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Coordination Chemistry in the Solid: Evidence for Coordination Modes
within Hybrid Materials Different from those in Solution

Robert J. P. Corriu,*!*! Frank Embert,'*! Yannick Guari,! Catherine Reyé,!*! and

Roger Guilard™

Abstract: Two routes of incorporation
of europium(i) salts into cyclam-con-
taining hybrid materials have been ex-
plored, to elucidate the coordination
mode of Eu™ in cyclam-containing hy-
brid materials in a study of the arrange-

these complexes; and 2) hydrolysis and
polycondensation of N-tetrasubstituted
silylated cyclam derivatives, then incor-
poration of europium salts directly into
the hybrid materials. The coordination
mode of europium salts within solids is

not possible; it requires cyclam deriva-
tives containing N-chelating substituents
such as amido groups in an appropriate
geometry. In contrast, the incorporation
of Eu'" into hybrid materials is always
possible, whatever the nature of the

ment of cyclam moieties during the sol—
gel process. They were 1) complexation
of europium salts by N-tetrasubstituted
1,4,8,11-tetraazacyclotetradecane  (cy-
clam) derivatives bearing four hydro-
lysable Si(OEt); groups, followed by
hydrolysis and polycondensation of

Introduction

Nanostructured organic—inorganic hybrid materialsl:? are
obtained by hydrolytic polycondensation of molecular pre-
cursors bearing more than one hydrolysable Si(OR); group.
They constitute a new class of materials obtained under mild
conditions and including organic units covalently linked to the
inorganic silica matrix (Scheme 1).

One of the essential characteristics of such systems is their
short-range autoorganisation ability during the sol —gel proc-
ess, which has been demonstratedby their chemical proper-
tiest! and by small-angle X-ray scattering (SAXS).[ Besides,
evidence of long-range organisation in the solid has been
provided by birefringence experiments in the case of rigid
organic moieties.”! These results were then extended to more
flexible models.[*!

We have also recently described” the incorporation of
CuCl, within nanostructured cyclam-containing hybrid mate-
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not the same as in solution. In solution,
the complexation of Eu
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arms of the cyclam moieties. Thus, Eu''
uptake is one Eu"/two macrocycles with
cyclam moieties containing N-alkyl sub-
stituents. This constitutes the first exam-
ple of 4N+4N lanthanide coordination.

Il with cyclam is

cyclams

rials obtained by hydrolytic polycondensation of the molec-
ular precursor 1 (Scheme 2).

This route of incorporation of Cu™" into cyclam-containing
hybrid materials allows the complexation of one Cu'/cyclam
moiety. Interestingly, it gives rise to copper—copper inter-
actions, evidenced by ESR spectroscopy.”! Such interactions
have been observed from ESR measurements in solution of
dinuclear Cu" complexes specifically designed for this pur-
pose, in which two cyclam rings are in a face-to-face
conformation (Figure 1).1¥] Furthermore, these materials pos-
sess an oxygen bonding capacity,”) which has never been
observed for Cu'! complexes in solution.

The existence of copper—copper interactions obtained by
the direct incorporation of CuCl, into cyclam-containing
hybrid materials involves an arrangement of cyclam moieties
during the sol - gel process in such a way that they are in close
proximity to each other. Such an organisation would probably
be due to the hydrophobic character of the tetra-N-propyl
cyclam moieties, opposed to the hydrophilic part around the
silicon atom [RSi(OR),(OH);_,] formed during the sol—gel
process.

To obtain further evidence concerning the arrangement of
cyclam moieties during the sol—gel process, we studied the
incorporation of Eu™ into cyclam-containing hybrid materials
for three reasons.

1) The coordination mode of lanthanide ions is very different
from that of Cu''; lanthanide complexes exhibit coordina-
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Figure 1. Face-to-face conformation of Cu"! cyclam complexes.

tion numbers ranging from six to twelve, with eight and
nine being the most common.!""]

2) In solution, the complexation of Cu'" by cyclam moieties
occurs whatever the nature of the N substituents of the
cyclam. In contrast, the 1,4,8,11-tetraazacyclotetradecane
(cyclam) does not complex lanthanide ions in solution. The
complexation of lanthanide ions requires N-substituted
cyclam derivatives with four pendant arms containing
chelating groups, because of their high coordination
number.

cyclam-containing hybrid materials are described (Scheme 3).
We have prepared three silylated N-tetrasubstituted cyclam
derivatives (Scheme 3): 1 contains four pendant arms without
chelating groups and consequently unable to complex lantha-
nide ions in solution; 2 contains four pendant arms with
chelating groups!'?! allowing the complexation of lanthanide
ions in solution; 3 appears as an intermediate model in which
the pendant arms bear chelating groups, but the rigidity of
these arms does not allow the complexation of lanthanide ions
in solution.

We show that the coordination mode of Eu™ in cyclam-
containing hybrid materials is very different from that in
solution. Indeed, whereas the molecular precursor 2 is the
only one able to complex Eu™ in solution, thus allowing the
incorporation of the salt by route A in Scheme 3 (gelation of
the isolated Eu complex), the incorporation of the europium
salts into the solid by route B in Scheme 3 is always possible,
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whatever the nature of the pendant arms (gelation of 1, 2 or 3,
then incorporation of Eu into the hybrid materials).
Furthermore, we show that the amount of the europium salts
incorporated by route B depends on the nature of the N-
substituents of the cyclam moieties.

Results and Discussion

Cyclam derivative 1 was prepared as previously described.[3]
Treatment of the cyclam with 2-bromo-N-triethoxysilylpro-
pylacetamide (4 equiv) afforded 2 in 97 % yield. The reaction
of the cyclam with p-chloromethyl-N-triethoxysilylpropylbenz-
amide (4 equiv) gave 3 in 76 % yield. Treatment of a boiling
solution of anhydrous europium salt (nitrate or chloride) in
ethanol with 2 (4 equiv) in boiling ethanol afforded the
corresponding europium salt complexes 4a and 4b in high

(EtOhS@ SIOED,
( Eu® 3Xx
—y
N
(E10),81"" k/l“““fs,i(oa)3 o

4a (X" = NO3)
4b (X" = CIN

yield; these were identified as 1:1 complexes. All attempts to
isolate crystals suitable for X-ray analysis failed. FTIR
experiments gave evidence that the reaction was complete.
Indeed, both the C=0 stretching vibrations of the free ligand
were shifted to lower frequencies (30 to 37 cm~! for the upper
band I and 21 to 27 cm™! for the other one), indicating that all
the amido groups are involved in the formation of 4a and 4b
(Table 1). We checked that, as expected, no reaction took
place when 1 or 3 was treated with a boiling ethanol solution
of the europium salt.

Table 1. C=O stretching vibrations (v(C=0) [cm~!]) for 2 and the
corresponding europium complexes.

2 4a 4b
1684.0 1648.5 1648.5
1646.1 1621.8 1621.8

Preparation and characterisation of hybrid materials obtained
from complexes 4a and 4b (Scheme 3, route A): The hydro-
lytic polycondensation of complexes 4a and 4b was per-
formed at 30°C in a THF solution containing H,O (6 equiv),
under acidic conditions
(10 mol% HCI). Gelation of
4a and 4b was also carried out

times are always shorter under acidic conditions than under
nucleophilic conditions, probably owing to the strong ten-
dency of Ln!! complexes to coordinate small ions such as
F-['4 151 The gels were allowed to age for five days at the
gelation temperature. They were then powdered, washed with
ethanol, acetone and diethyl ether, and dried under vacuum at
120°C for 14 h.

We will consider only the solids prepared under acidic
conditions. The dried gels were named SZ, where S indicates
solid (xerogel) and Z is the number characterising the
precursor (4a or 4b). Physical data for these solids are
reported in the Experimental Section. The BET surface areas
were very low (<10 m?g~!). Their elemental analyses indicate
that the complexation survives the hydrolytic polycondensa-
tion as the experimental ratio Eu/N is close to the expected
one (see the Experimental Section).

Preparation and characterisation of hybrid materials obtained
from 1, 2 and 3 (Scheme 3): The hydrolytic polycondensation
of 1, 2 and 3 was performed at 30°C in THF solution
containing H,O (6 equiv) and in the presence of TBAF
(1 mol %) as catalyst. Translucent colourless monoliths were
obtained. The gels underwent the work-up described above.
'H NMR analysis of the filtrates revealed no traces of
precursor.

The solid-state 2Si NMR spectra of the xerogels displayed
a set of resonance signals lying between O6=-—452
and —77ppm assigned to T!' [C-Si(OR),0Si], T?
[C—Si(OR)(0Si),], and T* [C-Si(OSi);] substructures (Ta-
ble 2). The absence of a resonance signal corresponding to Q
substructures!'! (in the d = — 100 ppm region) indicated that
no cleavage of Si—C bonds occurred during the sol-gel
process. The degree of condensation 7 of the hybrid materials
was evaluated by deconvolution of the individual T resonance
signals.l'’-""] The degree of condensation of S1 is fairly high,
whereas the xerogels S2 and S3 are very condensed (Table 2).
Powder X-ray diffraction data for the xerogels showed that
they are amorphous. The BET surface areas Sy determined
by adsorption—desorption of N, were very low (<10 m?>g™!)
for S2 and S3. The BET surface area of S1 was over 300 m?g~1.
The complete elemental analysis of these materials (Table 2)
confirms the conservation of the cyclam moieties within them.

Direct incorporation of Eu(NO;); - 6 H,O and of EuCl;- 6 H,O
into the xerogels SZ (Z=1-3) (Scheme 3, route B): We
checked that the incorporation of Eu did not take place in
the absence of cyclam moieties inside the solids: a silica
prepared from TEOS was treated with a solution of Eu-
(NOs);- 6 H,O in ethanol heated under reflux for 14 h. After
filtration of the solid and washing with ethanol, elemental
analyses of the silica revealed no trace of europium.

Table 2. ?Si CP MAS NMR data and elemental analysis of xerogels S1-S3.

under nucleophilic conditions 2Si CP MAS NMR data [%] 7 [%)] Elemental analysis
1 2 3 3
(1 or 10mol% tetrabutylam- T T T calcd formula exp. formula
monium fluoride (TBAF) as S1 - 45~2(3) - 59~1(50) - 66~3(47) 81 Cy,HuN,O6Siy C34Hu55N30003S14
catalyst). However we have S2 (O) - 57-6(24) - 66~2(76) 92 C30H56N80108i4 C31.lHﬁz.oNx.nolzysiA.l
S3 (0) —57.4(10) —65.9(90) 97 Cs,H7,NO,Si, Cs,H777Ng 00135514,

observed that the gelation
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The xerogels SZ (Z=1-3) were treated with an excess of
Eu(NO,);-6H,0 or EuCl;- 6 H,O (2 equiv Eu**/cyclam moi-
ety within the solids) in ethanol solution. The mixture was
heated under reflux for 14 h. The resulting solids were washed
copiously with ethanol and diethyl ether to eliminate the
uncomplexed salt, until no traces of nitrate were detected by
FTIR spectroscopy in the concentrated filtrate. They were
named SZ[EuXj;], where S and Z are as defined above and
EuX; represents the salt. Table 3 summarises elemental
analyses of xerogels dried under vacuum (120°C, 13 h,
0.1 mmHg). Surprisingly, the direct incorporation of euro-
pium salt appeared possible by route B in all cases, even that
of S1 prepared from the precursor 1, which does not contain
chelating arms. However, the Eu'' uptake per macrocycle is
highly dependent on the nature of the N substituents of the
macrocycle. It is even greater than one Eu/macrocycle for
S3.

Table 3. Eu'" uptake into xerogels S1-S3.

Xerogel N substituent of Eu'" uptake
the macrocycle [equiv Eu"/macrocycle]!?

S1[EuCl;] NS0, 0.65
S1[Eu(NO,),] 0.51

H

N _~_-Si03
S2[EuCl,] - 0.74
S2[Eu(NO,),] WHMSiOS/Z 0.80
S3[Eu(NO3);] 1.12

[a] Determined from elemental analysis.

Preparation of co-gels from 1 and 2 and confirmation of the
proportion of Eu incorporated into S1 and S2 (Scheme 4):
Elemental analyses of xerogels S1[Eu(NO;);] and S2[Eu-
(NO;);] have indicated the presence of approximately one
Eu"/cyclam for S2[Eu(NO;);] and one Eu"/two cyclams for
S1[Eu(NO;);]. This last result suggests the proximity of
cyclam moieties within the hybrid material, allowing the
complexation of one equivalent of Eu’* between two tetraa-
zamacrocycles. This is in agreement with the previous study of
the incorporation of Cu into the same material.[”

For further proof of this result, we have studied the
incorporation of Eu(NOs;); into materials obtained by co-
hydrolysis and polycondensation of 1 or 2 with tetraethox-
ysilane (y equiv; y=35, 10, 15, 40) to scatter the cyclam
moieties into silica. Scattering of the cyclam moieties within
the materials prepared from 2 should not alter the Eu'/

(Et0O)5Si (OEt)3
)3 \“N(\l A ‘45 H0

6H,0 +4.
[ j + yTEOS [
THF 30°C

(EtO)sSi”" k) TSi(OEY); 1% mol TBAF

—~ o~ 1 y=5,10,15,40

H
YN\/\/ 2
Scheme 4.
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cyclam ratio if it is of one Eu""/cyclam moiety. In contrast, the
Eu! uptake within the materials prepared from 1 should
decrease as y increases, the distance between the cyclam
moieties becoming greater and greater.

The co-hydrolysis and polycondensation of the precursor 1
or 2 with TEOS (y equiv) was performed in the presence of
TBAF (1 mol%) as catalyst, at 30°C in THF solution
containing the stoichiometric amount of water (Scheme 4).
Dried gels obtained after the usual work-up (see the
Experimental Section) were named S,Z, where § indicates
solid (xerogel), the index y specifies the number of equiv-
alents of TEOS and Z is the number characterising the
precursor (1 or 2).

Both types of co-gels §,1 and §,2 (y =35, 10, 15, 40) were
treated with an excess of an ethanol solution of Eu(NO;);-
6H,0 (2 equiv Eu/cyclam moiety) heated under reflux for
14 h. The resulting solids S,1[Eu(NO;);] and S,2[Eu(NO;);]
were washed copiously with ethanol at room temperature to
eliminate the non-complexed salt until no traces of Eu(NO;);
were detected in the filtrate. The extent of the complexation
reaction was determined by elemental analysis of the
materials after they had been dried under vacuum (120°C,
14 h, 0.1 mmHg) (Table 4). The results show clearly that the
Eu"/cyclam ratio does not change with the composition of the
co-gels §,2, which is in agreement with an uptake of about one
Eu/cyclam moiety; however, it decreases notably for S 1
when y =40. This result is in agreement with the coordination
of one Eu™ between two cyclam moieties.

FTIR and thermal analysis of xerogels: The FTIR spectra of
xerogels S4a and S4b (route A) revealed that the C=O
stretching vibrations (bands I) within the solids are very close
to those of the starting complex, indicating that there was no
decomplexation during the sol —gel process (compare Table 1
and Table 5).

The FTIR spectra of xerogels S2[ Eu(NO3);] and S2[EuCl;]
(route B) display two bands attributed to the stretching
vibration of C=O groups and very close to those observed for
the xerogels S4a and S4b (route A) but they are different
from that observed for S2 (solid without Eu™) (Table 5). This
suggests strongly that the incorporation of europium salts
according to route B involves most of the C=0O groups. The
FTIR spectrum of S3[Eu(NQO;);] exhibits two C=0O stretching
bands (1644 and 1620 cm™'). As the FTIR spectrum of S3
displays a band at 1643 cm~!, it can be concluded that in this
case not all the C=O groups are involved in the complexation

01.535\7@ 1015

EtOH, reflux
j ysi0, , Eu(NO{j y SiO,
N Eu(NOs)3, 6 H,0
(excess) 0158 \\8101 5
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Table 4. Eu" uptake into co-gels S,1 and S,2.

sample Calc. stoichiometry Exp. stoichiometry Equiv.of Eu"/cyclam moiety!!
S1[Eu(NO;);] CyHuyEupsNs 5010581, Cy3.58H544EUg 51N5701535140 0.51
Ss1[Eu(NOs);] EuysNs 5Sig Euy54N54Siog 0.54
S11[Eu(NO;);] EuysN;ssSiy, Eug47N50Si140 0.47
Sis1[Eu(NO3)s] EuysNssSiy Eug44Ny5Siio0 0.44
Swl[Eu(NO;);] EugsN;ssSiy, Eug3Ny 651440 023
S2[Eu(NO;);] C3HseEuyN;;O6Siy Cis.1Hsg7Eug 80N5 801055140 0.80
S:2[Eu(NOs);] EuwN,;Si, Euy 46Ny 7Sigg 0.86
S12[Eu(NO3)s] EwNy,Siy EuggNo4Siiag 0.82
S1s2[Eu(NO3);] Eu;Ny;Sijo Eu 75Ny 4Sioe 0.75
S42[Eu(NO3);] EuNy;Siy Euy50N10,0Si440 0.80

[a] Determined from elemental analysis.

Table 5. Stretching vibrations [cm~!] for C=O groups in various materials

containing Eu'' salts.
2 Sd4a S2[Eu(NO;),] S4b S2[EuCl,]
1665 1649 1648 1648 1653

1622 1624 1622 1627

of Eu'ions, the band at 1644 cm~! being attributed to the free
C=0 groups.

Thermogravimetric analyses (TGA) of xerogels SZ (Z =
1-3) and of xerogels containing europium nitrate incorpo-
rated by each route were performed under air, from
room temperature to 1200°C. The TGA patterns for S4a,
S2[Eu(NO;);] (Figure 2¢) and S1[Eu(NO;);] (Figure 2b) are

a) o

-204

wt (%

Eu(NO,), 7.7 H,0
-40

-80

S1[Eu(NO3)s]

T T T L T — T
d) o+
§204 s3
404 TR S3[Eu(NO3),]
_60 4T T
-80

T T T T T T T T T
0 200 400 600 800 1000 1200

Temperature (°C)

Figure 2. TGA curves (air, 10°Cmin~") for a) Eu(NO;);-7.7H,0; b) S1,
S1[Eu(NO;);]; ©) S2, S4a, S2[Eu(NO;);]; d) S3, S3I[Eu(NO5);].
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very similar: after the removal of water, there is a sharp
weight loss attributed to the nitrato groups, occurring within a
very narrow temperature range, followed by a progressive
weight loss assigned to the organic groups up to 1200°C.
Interestingly, the TGA patterns of Eu(NOs);-7.7H,0 (Fig-
ure 2a) as well as that of S3[Eu(NO;);] (Figure 2d) are very
different. The loss of the nitrato groups occurs within a wide
temperature range for both of them. For S3[Eu(NO;);], there
is a progressive and concomitant loss of the nitrato groups and
the organic groups (Figure 2 d): onset of decomposition occurs
at about 200 °C with complete oxidation by about 1200 °C. In
this last case, the TGA pattern is very similar to those of
materials S1, S2 and S3 that do not contain europium nitrate
(Figure 2b-d), for which the loss of the organic groups occurs
from about 200 to 1200 °C.

As the three nitrato groups are bidentate to Eu** ions for
Eu(NO,);-7.7H,0,l'"! we have concluded that the nitrato
groups are also bidentate to Eu within S3[Eu(NO;);],
whereas they are not within S4a, S2[Eu(NQO;);] and S1[Eu-
(NO;);]. That should explain the rapid loss of the nitrato
groups in these last cases.

Thus, when the ligand 2 with amido groups as pendant arms
is used, the nitrato groups are not involved in the complex-
ation of Eu, whatever the route of incorporation of Eu'l.
They are not involved in the complexation of Eu"! even with
the ligand 1, although the propyl “arms” cannot take part in
the complexation. In contrast, taking into account the TGA
curve, the nitrato groups should be bidentate on Eu within
the xerogels S3[Eu(NO;);] whereas the ligand 3 bears
pendant arms with chelating groups.

Photoluminescence of materials at 2 K: Luminescence spec-
tra of Eu'! are known to exhibit an extraordinary sensitivity to
the ligand environment.'’! Therefore we took advantage of
the luminescence behaviour of our amorphous materials to
gain more information on the environment around the metal
centres.

The luminescence of the xerogels was measured at 2K
under laser excitation at 325 nm. The emission lines of the
xerogel in the Eu! emission spectrum for S4a (Figure 3) were
assigned to the transitions from the *D, level to the ’F; (j=0-
4) levels (Figure 3). The 3D,-F, transition is of particular
interest as neither the ’D, nor the F, state can be split by the
crystal field.'”) The number of components observed for this
transition is then related to the number of chemically distinct
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hypersensitive character of the
’Dy,-"F, and °D,-"F, transitions
to the ligand environment.

Coordination mode of Eu™ within
the cyclam-containing hybrid ma-
terials: In spite of the amorphous
character of our solids, from the

5750 5800 5850 5900 5950 6060 6050

physical data described in this

Intensity (Arbitrary Units)

LA paper we propose a coordination
o mode for Eu'! within the different

£ materials.
oo o Among the three cyclam deriv-
;Zo jﬁj j mé°\ v atives that we have prepared, 2,
NS N . oy which contains amido groups, is
[ ~ i e T e the only one able to complex Eu'"!
5800 6000 6200 6400 6600 6800 7000 7200 in solution. In contrast, the direct

AA)

Figure 3. Emission spectra of xerogels S4a (top, —) and S2[Eu(NO3);] (bottom, - - - -) recorded under laser
excitation at 325 nm at 2 K. * Corresponds to second-order scattered laser beam.

environments of the Euion and the transition has been used
as a probe of sample homogeneity. Only one line is observed
for the material S4a prepared by hydrolysis and polyconden-
sation of isolated complex 4a by route A (Figure 3). Thus, in
this material, the bonding environment of Eu'! is unique,
confirming that the complexation of Eu'"' survives the sol —gel
process without any change.
The emission spectrum of S2[Eu(NOs);] (Figure 3) pre-
pared by route B differs from that of S4a in several respects.
1) There is a shoulder for the ’D,—F, transition in addition
to the main line, in contrast with the unique line for S4a.

2) The line for the °D,-’F, transition is split into three
components for S4a, which indicates only one type of Eu**
bonding site, whereas for
S2[Eu(NO;);] the hyperfine
structure of the ’D,—F, tran-
sition is much more compli-
cated.

These observations show that
the incorporation of Eu' into S2
(route B), in which the cyclam
moieties have adopted certain
conformations, gives rise to a
Eu-doped material that is not
perfectly homogeneous.

In the emission spectra of both
S1[Eu(NO;);] and S3[Eu(NO3);]
(Figure 4), a broad shoulder is
observed in addition to the main
Dy -F, line, as well as splitting
into more than the three compo-
nents obtained for the °D,-"F,
transition. This indicates that dif-

Intensity (Arbitrary Units)

incorporation of Eu!! within the
cyclam-containing hybrid materi-
als is always possible, even if the N
substituents of the cyclam moieties
are not chelating (precursor 1).
This great difference between the coordination mode of Eu™
in solution and in the solid state results from the entropy of
the solid being lower than that of the solution, which allows
the formation in the solid state of complexes that are unstable
in solution.

Coordination mode of Eu within S4a, S4b and S2[Eu-

(NO3);]: The main inferences from the analytical data of these

materials are that:

1) FTIR spectra of xerogels have revealed that most of the
C=0 groups are coordinated to Eu'’.

2) Thermal analyses of these three materials have shown that
the nitrato groups are not bidentate to Eu''l.

ferent environments exist around 58100

Eu' within these materials.
Thus, the luminescence study

of these materials shows the

Chem. Eur. J. 2002, 8, No. 24
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Figure 4. Emission spectra of xerogels SI[Eu(NO;);] (top, ——) and S3[Eu(NO;);] (bottom, - - --) recorded
under laser excitation at 325 nm at 2 K. * Corresponds to second-order scattered laser beam.
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3) The luminescence spectrum of S4a (route A) has revealed
that the bonding environment around Eu is unique
within these materials, whereas within S2[Eu(NQO;);] the
first coordination sphere of Eu'! is weakly disturbed by a
crystal field of a different nature.

Therefore we propose a coordination mode of one Eu**/
cyclam moiety for S4a and S4b (route A). The Eu™ would
probably be eight-coordinate
and located between the four
nitrogen atoms of the macro-
cycle and the four oxygen
atoms of the amido groups
(Figure 5).

Though the ring size is of
importance for the coordina-
tion mode of lanthanide cati-
ons as well as that of metallic
cations,*'-?*l the coordination mode that we propose would be
rather similar to that observed in the crystal structure of the
lanthanum complex 54 of the cyclen derivative. (To the best
of our knowledge, there is no example of the crystal structure
of alanthanide complex of a cyclam derivative bearing neutral
chelating ligands.)

0 D

Figure 5. Proposed coordina-
tion mode within S4a and S4b.

In 5, obtained in anhydrous conditions, the lanthanum(iir)
ion is eight-coordinate and is encapsulated by the four
nitrogen atoms of the macrocycle and the four oxygen atoms
of the amide groups. The nitrogen and oxygen atoms involved
in the primary coordination sphere lie in two planes that are
almost parallel.

We also propose a coordination mode of one Eu!/cyclam
moiety within S2[Eu(NO;);], although the Eu™ load is
0.8 equiv/cyclam moiety for Eu(NO;); and 0.74 for EuCl;.
This coordination mode is strongly suggested by the elemental
analysis results of co-gels S,2. In this case, it is not the
organisation of cyclam moieties occurring during the sol—gel
process which controls the complexation of Eu'l, as each
cyclam moiety can complex Eu! independently of the other
units.

The incorporation of Eu into S2 may be less than one
Eu/cyclam moiety because the hydrolysis and polyconden-
sation of 2 may lead to conformations of four chelating arms
of cyclam moieties in such a way that the complexation of the
Eu™ may not always be possible.

Thus, Eu' ions are probably eight-coordinate in the same
way as Eu' within S4a (Figure 5), but also in a different way
as proposed in Figure 6 (coordination with the four nitrogen
atoms of the macrocycle and four oxygen atoms of amido
groups originating from different macrocycles) which could
explain the luminescence data for S2[Eu(NO;);].

5738
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Figure 6. Proposed coordination mode within S2[Eu(NO;);].

Coordination mode of Eu'' within SI: The thermal analyses of
S1[Eu(NOs);] have shown that the nitrato groups are not
bidentate to Eu''l

The luminescence properties of SI[Eu(NO;);] suggest the
presence of several Eu!! bonding sites within the xerogels.

We propose a coordination mode of one Eut/two cyclam
moieties, in agreement with the elemental analysis data of the
xerogel SI[Eu(NO;);] and of co-gels S,A[Eu(NO;);]. This
result involves the location of cyclam moieties in close
proximity to each other. The same conclusion was reached
in a study of the incorporation of Cu in this same material.]
Eu™ would be eight-coordinate and located between two
planes, each defined by four nitrogen atoms. Such complex-
ation is unlikely in solution. Indeed, whereas a number of
examples of lanthanide complexes resulting from coordina-
tion 4N+40 have been reported,?*?° to the best of our
knowledge there is no example of 4N+4N coordination of
lanthanide ions. The four nitrogen atoms could originate from
the same macrocycle or from different rings (Figure 7), which
would explain the luminescence behaviour of these materials.
It is important that, in this case, the incorporation of Eu'! is
controlled by the self-assembly of the cyclam moieties during
the sol —gel process on one hand, and by the weak entropy of
the system on the other.

Figure 7. Possible modes of 4N+4N coordination within SI[Eu(NO;),].

Coordination mode of Eu™ within $3: The FTIR spectrum of
S3[Eu(NO;);] indicated that all the C=0O groups are not
coordinated to Eu''. The thermal analysis of this same xerogel
revealed that the nitrato groups are probably bidentate to the
Eu'. The Eu'" uptake is more than one Eu/cyclam moiety.

In this case, each N-substituted cyclam unit is unable to
complex a Eu™ in solution because the amido groups are not
in an appropriate geometry. However, in the solid the
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situation is very different. Each cyclam unit introduces into
the solid four nitrogen and four amido groups, the distribution
of which is dependent on the conformations resulting from the
sol—gel process. Thus, that the Eu/cyclam moiety ratio
exceeds unity can be explained by taking into account the
behaviour of the nitrato groups as bidentate ligands, in
addition to the other chelating groups (tetraazamacrocycles
and amido groups). This would give rise to several types of
coordination, in agreement with the luminescence spectrum
of S3[Eu(NO;);].

Conclusion

We have shown that the coordination mode of europium salts
within solids is not the same as in solution. In particular we
have found that Eu™ uptake into hybrid material incorporat-
ing cyclam moieties containing N-alkyl substituents is possi-
ble, because during the sol—gel process cyclam moieties are
arranged so that they are in close proximity to each other.
Their proximity gives rise to Eu' complexes of type 4N-+4N
in the case of the incorporation of Eu"! into the material S1,
whereas Cu'l incorporation into the same material leads to the
formation of copper - copper interactions.”!

Experimental Section

General: All air-sensitive manipulations were carried out in a dry argon
atmosphere using standard Schlenk techniques. All solvents were dried
carefully and distilled before use. The 'H and '*C NMR solution spectra
were recorded on a Bruker DPX 200 (at 200 MHz for 'H and 50 MHz for
13C), and the ¥Si NMR spectra on a Bruker AC200 (at 40 MHz). Chemical
shifts are reported as d values. They are referenced to Me,Si ("H, 1°C, #Si).
Multiplicity is indicated as follows: s, singlet; d, doublet; t, triplet; q,
quartet; m, multiplet.

Cross-polarisation magic-angle spinning (CP MAS) #°Si as well as CP MAS
3C NMR spectra were recorded on a Bruker FTAM 300 (repetition times 5
and 10 s with contact times of 5 and 2 ms). IR spectra were recorded on a
Perkin-Elmer 1600 spectrometer. Fast atom bombardment (FAB) mass
measurements [matrix, m-nitrobenzyl alcohol (NBA)] were registered on a
JEOL JMS-D3000 spectrometer. Specific surface areas were determined
by the Brunauer—Emmett—Teller (BET) method on Micromeritics
ASAP2010 and Micromeritics Gemini 1112375 analysers. Melting points
were measured with a Biichi B-540. Microanalyses were performed by the
Service Central d’Analyse (CNRS, France). Bromoacetylbromide, p-
(chloromethyl)benzoyl chloride, tetracthoxysilane (TEOS), Eu(NO;);-
6H,0 and EuCl;-6H,0 were purchased from Acros. Aminopropyltrie-
thoxysilane was supplied by Aldrich. Photoluminescence measurements
were performed at low temperature (2 K) using the 325 nm radiation of a
He - Cd laser as the excitation source, operating at 10 mW power. Sample
cooling was provided by a closed-cycle He optical cryostat (Cryomech GB-
15). Excitation spectra were recorded using a Xe lamp.

2-Bromo-N-triethoxysilylpropylacetamide: A solution of bromoacetyl
bromide (21.7 g, 1074 mmol) in anhydrous diethyl ether (150 mL) was
added dropwise at —80°C under stirring to a mixture of freshly distilled
triethylamine (10.85 g, 107.4 mmol) and of aminopropyltriethoxysilane
(22.6 g, 102.3 mmol) in anhydrous ether (350 mL). When the addition was
complete, the mixture was allowed to warm to 20°C. The ammonium salts
were filtered and washed with anhydrous diethyl ether under argon. The
filtrate was then concentrated. A red oil was obtained and distilled under
vacuum to give a colourless oil (22.8 g, 66.7 mmol, 65 % ). B.p.o.os mmug 135—
140°C; '"H NMR (200 MHz, CDCl;): 6 =0.59 (m, 2H), 1.17 (t, >/ =7.0 Hz,
9H), 1.62 (m, 2H), 3.25 (m, 2H), 3.78 (q, 3J=7.0 Hz, 6H), 3.83 (s, 2H),
6.88 ppm (m, 1H); ®*C NMR (50 MHz, CDCl,): 6 =7.74, 18.38, 22.76, 29.23,
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42.56, 58.57,165.73 ppm; Si NMR (40 MHz, CDCl;): 6 = —45.71 ppm (s);
IR (NaCl): 7=3291.0, 3084.6, 1653.8 cm~".

p-Chloromethyl-N-triethoxysilylpropylbenzamide: A solution of p-(chlor-
omethyl)benzoyl chloride (4.8 g, 26.4 mmol) in anhydrous diethyl ether
(40 mL) was added dropwise at —80°C under stirring to a mixture of
freshly distilled triethylamine (2.7 g, 26.9 mmol) and of aminopropyltrie-
thoxysilane (5.8 g, 26.4 mmol) in anhydrous diethyl ether (100 mL). After
exactly the same procedure as for 2-bromo-N-triethoxysilylpropylaceta-
mide, a colorless oil (6.3 g, 16.8 mmol, 66 %) was obtained. B.p.oos mmtg
145-150°C; 'H NMR (200 MHz, CDCl,): 6=0.70 (m, 2H), 1.22 (t, 3] =
7.0 Hz, 9H), 1.75 (m, 2H), 3.46 (m, 2H), 3.82 (q, *J =70 Hz, 6 H), 4.60 (s,
2H), 6.63 (m, 1H), 737 (d, 3J=8.5Hz), 777 ppm (d, *J=8.5Hz, 2H);
BCNMR (50 MHz, CDCl,): 6 =8.07, 18.52, 23.08, 42.47, 45.67, 58.75, 127.59,
128.85, 135.15, 140.78, 167.12 ppm; ¥Si NMR (40 MHz, CDCL): 6=
—45.30 ppm (s); IR (NaCl): 7 =3316.2, 3070.5, 1637.8 cm™".

1,4,8,11-Tetrakis[ (3-triethoxysilylpropylcarbamoyl)methyl]-1,4,8,11-tetraa-
zacyclotetradecane (2): A solution of 2-bromo-N-triethoxysilylpropylace-
tamide (11.1 g, 32.5 mmol) in anhydrous acetonitrile (25 mL) was added
dropwise at 20°C to a suspension of 1,4,8,11-tetraazacyclotetradecane
(cyclam) (1.6 g, 8.05 mmol) and of potassium carbonate in anhydrous
acetonitrile (80 mL). The reaction mixture was heated under reflux for
12 h. The solvent was removed under vacuum. The white residue was taken
up again in CH,Cl,. After filtration of salts, the filtrate was concentrated to
give a white solid (9.7 g, 7.77 mmol, 97 % ). M.p. 108.7-110.4°C; '"H NMR
(200 MHz, CDClL;): 6 =0.59 (m, 8H), 1.20 (t, */ =7.0 Hz, 36 H), 1.58 (m,
12H), 2.58-2.62 (m, 16 H), 3.02 (s, 8H), 3.22 (m, 8H), 3.79 (q, 3] =7.0 Hz,
24H), 7.03 ppm (t, 3/ =5.7 Hz, 4H); *C NMR (50 MHz, CDCl;): 6 =8.15,
18.52, 23.64, 24.67, 41.89, 51.16, 52.38, 58.61, 58.89, 170.67 ppm; ¥Si NMR
(40 MHz, CDCLy): 6=—45.77 ppm (s); IR (NaCl): 7=3273.5, 3070.5,
1684.0,1646.1 cm~!; Cs,H,,,0,6N;Si,: caled: C 52.06, H 9.38, Si 9.02, N 8.99;
found: C 51.82, H 9.12, Si 9.20, N 8.93.

1,4,8,11-Tetrakis-(p-methyl-N-triethoxysilylpropylbenzamide)-1,4,8,11-tet-
raazacyclotetradecane (3): This was prepared by the same procedure as 2.
The starting reagents were the cyclam (0.83 g, 4.15 mmol), potassium
carbonate (5.1 g, 372 mmol) in anhydrous acetonitrile (65 mL) and p-
chloromethyl-N-triethoxysilylpropylbenzamide (6.3 g, 16.7 mmol) in anhy-
drous acetonitrile (15 mL). Compound 3 was obtained as a slightly yellow
powder (4.9 g,3.15 mmol, 76 % ). M.p. 139.8 - 140.9°C; 'H NMR (200 MHz,
CDCl): 6=0.71 (m, 8H), 1.21 (t, 3/ =70 Hz, 36 H), 1.76 (m, 12H), 2.37 -
2.53 (m, 16 H), 3.42-3.50 (m, 16 H), 3.81 (q, */ =7.0 Hz, 24H), 6.80 (t,*/ =
5.8 Hz, 4H), 727 (d, 3J=8.2 Hz, 8H), 7.65 ppm (d, %/ =82 Hz, 8H);
3CNMR (50 MHz, CDClLy): 6 =8.01, 18.42, 23.07, 24.34, 42.50, 50.93, 51.88,
58.58,59.31, 126.94, 128.95, 133.50, 143.66, 167.65 ppm; *Si NMR (40 MHz,
CDCly): 6=-4522ppm (s); IR (NaCl): #=3226.9, 1637.8 cm;
CysH,3,0,6NsSi,: caled: C 60.43, H 8.58, Si 7.25, N 7.23; found: C 59.92, H
8.57, Si 7.00, N 7.68.

Complex 4a: A solution (0.2M) of 2 (1.5 g, 1.21 mmol) in boiling anhydrous
ethanol (25mL) was added to a boiling ethanol solution containing
anhydrous europium nitrate? (1 equiv, 50 mmolL-'). The reaction
mixture was heated under reflux for 2 h, then left to stand at room
temperature for 12 h. The precipitate was filtered; the filtrate was
concentrated and the solid was washed with pentane and dried under
vacuum. The product was obtained as a white solid (1.7 g, 1.09 mmol, 90 %).
M.p. 82.1-82.9°C; '"H NMR (200 MHz, CDCl;): 6 =0.60 (m, 8H), 1.21 (t,
3] =70 Hz, 36 H), 1.56 -1.62 (m, 12H), 1.76 (m, 12H), 2.61-2.65 (m, 16 H),
3.03 (s, 8H), 3.21 (m, 8H), 3.80 (q, 3/=7.0Hz, 24H), 727 ppm (t, /=
5.7Hz, 4H); *C NMR (50 MHz, CDCl;): 6 =826, 18.66, 23.77, 24.75,
42.03, 51.24, 52.48, 58.76, 60.00, 170.84 ppm; *Si NMR (40 MHz, CDCL,):
0=—4578 ppm (s); IR (NaCl): 7= 3284.2, 3081.2, 1648.5, 1621.8 cm~'; MS
(FAB*, NBA): m/z (%): 1395 (100) [(M+H) —3NO;]*.

Complex 4b: This was prepared by the same procedure as 4a, from 2 (3.0 g,
2.41 mmol) in anhydrous ethanol (40 mL). The product was obtained as a
white solid (3.3 g, 2.21 mmol, 91%). M.p. 72.1-73.5°C; IR (NaCl): 7=
3220.1,3049.1, 1648.5, 1621.8 cm~!; MS (FAB*, NBA): m/z (% ): 1395 (100)
[(M+H) —3Cl]*; Cs4H,,60,6CL3EuNSi,: caled: C 43.11, H 7.77, Si 747, N
745, Eu 10.10; found: C 41.99, H 7.48, Si 7.50, N 7.28, Eu 10.65.

Preparation of xerogels: The hydrolysis and polycondensation of the
europium complexes was carried out by the procedure exemplified by the
preparation of S4a.
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Xerogel S4a: A solution of 4a (1.50 g, 0.95 mmol) in THF (1.19 mL) was
placed in a 35 mL Pyrex test tube. A sample (1.19 mL) of a THF solution
(6M in H,O (5.69 mmol) and 0.1M in HCI (10 % mol)) was added dropwise
at room temperature with a syringe. After it had been stirred for 3 min, the
solution was placed in a thermostatted water-bath at 30 °C without stirring.
A translucent gel was formed after 4 h 30 min. The wet translucent gel was
allowed to age for five days at 30°C, after which it was powdered and
washed with acetonitrile and ether. The gel was powdered again and dried
under vacuum (0.1 mmHg) for 13 h at 120°C yielding 0.99 g of a white
powder. Sger<10m?g~!; IR (DRIFT, KBr): #=3504, 1649, 1622 cm™;
C3EuHN,;0,Si,: caled: C31.63, Eu 13.34, H4.96, N 13.53, Si 9.86; found:
C 33.47, Eu 11.40, H 6.00, N 11.81, Si 9.50.

S4b: Sper<10m’g; IR (DRIFT, KBr): #=3504, 1649, 1622 cm™;
C3CLEUHN;O,,8i,: caled: C 34.00, C1 10.05, Eu 14.34, H 5.33, N 10.58,
Si 10.60; found: C 34.31, C18.75, Eu 13.75, H 6.39, N 8.71, Si 8.85.

The hydrolysis and polycondensation of precursors 1—3 were carried out by
the procedure exemplified by the preparation of S1: a 2.45 mL sample of a
THF solution containing H,O (0.21 mL, 11.8 mmol) and 1m in THF
(1 mol%) was added dropwise at room temperature to a solution of 1
(2.00 g, 1.97 mmol) in THF (2.46 mL). After 3 min stirring, the solution was
placed in a thermostatted water-bath at 30°C without stirring. A trans-
lucent gel was formed after 2 h 30 min. After five days aging at 30 °C, the gel
was powdered and washed with acetonitrile and diethyl ether. It was
powdered again and dried under vacuum (0.1 mmHg) for 13 h at 120°C
yielding 1.19 g of a white powder. Sggr= 315 m?g~!; TGA (weight loss [7]):
0.9% [25-150°C]; 18.2% [220-400°C]; 39.5% [400-1100°C]; *C NMR
(75 MHz, CP MAS): 6=12.5, 24.77, 24.0, 30.0, 54.7, 57.8; ¥Si NMR
(60 MHz, CP MAS): 6 =—45.2 (T'"), —59.1 (T?), —66.3 (T%); C,H,,N,O4-
Siy: caled: C46.12, H 7.74,N 9.78, Si 19.61; found: C 43.60, H 7.59, N 8.35, Si
17.45.

Xerogel S2: Sppr< 10 m?g~!; TGA (weight loss [7]): 3.0% [25-120°C],
36.9% [200-550°C]; 27.6% [550-1200°C]; »Si NMR (60 MHz, CP
MAS): 0= —57.9 (T'), —65.0 (T?), —77.0 (T%); CyHsNyOyoSiy: caled: C
44.97, H 7.05, N 13.99, Si 14.02; found: C 43.16, H 7.19, N 12.87, Si 13.37.

Xerogel S3: Sgpr< 10 m?g~!; TGA (weight loss [7]): 0.9% [25-150°C];
33.9% [200-500°C], 32.7% [500-1220°C]; 3C NMR (75 MHz, CP
MAS): 6=104, 23.8, 43.2, 58.5, 128.9, 144.4, 168.9; #Si NMR (60 MHz,
CP MAS): 8 = — 574 (T2), —65.9 (T%); Cs;H;,NyOyoSiy: caled: C 58.67, H
6.56, N 10.14, Si 10.16; found: C 57.54, H 6.67, N 9.55, Si 7.80.

Direct incorporation of Eu(NO;);-6H,0 and of EuCl;-6H,0 into the
xerogels SZ (Z =1-3) (route B): Europium salts were incorporated into
xerogels SZ (Z=1-3) by the same procedure in all cases. Just before
reaction, the xerogels were dried for 14h at 120°C under vacuum
(0.1 mmHg). The incorporation of Eu(NO,);-6H,O into S1 is given as an
example.

Incorporation of Eu(NO3);- 6 H,O into S1: Xerogel S1 (600 mg, 1.05 mmol)
and Eu(NO;);-6H,0 (0.93 g, 2.09 mmol) in absolute alcohol (35 mL) were
placed in a Pyrex tube (35 mL). After it had been stirred for 14 h under
reflux (78°C), the suspension was filtered, then washed with ethanol until
there was no trace of europium nitrate in the filtrates. After 13 h of drying
under vacuum (0.1 mmHg) at 120°C, a white powder (532 mg) was
obtained. Sger<10m?g~'. ; TGA (weight loss [T]): 1.9% [25-130°C];
41.5% [215-225°C], 8.4% [225-335°C], 16.2% [335-695°C], 2.9%

Table 6. Some relevant physicochemical characteristics of co-gels S,1 and §,2.

[695-1080°C]; CyyH,yEugsNs50,05Si,: caled: C 35.61, H 5.98, Eu 10.24, N
10.38, Si 15.14; found: C 31.62, H 6.08, Eu 8.60, N 8.81, Si 12.45 (that is,
C23A8H54.4Eu().5]N5.7Si4.l])'

Incorporation of EuCl;-6 H,O into SI: Sger<10 m*g~'; TGA (weight loss
[T]): 20.1% [200-350°C], 34.6 [350-950°C], 2.0% [900-1250°C];
C,H,,Cly sEuysN,O,Si,: caled: C 37.63, H 6.32, Cl 7.58, Eu 10.82, N 7.98,
Si 16.00; found: C 31.53, H 6.64, C1 10.77, Eu 11.90, N 6.43, Si 13.40 (that is,
CZZ.(JHSS.ZCIZ.54EulJ.()5N3.’7’Si4.ll)'

Incorporation of Eu(NO3);-6 H,O into $2: Sger< 10 m>g~!; TGA (weight
loss [T]): 1.5% [25-130°C]; 31.3% [258—268°C], 33.3% [268—1200°C];
IR (DRIFT, KBr): 7=3092, 1648, 1624, 1547, 1456, 1317 cm™!; C;,HssEu-
N,,046Si,: caled: C31.63, H 4.96, Eu 13.34, N 13.53, Si 9.86; found: C 31.24,
H 5.53, Eu 12.10, N 11.51, Si 1050 (that is, Css;HsgEty sNgsSiso).

Incorporation of EuCl;-6 H,O into 82: Sger< 10 m?g~!; TGA (weight loss
[T]): 23.6%, [200-400°C], 10.7% [400—550°C], 27.9% [550—1250°C]; IR
(DRIFT, KBr): #=3071, 1653, 1627, 1542 cm™"; CyHsClEuN;O,Siy:
calcd: C 34.00, H 5.33, C110.05, Eu 14.34, N 10.58, Si 10.60; found: C 34.94,
H 6.51, C17.76, Eu 10.95, N 10.19, Si 10.25 (that is, Cyy sHge5Cla4Etlg 4Ny -
Siyg)-

Incorporation of Eu(NO5);-6 H,O into $3: Sger<10 m?>g~!; TGA (weight
loss [7]): 16.6% [205-345°C]; 15.9% [345-505°C], 36.6% [505-
1065°C]; IR (DRIFT, KBr): 7#=3060, 1644, 1627, 1547, 1456, 1307 cm™;
Cs,H7,EuN;;0,,Si,: caled: C 44.93, H 5.03, Eu 10.53, N 10.67, Si 7.78; found:
C 42.73, H 5.36, Eu 11.00, N 9.95, Si 7.25 (that is, Cs3oHg, 4Eu, ;N 0Sigg)-

Preparation of co-gels S,1 and S,2 (y =5, 10, 15, 40): All the co-gels were
prepared by the procedure exmplified by the preparation of Ss1: 1 (1.50 g,
1.48 mmol) and TEOS (1.45 g, 7.38 mmol) were placed in a Schlenk in THF
(6.6 mL). A 6.6 mL sample of a THF solution containing H,O (0.43 mL,
23.62 mmol) and 1M in TBAF (1 mol %) was added dropwise at 20°C to a
solution of 3 (1.50 g, 1.48 mmol) and of TEOS (1.45 g, 7.38 mmol) in THF
(6.6 mL). After 3 min of stirring, the solution was placed in a thermostatted
water-bath at 30 °C without stirring. A gel was formed after 50 min. The wet
gel was allowed to age for five days at 30 °C, after which it was powdered
and washed with ethanol, acetone and diethyl ether. After drying for 13 h
under vacuum (0.1 mmHg) at 120°C, 1.37 g of a white powder was
obtained.

The textural characteristics of 8,1 and §,2 are given in Table 6.

Incorporation of Eu(NO;);-6 H,O into the co-gels S,1 and 8,2 (y =5, 10, 15,
40): The co-gels were treated with Eu(NOs);-6H,O as indicated in the
Results and Discussion section. The textural characteristics of the resulting
solids are given in Table 7.
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