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ABSTRACT: Macrocyclic polystyrenes were prepared by coupling a two-ended living precursor dianions
with 1,3-bis(1-phenylethylenyl)benzene (DDPE). Experiments were performed in a drybox apparatus,
and macrocycles were obtained with a yield ranged between 40 and 55%. Simultaneously, besides the
expected cyclic polymer, polycondensates (linear and cyclic) were formed. Thus, macrocyclic products
were separated from the residual linear precursor and linear polycondensates byproducts by preparative
high performance liquid chromatography at the exclusion-adsorption transition point. Isolation of highly
pure cyclic polystyrenes (of different sizes) was carried out. Information on the chemical structure of the
linear and cyclic polystyrenes were obtained by matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry, showing a good agreement with the expected structures. In addition,
viscometry measurements by SEC (viscometry detector) showed that the ratio g′ ) [η]C/[η]L is equal to
0.67 in a good solvent and confirmed the high efficiency of the preparative liquid chromatographic
separation.

Introduction

Cyclic macromolecules are of great interest in the
investigation of the influence of cyclization on their
solution, melt, and solid-state properties.1-3 The earlier
studies on cyclic macromolecules are essentially
theoretical,4-6 describing the effect of cyclization on the
dimensions of macromolecules and predicting the solu-
tion behavior. The first synthetic method produces cyclic
polymers by ring-chain equilibria based on backbiting
reactions.7-8 Such reactions, studied in the case of poly-
(dimethylsiloxane)s, lead to the preparation, isolation,
and characterization of well-defined cyclic products.
However, this method has two limitations: the domain
of molar masses is less than 30 000 g‚mol-1, and the
linear precursor of the same molar mass cannot be
obtained in the same synthesis. The second method to
obtain macrocyclic polymers uses anionic polymerization
techniques: a bifunctional living precursor polymer
reacts at very low concentration with a stoichiometric
amount of a bifunctional electrophile (dihalogeno or
diethylenic compound). The advantage of this method
is that cyclic polymers can be prepared with molar
masses up to 400 000 g‚mol-1 and with a narrow
distribution; moreover, the precursor and the cyclic
product of the same molar mass can be obtained during
the same synthesis. Cyclic polystyrenes,9-14 poly(2-
vinylpyridine)s,15-16 polydienes,17-19 and copolymers20-22

have been prepared by this method. A different ap-
proach based on the cyclization of an R,ω-heterodifunc-
tional precursor via a pseudo-unimolecular reaction was
recently investigated23,24 for the preparation of cyclic
polystyrenes and of poly(vinyl ether)s. It involves the
reaction, after appropriate activation, of one of the active
ends of the precursor with the other end-function of the
same polymer chain.

Characterization of the ring structures is achieved by
different techniques such as size exclusion chromatog-
raphy (preferably in association with small-angle neu-
tron scattering or quasi elastic light scattering25) and
viscometry. The purity of theses ring polymers (lack of
contamination by linear polymer) is not known with
accuracy since analytical techniques were limited. Un-
fortunately, the presence of small amounts of linear
polymer can crucially affect the properties (such as melt
viscosity26) of ring polymers. Recently, two new tech-
niques have been developed to characterize and check
the purity of ring polymers simultaneously: matrix-
assisted laser desorption/ionization time-of-flight (MAL-
DI-TOF) mass spectrometry and liquid chromatogra-
phy at the exclusion-adsorption transition point (LC
PEAT). Combination of these techniques can also be
used for the characterization of ring structures.

MALDI-TOF mass spectrometry, introduced by Karas
and Hillenkamp,27 is a powerful new technique able to
provide the molar mass, composition, and functionality
of polymers. The molar mass distribution data of nar-
rowly distributed polymers may be provided with good
accuracy up to molar mass values of about 200 000
g‚mol-1 28. Moreover MALDI-TOF mass spectrometry
can characterize end-group functionalities of low molar
mass polymers (<15 000 g‚mol-1) exhibiting a narrow
distribution. Analyses of polystyrene were previously
reported,29,30 and chemical structures of macrocyclic
products have already been determined.31

Liquid chromatography at the exclusion-adsorption
transition point (LC PEAT) allows the separation of
polymers according to their heterogeneity (polymers
with functional groups, block copolymers, grafted poly-
mers) by operating at the transition point of size
exclusion and adsorption modes of liquid chromato-
graphy.32-34 At their critical point of adsorption, the
linear macromolecules elute at the same time whatever
their molar mass allowing for the separation of cyclic
polymers from their linear analogues.35,36
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Cyclization reaction using a diethylenic compound
(i.e., DDPE) leads to a reactive cyclic compound pos-
sessing two active centers. In a second step, products
with more complex architecture containing cyclic parts
(cyclic-based networks, multicyclic products) could be
prepared by intermolecular reaction between function-
alized macrocycles.

In this work, macrocycles were prepared by the
reaction of linear polystyrene having two living ends
with DDPE as a coupling agent.13,37 The intramolecular
reaction being in competition with intermolecular reac-
tion, polycondensates of higher molar mass are simul-
taneously formed, leading to a mixture of linear and
cyclic structures that are not differentiated well by SEC
measurements on the crude material. Cyclic and linear
structures were separated by preparative LC PEAT in
order to obtain a pure fraction of cycles. Confirmation
of cyclization was obtained by analysis of the chemical
structure by MALDI-TOF mass spectrometry and by
viscosity measurements.

Experimental Section

Materials. Hexane (Prolabo, 99% RP Normapur), benzene
(Acros, 99%), tetrahydrofuran (THF) stabilized with 2,6-di-tert-
butyl-4-methylphenol (SDS, 99.7%), and styrene (Aldrich, 99%)
were dried and distilled over sodium before use. 1,3-Bis(1-
phenylethylenyl)benzene (DDPE) was synthesized and purified
using the procedure of Schulz and Höcker.38 sec-Butyllithium
(1.3 mol‚L-1 solution in hexane, Aldrich) was used as received.

Polymerization and Cyclization Reactions. Experi-
ments were performed in a drybox. In a typical procedure, the
dilithium initiator was prepared in benzene at room temper-
ature for 16 h by the addition reaction of 2 equiv of sec-
butyllithium (2.7 × 10-4 mol, 20 mL of a solution of 1.35 ×
10-2 mol‚L-1) with 1 equiv of DDPE (1.35 × 10-4 mol, 3.4 mL
of a solution of 4 × 10-2 mol‚L-1). The styrene polymerization
was carried out during 1 h by reaction of the dilithium initiator
(1.73 × 10-4 mol of active centers, 15 mL of the dilithium
initiator solution) in the presence of 25 equiv of tetrahydro-
furan (4.3 × 10-3 mol, 0.35 mL) with styrene (6 × 10-3 mol,
0.7 mL, DPn ) 70) at room temperature. The concentration of
active sites (addition of BuLi on DDPE and polymerization of
styrene) was measured by UV spectrometry. Cyclization
reaction was performed at room temperature during 3 h by
introducing a stoichiometric amount of DDPE (2.7 × 10-5 mol,
0.66 mL of a solution of 4 × 10-2 mol‚L-1) into the living
polymer solution (5.35 × 10-5 mol, 5 mL of the living polymer
solution) after dilution with benzene (36 mL) and hexane (36
mL) to reach a concentration in active centers of ≈ 7 × 10-4

mol‚L-1. The polymer was deactivated by addition of methanol
(0.5 mL), precipitated in methanol, and dried to yield 0.19 g
of polystyrene as a white solid (53% of cyclic polystyrene Mn

) 6900 g‚mol-1, pdi ) 1.12, and 47% of polycondensates).
Size Exclusion Chromatography (SEC) (Refractive

Index and Ultraviolet Detectors). SEC was performed
using a Waters apparatus working at room temperature with
tetrahydrofuran eluent at a flow rate of 1 mL‚min-1 and
equipped with four PL-gel 10 µ columns (100, 500, 103, and
104 Å). Differential refractive index (LDC Analytical) and UV
(Waters 484 tunable Absorbance detector) detectors were used,
and molar masses were determined from a calibration curve
based on linear polystyrene standards.

Size Exclusion Chromatography (Refractive Index
and Viscometry Detectors). SEC was performed using a
Waters apparatus working at 30 °C with tetrahydrofuran
eluent at a flow rate of 1 mL‚min-1 and equipped with three
columns Shodex (exclusion limit: 2 × 104, 4 × 105, and 4 ×
106 g‚mol-1). A differential refractive index (Viscotek) and
viscometry (Viscotek DM 400) detectors were used, and molar
masses were determined from a calibration curve based on
linear polystyrene standards.

HPLC Equipment. LC PEAT experiments were carried out
on a modular HPLC system composed of a VARIAN model
pump. An Ultra-violet Spectrophotometric detector working
at 261 nm was used.

Analytical Chromatography. The flow rate was 1 mL‚
min-1 at 25 °C. A Nucleosil silica column, dimension 250 ×
4.6 mm, filled with particles of 5 µm size and porosity of 100
Å, was used. The eluent was THF/hexane (47.9/52.1 wt %)

Preparative Chromatography. The flow rate was 15
mL‚min-1 at 25 °C. A Kromasil silica column, dimension 250
× 20 mm, was used, filled with particles of 5 µm size and
porosity of 100 Å. The eluent was THF/hexane (50.5/49.5 wt
%).

MALDI-TOF Mass Spectrometry. MALDI-TOF mass
spectrometry was performed using a PerSeptive Biosystems
Voyager Elite time-of-flight mass spectrometer equipped with
a nitrogen laser (337 nm), a delayed extraction, and a reflector.
The MALDI mass spectra represent averages over 256 laser
shots. This instrument operated at an accelerating potential
of 20 kV in both linear and reflector modes.

The polymer solutions (2-5 g‚L-1) were prepared in THF.
The matrix 1,8-dihydroxy-9(10H)-anthracenone (dithranol)
was dissolved in THF (10 g‚L-1). The polymer solution (10 µL)
was mixed with 50 µL of the matrix solution, and 10 µL of a
silver trifluoroacetate solution (2 g‚L-1 in THF) was added to
favor ionization by cation attachment. A 1 µL portion of the
final solution was deposited onto the sample target and
allowed to dry in air at room temperature. Internal standards
(peptides or porphyrin derivatives) were used to calibrate the
mass scale using the two-point calibration software 3.07.1 from
PerSeptive Biosystems.

Results and Discussion

Synthesis and SEC Characterization. The mac-
rocyclic polystyrenes were synthesized by living anionic
polymerization according to the general pathway given
in Scheme 1. The dilithium initiator was formed by

Scheme 1. Reaction Pathway for the Synthesis of
Cyclic Polystyrenes
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addition reaction of 2 mol of sec-butyllithium on 1 mol
of DDPE.

Polymerizations of styrene were carried out in the
presence of THF as additive to obtain a sufficiently
narrow molar mass distribution (Mw/Mn < 1.2). In these
conditions, the stability of the active sites was satisfac-
tory but the chromatogram is not perfectly symmetrical
indicating a relatively slow initiation. Cyclization reac-
tion was performed by linking the dilithium polystyrene
with the coupling agent (DDPE) after dilution of the
solution in a mixture benzene/hexane (50/50 vol %) with
a relatively concentrated solution (7 × 10-4 mol‚L-1 in
active centers). The presence of a nonsolvent (hexane)
reduces the expansion of the polymer chain and facili-
tates slightly intramolecular coupling as was already
shown by several authors.9,15 The presence of a nonsol-
vent may cause the formation of knotted rings,39,40 but
was not observed in these conditions (dilution). The
crude product of cyclization and the linear precursor
were first characterized by SEC (Figure 1, sample PS2
in Table 1). The SEC chromatogram of the crude
cyclization product shows two peaks. The peak at an
elution volume slightly higher than that of the precursor
polystyrene corresponds to the expected macrocycles.
The second peak at lower elution volume corresponds
to polycondensate byproducts, the intramolecular cy-
clization being in competition with intermolecular reac-
tions.

The hydrodynamic volume9-24 of a cyclic polymer is
lower than that of a linear one having an identical molar
mass. As molar mass obtained by SEC is derived from
their hydrodynamic volume, one should expect to see
an apparent decrease in molar mass upon cyclization.
Table 1 summarizes the characterization results of
linear polystyrenes precursors of different molar mass
and of the products obtained by cyclization; it illustrates
the difference in elution volume by the ratio of the
apparent peak molar mass (that could be slightly

different after separation of the species) for each linear
precursor/cycle pair (〈G〉). These results show a good
agreement between the experimental molar masses and
the theoretical values. As expected, the apparent molar
mass of the macrocycles are lower than their linear
precursors, and 〈G〉 varies between 0.7 and 0.78 for all
samples. Other authors9,12,48 have measured this ratio
for polystyrene in good solvents and found values
ranging between 0.71 and 0.81, in good agreement with
our results.

The fraction of polycondensates increases from 45 to
60% with an increasing molar mass (the exception for
sample PS1 is in the range of the experimental ac-
curacy) confirming the fact that the increase of molar
mass disturbs intramolecular reaction.

Cyclic polymers elute later than linear polymers but
the difference in the elution volume is too small to
determine the residual linear fraction in the cyclization
products. Contamination by uncyclized chains having
reacted with DDPE (monoaddition) was pointed out by
SEC (UV detector). The absorbance of the diphenyleth-
ylene being larger than that of the benzene ring at 254
nm, the peak intensity increases after monoaddition
with DDPE.

In this case, experiments were carried out using
simplified conditions compared to the usual drastic
conditions (high vacuum techniques and sealed ap-
paratus). The syntheses were performed in a drybox
apparatus and the concentration of active centers during
the cyclization is relatively high (7 × 10-4 mol‚L-1

compared to the 10-5-10-6 mol‚L-1 usually attained)
and leads however to a good yield (40-60%) in macro-
cycles. Using a diethylenic compound as coupling agent
is a favorable factor for cyclization reaction18 and gives
a better yield than dihalogeno coupling agents. Previous
studies showed that the rate of addition on the second
double bond was several times higher than that for the
first one.41,42 Moreover, as polystyryllithium is ag-
gregated in a polar solvent, it was postulated18 that
cross-associated cyclic species are formed and can
favored cyclization reaction. These favorable conditions
allow to obtain crude cyclization product in sufficient
amount (150-300 mg) for purification by preparative
liquid chromatography before further characterizations.

The SEC chromatogram (Figure 1) shows the pres-
ence of polycondensates of twice or more the expected
molar mass but does not indicate the nature (cyclic or
linear) of these byproducts. Separation of cyclic con-
stituents was achieved by LC PEAT in order to obtain
a pure fraction of cyclic material.

Liquid Chromatography Characterization and
Macrocycle Isolation. As was already outlined in the
Introduction, liquid chromatography at the exclusion-
adsorption transition point (LC PEAT) is well-suited for
separation of cyclic polymers from their linear ana-
logues. The critical point of adsorption of standards
polystyrene was previously determined43 on a silica
stationary phase with a mixture of THF and n-hexane
as eluent. Several polystyrene standards exhibiting
different molar masses were analyzed in eluents of
different compositions. At high concentration of THF
(>47 wt %), the retention time decreases with an
increase of the molar masses corresponding to the size
exclusion mode. At THF concentration <47 wt %, the
adsorption mode is operating and the retention time of
polystyrene increases with the molar mass. At the
eluent composition THF/hexane ) 47/53 wt %, the

Figure 1. SEC chromatograms of linear precursor and crude
cyclization product (sample PS2, Table 1): mobile phase, THF;
detection, refractive index.

Table 1. SEC Data for Linear (L) and Macrocyclic (C)
Polystyrenes

samples MnL Mw/MnL MpL
a MpC

a 〈G〉b yield, %c

PS1 5600 1.19 7000 4800 0.70 49
PS2 6900 1.12 8600 6440 0.75 53
PS3 10500 1.14 13800 10500 0.75 46
PS4 13700 1.12 15500 11800 0.76 40

a SEC peak molar mass for linear precursor L and crude
cyclization product C. b 〈G〉 ) MpC/MpL. c Cyclization yield of
coupling reaction estimated from SEC chromatogram of crude
cyclic polymer.
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retention time does not change with molar mass and
the separation is accomplished exclusively with the
chemical or topological heterogeneity. The critical condi-
tions were verified for linear precursors of different
molar masses, showing good reproducibility of the
conditions.

The elution behavior of two linear precursors and
cyclization products is reported in Figure 2. The linear
samples elute at about 3.54 min. For the crude cycliza-
tion product, two separated elution region can be
observed: residual linear products elute at 3.54, 3.57,
and 3.58 min; cyclic products elute at higher retention
times, 4.01, 4.06, and 4.15 min for molar masses of 5600,
6900 and 10 500 g‚mol-1 respectively. The elution time
of cycles is higher than that of linear products in
agreement with theory.44 The retention time of cycles
increases slightly with molar mass indicating that these
products behave in adsorption mode.

Then, the crude cyclization product (200 mg) was
purified by preparative liquid chromatography in order
to isolate macrocycles from linear products (Figure 3).
The two fractions obtained were analyzed by SEC and
MALDI-TOF in order to achieve a complete description
of the composition of the crude cyclization product.

The two fractions (cyclic and linear products) were
first analyzed by SEC. The SEC chromatograms are
given in Figure 4, and the SEC data for the fractionated
polymers are listed in Table 2. Concerning the linear
product fraction, the chromatogram shows several peaks.
A small peak at higher elution volume indicates the
presence of residual linear precursor; the large peak at
low elution volume corresponds to linear polyconden-
sates of the precursor (dimer, trimer, ...).

Concerning the fraction of cyclic products, an inter-
esting feature of the chromatogram is that, in addition
to the major peak corresponding to the expected cycle,
small peaks are obtained. These peaks indicate the
presence of dimeric and trimeric cycles in the mixture
in small proportions (=35% estimated from SEC chro-
matogram), the presence of small amounts of dimeric
cycles was already supposed in the literature12 but was
never demonstrated.

Several authors have already used LC PEAT for the
separation of linear and cyclic35,36 products according
both to their architecture and functionality. In the
present case, liquid chromatography separates polymers
according only to their architecture, the linear precursor
and the cyclic product presenting few differences in
chemical composition (the same product (DDPE) was
used as initiator and as coupling agent).

As was already shown for the monomeric cycle, the
chromatogram shows a difference between the elution
volume of each pair linear/cyclic dimer and linear/cyclic
trimer. As expected the cyclic dimer and trimer have a
smaller hydrodynamic volume than the linear dimer
and trimer. The peak molar mass of the polycondensates
products is obtained by deconvolution of the chromato-
grams. The ratio 〈G〉 for dimeric and trimeric products
is on the order of 0.75 (Table 2).

These SEC results confirm that LC PEAT gives a pure
fraction of cyclic products for which separation is
exclusively directed by architecture.

To have more information on the chemical composi-
tion of these products, the linear precursor, the crude
cyclization product and the two fractions obtained by
preparative liquid chromatography were then analyzed
by MALDI-TOF mass spectrometry.

MALDI-TOF Mass Spectrometry Characteriza-
tion. The MALDI spectrum of the linear precursor is
presented in Figure 5. The spectrum shows a number
of peaks with a peak-to-peak mass increment of 104
g‚mol-1, corresponding to the mass of the styrene unit.
This series presents a single distribution. The calculated

Figure 2. Critical chromatograms of samples PS2 and PS3:
stationary phase, Nucleosil silica; mobile phase, THF/hexane
(47.9/52.1 wt %); detection, UV 261 nm.

Figure 3. Preparative critical chromatogram of sample PS2:
stationary phase, silica; mobile phase, THF/hexane (50.5/49.5
wt %); detection, UV 261 nm.

Figure 4. SEC chromatograms of fractions of linear and cyclic
products obtained by preparative liquid chromatography (sample
PS2): mobile phase, THF; detection, refractive index.

Table 2. SEC Data for Linear and Cyclic Products
Obtained by Preparative Liquid Chromatography

(Sample PS2)

products Mpeak SEC attribution

monomeric cycle 6500 cycles fraction a
linear precursor 8400 linears fraction a′
dimeric cycle 13400 cycles fraction b
linear dimer 18800 linears fraction b′
trimeric cycle 19700 cycles fraction c
linear trimer 26600 linears fraction c′
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and experimental mass numbers are in good agreement
(Table 3), and the mass spectrum corresponds to the
proposed chemical structure (H-(styrene)n-initiator-
(styrene)n-H,Ag+).

The MALDI spectrum of the crude products of cy-
clization is presented in Figure 6: two distributions are
presented. A very small fraction of residual linears
(series 1) is present in the cyclization products. The
major distribution (series 2) could be assigned to the
reaction with 1 mol of DDPE. This distribution might
correspond to the two following isomeric forms: the
cyclic product and the linear precursor with an unsatur-
ated DDPE end group (H-(styrene)n-initiator-(sty-
rene)n-DDPE-H,Ag+).

Then, the two fractions obtained by preparative liquid
chromatography were subjected to MALDI-TOF mass
spectrometry. The spectrum of the cyclic fraction is

presented in Figure 7 and of the linear fraction in Figure
8.

The MALDI spectrum of the cyclic product fraction
shows only one distribution (good agreement between
the experimental and the theoretical molar masses). The
very small fraction of residual linears, which is present
in the crude cyclization products has disappeared. This
result confirms the high purity of the sample obtained
by preparative liquid chromatography.

The MALDI spectrum of the linear product fraction
shows two series. The main series (series 1) corresponds
to the “deactivated” linear precursor (H-(styrene)n-
initiator-(styrene)n-H,Ag+). The other peak series
(series 2) is believed to correspond to the linear precur-
sor that reacted with DDPE (monoaddition) (H-(sty-
rene)n-initiator-(styrene)n-DDPE-H,Ag+) but did not
cyclized.

Table 3. MALDI-TOF Experimental and Theoretical Molar Masses of Ag+-Ionized Polystyrenes with Various Structures

values of the av peak
for the experimentally

obsd series assumed possible structure DP
calcd molecular mass
of the average peak

8421 (H-(styrene)n-initiatora-(styrene)n-H,Ag)+ 75 8422.2
8497 (H-(styrene)n-initiator-(styrene)n-DDPE-H,Ag)+ 74 8496.2
8497

(styrene)n-initiator-(styrene)n-H-DDPE-H,Ag+
74 8496.2

a Initiator obtained by reaction of DDPE with 2 equiv of sec-BuLi.

Figure 5. Expansion MALDI-TOF mass spectrum of the
linear precursor.

Figure 6. MALDI-TOF mass spectra of crude cyclization
product: O, series 1; b, series 2.

Figure 7. MALDI-TOF mass spectra for cyclic products
obtained by preparative liquid chromatography.

Figure 8. Expansion MALDI-TOF mass spectrum of linear
products after preparative separation: O, series 1; b, series 2.
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MALDI-TOF mass spectrometry results confirm that
LC PEAT is a way to isolate cyclic products from the
crude cyclization mixture.

Viscosity Measurements. Viscometric experiments
were carried out by SEC (viscometry detector) in THF,
a good solvent of polystyrene at 30 °C. The two fractions
of linear and cyclic products obtained by preparative
liquid chromatography were analyzed.

Figure 9 represents the Mark-Houwink plot (log [η]
vs log M) of cyclic and linear products. The graphic
results in straight but not quite parallel lines. The
Mark-Houwink parameter a is equal to 0.73 for the
cyclic polystyrene and 0.68 for the linear products. These
values are higher that those obtained in benzene45 at
25 °C and close to those obtained in THF48 at 25 °C;
moreover, the theoretical value for cyclic products is not
really known.

The ratios g′ of the intrinsic viscosity of the cycles to
that of the linear products with the same molar mass
g′ ) [η]C/[η]L are in the range 0.66-0.69, increasing
slightly with the molar mass. The SEC and viscometric
data confirm previous results.12,48

Theoretical calculations46,47 for dilute solutions under
Θ conditions have given a value of g′ of about 0.66.
Moreover, viscometric experiments performed by Lutz
and colleagues48 in THF have given a Mark-Houwink
parameter and ratio g′ values in agreement with this
work. These results confirm the absence of contamina-
tion of the cyclic polymers by linear chains.

Conclusion

The coupling of two-ended living polystyryllithium
with DDPE is presented in order to prepare macro-
cycles. The experiments were performed using simpli-
fied conditions in a drybox apparatus leading to mac-
rocycles with a high yield. Using two different liquid
chromatography techniques and MALDI-TOF mass
spectrometry, macrocyclic polystyrenes were accurately
analyzed. Separation of the macrocycles from the linear
precursor and polycondensates was carried out using
preparative liquid chromatography at the exclusion-
adsorption transition point. SEC of the fraction of
macrocycles showed the presence of products with twice
and third the expected molar mass indicating the cyclic
nature of the polycondensates. The chemical composi-
tion was obtained by MALDI-TOF mass spectrometry
that confirmed, in addition with viscometric experi-
ments, the isolation of highly pure cyclic polymers. For
the first time, combination of these different analytical
techniques gives proofs to previous results concerning
the synthesis of macrocycles and provides information
(not accessible with the classical techniques) on the

exact composition of these products. Using this proce-
dure, the synthesis of functionalized macrocycles can
be achieved with a good control and synthesis of more
complex architectures (multicyclic polymers, cyclic-
based networks) is currently under investigation.
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