves (4A). In-
frared (IR) spectra were recorded on a Shimadzu Prestige 21
FT-IR spectrophotometer equipped with an attenuated total
reflectance (ATR) sample unit. Mass spectra were measured
by an Autoflex Il time-of-flight (TOF)/TOF Bruker spectrometer
(Bremen, Germany). trans-3-indoleacrylic acid (IAA), a-cyano-4-
hydroxycinnamic acid (HCCA), 2-mercaptobenzothiazole (MBT),
1,8,9-trihydroxyanthracene (Dithranol), 2,5-dihydroxybenzoic
acid (DHB) and 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-
enylidene]malononitrile (DCTB) were used as matrix materials.
Samples co-crystallized with matrices on the probe were ion-
ized by a nitrogen laser pulse (337 nm) and accelerated under
20 kV with time-delayed extraction before entering the TOF mass
spectrometer. Matrix (20 mg/mL) and sample (2 mg/mL) were dis-
solved in tetrahydrofuran (THF). The ratio of matrix solution to
sample was 100:1. For all matrices, 5 ul mixture of matrix and
sample was applied to a MALDI-TOF MS probe and air-dried. The
laser intensity was attenuated appropriately to obtain the best
signal-to-noise ratio and isotopic resolution for the matrix used.
External calibration was performed using Peptide Calibration Stan-

dard Il (covered mass range: 700-3200 Da) and Protein Calibration
Standard | (covered mass range: ~5000-17500 Da) from Care
(Bruker) for both positive and negative mode. Calculated and
experimental values are referred to base peaks.

The synthesis of the acid dendrons was performed in a
convergent manner following the methodology outlined in
Scheme 1, which is based in our previous experience in the
synthesis of poly(phenylenevinylene) dendrons.l2”!

Diphosphonates 1 and 2 were obtained by Arbuzov
reaction of methyl 3,5-bis(boromomethyl)benzoate and 1,3-
bis(bromomethyl)-5-iodobenzene, respectively, with triethyl
phosphite following a standard methodology.l?" 23!

(E,E)-3,5-Bis(4-hexyloxystyryl)benzoic acid (3)

To a stirred solution of diphosphonate 1 (1 g, 2.29 mmol) and
4-hexyloxybenzaldehyde (945 mg, 4.58 mmol) in anhydrous THF
(20 mL) under argon was added potassium tert-butoxide (642 mg,
5.72 mmol) in small portions. The mixture was stirred at room
temperature for 3 h. After hydrolysis with TM KOH (5 mL), the
mixture was heated under reflux for an additional 4 h and acidified
with concentrated HCI. The precipitated dendron was isolated by
filtration and purified by washing with hot ethanol. Yield 75%.
Colorless solid. Mp 154-156 °C. "H-NMR (CDCl3, 500 MHz) §: 0.92
(t, 6H,J = 7.0 Hz, 2xCH3), 1.36 (m, 8H, 4xCH,), 1.48 (m, 4H, 2xCH),
1.80 (m, 4H, 2xCH3), 3.99 (t, 4H,J = 7.0 Hz, 2xOCH;), 6.91 (A of ABg,
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Figure 1. First-generation and second-generation lanthanide(lll)-cored
poly(phenylenevinylene) dendrimers.

4H, J = 8.5 Hz, ArH), 7.01 (A of ABg, 2H,J = 17.0 Hz, 2xCH=), 7.18
(B of ABg, 2H, J = 17.0 Hz, 2xCH=), 7.48 (B of ABq, 4H, J = 8.5 Hz,
ArH), 7.78 (br s, 1H, ArH), 8.09 (br s, 2H, ArH). "> C-NMR and DEPT
(CDCl3, 125 MHz) §: 171.2 (COOH), 159.2 (C), 138.5 (C), 129.9 (Q),
129.8 (CH), 129.4 (C), 129.0 (CH), 127.9 (CH), 126.3 (CH), 125.1 (CH),
114.8 (CH), 68.1 (OCH,), 31.6 (CH,), 29.2 (CH,), 25.7 (CH;), 22.6
(CH5), 14.0 (CH3). FT-IR (ATR) v: 2400-3100 (broad), 1693 (C=0),
1508, 1248, 1173 cm~'. MALDI-TOF (dithranol) m/z 526.3 (M,
100). Anal. calculated for C35H4204: C, 79.81; H, 8.04. Found: C,
79.59; H, 8.02.

(E,E,E,E)-3,5-Bis-[3,5-bis(4-hexyloxystyryl)styryllbenzoic acid
(6)

This compound was prepared from diphosphonate 1 and first-
generation dendritic aldehyde 5 following a similar procedure
as described above. The product was purified by washing with
hot ethyl acetate. Yield 70%. Colourless solid. "H-NMR (THF-ds,
500 MHz) §: 0.93 (t, 12H, J = 7.0 Hz, 4xCH3), 1.38 (m, 16H, 8xCH>),
1.50 (m, 8H, 4xCH3), 1.80 (m, 8H, 4xCH,), 3.99 (t, 8H, J = 7.0 Hz,
4x0CH,), 6.91 (A of ABq, 8H, J = 8.5 Hz, ArH), 7.10 (A of ABgq, 4H,
J =16.5Hz,4xCH=),7.26 (B of ABg, 4H,J = 16.5 Hz, 4xCH=), 7.41
(s, 4H, 4xCH=), 7.51 (B of ABq, 8H, J = 8.5 Hz, ArH), 7.60 (br s, 2H,
ArH), 7.68 (br s, 4H, ArH), 8.06 (brs, TH, ArH), 8.17 (d, 2H,J = 1.5 Hz,

ArH), 10.82 (s, TH, COOH). "*C-NMR and DEPT (THF-dg, 125 MHz)
8: 167.5 (COOH), 160.2 (C), 139.6 (C), 139.3 (C), 138.8 (C), 132.9
(C), 131.0 (C), 130.8 (CH), 129.7 (CH), 128.8 (CH), 128.8 (CH), 128.5
(CH), 127.7 (CH), 126.8 (CH), 124.8 (CH), 124.1 (CH), 115.4 (CH), 68.6
(OCH,), 32.6 (CH,), 30.3 (CH,), 26.7 (CH>), 23.5 (CH>), 14.4 (CHs).
FT-IR (ATR) v: 2400-3100 (broad), 1686 (C=0), 1605, 1584, 1508,
1248, 1173, 955 cm™'. MALDI-TOF (dithranol) m/z 1135.3 (M™).
Anal. calculated for C79HggOg: C, 83.56; H, 7.99. Found: C, 83.27; H,
7.95.

Preparation of the lanthanide(lll)-cored poly(phenyleneviny-
lene) dendrimers

The Ln(lll)-cored poly(phenylenevinylene) dendrimers were pre-
pared according to the procedure previously described in the
literature.”) A stoichiometric mixture of the anhydrous lanthanide
triacetate, Ln(OAc)3, and the appropriate acid dendron (1:3 molar
ratio) were refluxed in ODCB. The acetic acid generated by the
exchange reaction was distilled off with ODCB continuously during
the reaction for 3 h followed by final evaporation to dryness under
reduced pressure.

G13la :Yield 97%. Brown solid. FT-IR (ATR) v: 1605, 1508, 1450,
1393, 1244, 1173, 1028, 845,814 cm™'. MALDI-TOF m/z 2241.1
([G14Lal"). (Although La3* is a diamagnetic ion, the NMR
spectra of the La>*-complexes described here also showed
very broad signals, avoiding their characterization by this
technique.)

G13Er: Yield 98%. Yellow-brown solid. FT-IR (ATR) v: 1605,
1524, 1508, 1450, 1404, 1426, 1172, 1028, 959, 845, 814 cm ™",
MALDI-TOF m/z 2269.1 ([G14Er] ™).

G2;La : Yield: 98%. Pale yellow solid. FT-IR (ATR) v: 1605, 1584,
1506, 1244, 1171, 1028, 957 cm~'. MALDI-TOF m/z 4676.3
(IG24Lal™).

G2;Er : Yield 98%. Pale yellow solid. FT-IR (ATR) v: 1605, 1584,
1506, 1454,1393,1244,1171,955 cm™'. MALDI-TOF m/z 4703.8
([G24Er]7).

Results and Discussion
Selection of the matrix

DCTB produced good quality spectra in positive and negative
modes and was chosen for further studies. The relative softness of
this aprotic matrix compared to other polar matrices is evidenced
by a highly unlikely impossible protonation of the analytes and
lower laser power requirements. These advantages make DCTB a
suitable matrix for metal complex characterization.!?* Polar acid
matrices, such as IAA and HCCA, are not specifically designed
to promote the formation of radical ions but to give protonated
ions, and consequently these cause the complex to split during
the mass spectrometric measurement. Indeed, the experiments
performed with these matrices yielded MALDI spectrathatshowed,
in either positive or negative ion mode, exclusively the peak
corresponding to the dendritic free fragment. A similar finding
was previously reported by Fréchet etal.” and clearly indicates
dissociation of the complex. On the other hand, dithranol, MBT
and DHB, which are typically used as matrices for desorption-
jonization of synthetic polymers and small molecules,’! always
gave lower quality spectra when compared with DCTB. The main
peak again corresponded to the free ligand ion, although other
peaks, fragments and matrix-related ions were also observed. The
resolution and signal-to-noise ratio of the base peak were lower,
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Figure 2. Negative reflector mode spectra of Ln>*-cored first-generation dendrimers G1sLn with expanded regions comparing the theoretical isotope
distribution for the complex anion [G14Ln]~ (on the left) with the data acquired (on the right).
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Figure 3. MALDI-TOF negative reflector mode spectrum of a physical
mixture prepared by mixing G13Er with the first-generation acid dendron
G’1 using DCTB as the matrix.

especially when DHB was used, because greater laser power was
needed to acquire the spectra (see Supporting information, Fig.
S11-S12). Thus, all figures presented in this paper relate to spectra
obtained using DCTB as the matrix.

Positive ion mode

When the Ln>*-cored dendritic complexes were analysed in the
positive ion extraction mode, peaks corresponding to radical ion
[M]** or protonated [M + H]* forms were not observed and
nor were single alkali metal adducts [M + Nal* or [M + Agl*t
when a cationization reagent was added. A number of signals
above the molecular mass of the compounds were found instead.
For instance, the spectrum of the Er3*-cored first-generation
dendrimer, G13Er, showed three main peaks (m/z = 4706.2,
6448.3, 8199.7) and these can be attributed to the species
[G1gErs]t (calculated m/z = 4707.2), [G111Ers]t (calculated
m/z = 6451.0) and [G114Ers]* (calculated m/z = 8195.9),
respectively (see Supporting information, Figs. S13-S15). The
tendency of lanthanide ions towards a high co-ordination
environment may explain the formation of adducts during the
desorption process. When a cationization reagent such as sodium
iodide was added to the matrix/sample mixture, the spectrum
only showed peaks corresponding to the substitution of one
Er** atom by three Na* in the form [G1,Naz]t™ (m/z = 1120.4),
among other combinations. Smaller peaks close to the base peak
at higher m/z values were also found and these could be related
to an interaction between the matrix and the adducts (Supporting
information, Fig. $16). Similar spectra were obtained with the La3*-
cored first-generation dendrimer G1sLa (Supporting information,
Fig.S17).

Generally, the peaks were broad, isotopically unresolved and
with intensities that were highly dependent on the matrix/sample
ratio. This fact supports the idea of a recombination of species
during the desorption process and makes the experiment very
irreproducible and unsuitable for an unequivocal characterization.
When the La>*- or Er¥*-cored second-generation dendrimers
G2;Ln were analysed, the formation of adducts was very difficult
due to steric hindrance and, for instance, peaks associated with
the species [G2gEr3]™ (m/z = 9578.1) and [G211Erg]™ (m/z =
13 149.1) were not found. Although the positive ion extraction

mode shows the formation of complexes between dendrons and
Ln3*, the poor quality and low peak resolution rule out the use of
this mode as a definitive technique to characterize the compounds.

Negative ion mode

In a similar way to the positive mode, the Ln**-cored dendritic
complexes did not show the radical ion [M]*~ in the negative
reflector mode. However, well-defined and highly resolved base
peaks were found in all cases. The MALDI-TOF spectrum of the
Er3*-cored first-generation dendrimer, G13Er, in DCTB is shown in
Fig. 2 (top). The spectrum is easy to interpret with only one peak
at m/z = 2269.1. This is the only signal observed - there are no
fragmentations or matrix-related ions atlower m/z values or signals
corresponding to a sample/matrix adduct athigher m/zvalues. The
lack of otherionsalso gives anindication of the purity of the sample.
This peak corresponds to the negative ion of [G14Er]™ (calculated
m/z = 2269.1). The presence of multi-isotopic elements means
the isotope distribution is very distinguishable, almost like a finger
print, and this proved to be an excellent match with the theoretical
distribution, thus providing strong evidence for the formation of
[G14Er~.

A MALDI-TOF MS/MS experiment in negative mode on the base
peak was also performed with the intention of confirming the
composition of the formed species (see Supporting information,
Fig. S18). The MS/MS spectrum showed a few peaks with an
isotopic pattern that indicated the presence of an Er atom
in the fragments. It is important to highlight that a peak at
m/z = 1744.5 corresponding to the species [G15Er]*~ (calculated
m/z = 1743.8) was observed, i.e. loss of a dendron from the
complex [G14Er]~. Moreover, the presence of the dendritic unit
on the structure was definitively confirmed by the existence of
fragmentation peaks associated with ligand loss:i.e. [G1]™ (m/z =
525.3), [G1,]” (m/z = 1051.6) and [G13]~ (m/z = 1577.7).

The formation of [G14Er]™ can again be explained in terms
of the tendency of the lanthanide metal ions to have a high
co-ordination environment, which during the desorption process
incorporate other dendritic ligands to reach a stable co-ordination
number of eight. The same peak was observed when dithranol or
MBT were used as matrices, but in these cases its intensity was
lower. Other peaks related to fragmentations or matrix interactions
also appeared in the spectrum, thus complicating the study.

Analogous results were found for the La’-cored first-
generation dendrimer G1zLa. The MALDI-TOF spectrum showed
a base peak corresponding to [G14La]l™ (m/z = 2241.1, calcu-
lated m/z = 2241.1) and an excellent match for the isotope
distribution of the complex anion (Fig. 2, bottom). Analysis of the
fragments in the MS/MS spectrum revealed the presence of the
dendritic ligand coordinated to the metal, also becoming visible
a peak at m/z = 1716.6 corresponding to [G13La]*~ (calculated
m/z = 1715.8) (see Supporting information, Fig. S19).

In order to clarify if the species [G14Ln]™ are really formed
during the mass analysis, we registered the MALDI-TOF spectrum
of a physical mixture prepared by mixing G13Er with a different,
although structurally related, acid dendron G'1. Together with
the signal associated to [G14Er]~, several peaks corresponding
to crossover species [G13G'1Er]~, [G1,G'1,Er]™ and [G1G13Er]™
were also observed (Fig. 3). Interestingly, the signal intensities of
the crossover species became more noteworthy as the amount of
G'1increased in the mixture.

Alternatively, mass analyses in negative linear mode were
also performed for G13Ln complexes. In a comparable manner
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to the positive mode, the spectra showed peaks at higher
m/z values, which can be attributed to higher co-ordination
polynuclear species, containing 7, 10 and even 13 monodendrons:
ie. [G17Lny]7, [G1lyoln3]™ and [G1y3Lng4]™, respectively (see
Supporting information, Fig. $20-S21). These peaks appeared
much moreintenseinthe analysis of a physical mixture prepared by
mixing G13Ln with the corresponding acid dendron G1. All these
results strongly support the formation of the higher co-ordination
species during the mass analysis.

When a mixture of the lanthanide triacetate Ln(OAc)3; and the
first-generation acid dendron 3ina 1:4 molar ratio was refluxed in
ODCB under the same experimental conditions described above,
the analysis of the final product showed unreacted free acid. The
same result was obtained in the treatment of G1sLn with an
equimolar amount of the acid dendron 3. These two experiments
guarantee an empirical formula of G1;3Ln for the complexes, i.e. a
fourth ligand is not incorporated under the reaction conditions.

MALDI-TOF MS in negative reflector mode was also useful
to study the second-generation complexes. The spectra of the
Ln3*-cored dendrimer G2;Ln are shown in Fig. 4. Comparable
outcomes were obtained under the same experimental conditions.
Base peaks corresponding to [G24Er]” (m/z = 4703.8) and
[G24La]l” (m/z = 4676.3) were found along with a few others
less significant (calculated values are [G24Er]~ m/z = 4704.6 and
[G24Lal” m/z = 4676.6). Once again, the excellent agreement
between the theoretical and observed isotope distribution
confirms the formation of a complex between the dendrons
and the lanthanide metal ion.

Conclusions

Regrettably, the structure elucidation of Ln3"-cored dendrimer
complexes obtained by self-assembly of suitably functionalized
carboxylate dendrons around lanthanide ions is quite elusive
because of their fragile nature. The strong paramagnetism of
lanthanides impedes the use of NMR techniques and, on the
other hand, the gathering of good single crystals for X-ray
diffraction is seldom possible. However, in this paper MALDI-TOF
MS was used to ascertain the formation of first-generation and
second-generation lanthanide(lll)-cored poly(phenylenevinylene)
dendrimer complexes, confirming the occurrence of dendritic
ligand-lanthanide interactions. The most reliable results were
found in the negative reflector mode, using DCTB as matrix. Well-
defined and highly resolved base peaks attributed to the adducts
[GngLn]~ were found in all cases due to their high stability, with
an excellent match between the experimental and theoretical
isotope distributions. The observed species in the mass analysis
do indicate that dendritic complexes have been formed (FT-IR
results are also an evidence), but not that they comprise three
dendrons. However, the 3: 1 stoichiometry used for their synthesis
guarantees an empirical formula of GnsLn. Identification of this
type of structure can be standardized and a specially tuned
spectrometer is not required. Identical results were obtained with
an Applied Biosystems 4700 Proteomics Analyzer.

Supporting Information

Copies of FT-IR, "H-NMR, '*C-NMR and additional MALDI-TOF
spectra for the described compounds may be found in the online
version of this article.
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