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Abstract

Hyperbranched polyesters of 2,2-bis(hydroxymethyl)propanoic acid (BMPA) with various molar ratios of tetra(hydroxymethyl)methane (PE)
core molecule were characterized by NMR spectroscopy and MALDI-TOF mass spectrometry. In all polyesters, the formation of ether groups
was observed. The extent of etherification increased with increasing PE content. This was assigned to a higher reactivity of PE towards ether-
ification than BMPA. Intra- and intermolecular etherifications and intramolecular esterifications were detected by MALDI-TOF MS on the core
molecule-containing polyesters, resulting in the formation of cycle-containing hyperbranched molecules. The ratio of cycle-containing mole-
cules reached 50% at high reaction time for the polyester without core molecule, but was much lower for the polyesters containing a core mol-
ecule. As a consequence of these side reactions, the control of hyperbranched polyester molar mass by varying the core molecule (chain limiter)

molar ratio is much more difficult than for linear polyesters.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Hyperbranched polymers (HBPs) and dendrimers are a new
class of highly branched macromolecules, extensively studied
since the end of the 1980s. Dendrimers, first described by
Tomalia [1], are characterized by a perfect globular shape
and a monodisperse structure, but their syntheses are tedious
and expensive. Hyperbranched polymers, in contrast, are ob-
tained via a one-pot reaction, generally by polycondensation
of AB,-type monomers (x >2). However, they exhibit high
polydispersity and much less regular structure as compared
to dendrimers. Historically, the concept of hyperbranched
macromolecules was introduced by Flory [2] who predicted
that the polymerization of AB, monomers would lead to a three
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dimensional structure without gelation, and derived a relation-
ship between the number- and mass-average degrees of poly-
merization and conversion, assuming that all B-groups are
equally reactive at any stage of the condensation and that no
intramolecular reactions take place. The first kinetic studies
of AB, polycondensations [3] were carried out under these
simplifying assumptions. However, more recent papers [4,5]
clearly showed that intramolecular reactions exert a strong in-
fluence on the molar mass of hyperbranched polymers. Due to
the presence of a great number of unreacted B-groups in the
hyperbranched architecture, intramolecular reactions are fa-
vored as compared to their linear homologs and give rise to
the formation of cyclic branches. Dusek et al. [6] showed by
a kinetic modelization of 2,2-bis(hydroxymethyl)propanoic
acid (BMPA) polyesterification that the fraction of hyper-
branched molecules containing a cyclic branch should in-
crease with conversion and reach 100% at total conversion.
Cyclization reactions may take place via direct A+ B in-
tramolecular reactions [7—9] and/or via intramolecular
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interchange reactions between unreacted B endgroups and
reacted groups inside the macromolecule [10—12]. When a By
polyfunctional core molecule is copolymerized with AB,
monomers, intramolecular reactions compete with the attach-
ment to the core molecule [5,13], hindering the control of final
polymer molar mass by the initial core/monomer ratio. Exper-
imentally, cyclizations were observed by mass spectrometry in
hyperbranched polyamides [11], polysiloxanes [14,15], poly-
etherketones [7], polyethersulfones [16], polyamidoamines
[17], polyethers [8] and polyesters [6,10—13,18,19]. Several
studies have shown the presence of cyclic structures in
BMPA polyesters [5,6,20—22], e.g. in poly(BMPA) [6,22],
in BMPA—1,1,1-tris(hydroxymethyl)propane (TMP) copo-
lyesters [5] and in Boltorn® [20,21], a commercial BMPA
polyester with an ethoxylated pentaerythritol core unit. These
cyclizations were assigned to intramolecular esterifications
[5,6] and/or intramolecular etherifications [20—22]. Intramo-
lecular etherifications exert only a minor influence on polymer
molar mass, but intermolecular etherifications lead to strong
molar mass increase and even to polymer gelation, as observed
in poly(BMPA) [22]. However, in this polyester, it is not pos-
sible to discriminate etherifications from esterifications by
mass spectrometry, since both reactions lead to molecules
with identical molecular mass. The same holds for BMPA—
TMP polyesters, because BMPA and TMP units have exactly
the same molecular mass. In order to get more information
on esterification and etherification side reactions in such
polyesters, we undertook a structural study of hyperbranched
polyesters based on BMPA and tetra(hydroxymethyl)methane
(pentaerythritol, PE) core molecule with various core/
monomer ratios.

2. Experimental section
2.1. Materials

2,2-Bis(hydroxymethyl)propanoic acid (BMPA, >99%)
was purchased from Acros, and recrystallized thrice in etha-
nol. p-Toluenesulfonic acid (PTSA, >99%), tetra(hydroxyme-
thyl)methane (PE, >99%) and propane-1,3-diol (D, 98%)
were purchased from Aldrich and used as received.

2.2. Synthesis of HBP

The hyperbranched polyester without core molecule (P )
was obtained by the bulk polycondensation of BMPA
(7.00 g, 52.2 mmol) in the presence of PTSA as a catalyst
(35 mg, 0.5 wt-%). The reaction was carried out in a 50 mL-
reactor equipped with a mechanical stirrer, nitrogen inlet and
outlet, a side arm, a condenser and a regulated heating device
(oil bath). The medium was heated at 140 °C for 96 h under
nitrogen atmosphere, while water resulting from esterification
was distilled off. Samples were withdrawn from reaction
medium at predetermined time intervals. The hyperbranched
polyester of pseudo-generation 2 (P2) was obtained by mixing
BMPA (7.00 g, 52.2 mmol) and PE (0.59 g, 4.35 mmol) in the
presence of PTSA (38 mg, 0.5 wt-%) using the same

experimental conditions as above. The polyesters from
pseudo-generation 3—5 (P3—P5) were synthesized using the
theoretical molar ratios presented in Table 1. All polymers
were analyzed after reaction without further purification.

2.3. Reaction between 1,3-propanediol and polyester P5

One gram of hyperbranched polyester PS5 (obtained after
24 h reaction time), 0.281 g (3.692 mmol) of propane-1,3-
diol and PTSA (6.4 mg, 0.5 wt-%) were heated at 140 °C for
8 h in the equipment described above. The resulting product
was analyzed without further purification.

2.4. NMR spectroscopy

The '°C and "H NMR analyses were carried out on Bruker
AC 200, AC300 and Avance 500 spectrometers. Chemical
shifts were referenced to DMSO-dg at 39.43 ppm for the '°C
and at 2.5 ppm for the 'H spectra. Quantitative '*C NMR spec-
tra were recorded using inverse gated decoupling mode with
a 2 s pulse delay, with addition of chromium acetylacetonate
(5 mg). Alkaline hydrolysis was carried out using NaOD/D,0O
(1 N) [22]. Sodium 3-(trimethylsilyl) propionate-2,2,3,3-d,
was used as reference (5(1H) =0ppm) for the 'H NMR
spectra recorded in D,O.

2.5. Size exclusion chromatography (SEC)

The SEC equipment consisted of Rheodyne injector, a
Waters 410 differential refractometer and a semi-preparative
Ultrastyragel column set (19 mm x 300 mm, 500+ 10% +
10* A, particle size: 7 um). THF was used as eluent
(5 mL/min). Two hundred microlitres of polymer solution in
THF (10 g/L) were injected and the chromatograms were
recorded using a Waters Millenium software. In order to
calibrate the equipment, fractions were collected every 15 s
(1.25mL) using a Waters fraction collector. The samples
were evaporated, analyzed by MALDI-TOF MS to obtain their
absolute molar mass and re-injected in the SEC chromato-
graph for calibration.

2.6. MALDI-TOF mass spectrometry

The MALDI-TOF MS analyses were performed on a
PerSeptive Biosytems Voyager Elite time-of-flight mass spec-
trometer equipped with a nitrogen laser (A = 337 nm). Spectra

Table 1
Molar ratios of tetra(hydroxymethyl)methane (PE) and 2,2-bis(hydroxyme-
thyl)propanoic acid (BMPA) used in P2—Poo syntheses

Polyester Initial PE/BMPA molar ratio
P2 1/12

P3 1/28

P4 1/60

P5 1/124

Poo 0
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were recorded in reflector or linear delayed extraction mode at
an acceleration voltage of 25 kV. Ten microlitres of methanol
polymer solution (1 g/L) were mixed with 100 pL of the ma-
trix solution (10 g/L alpha-cyano-4-hydroxycinnamic acid in
methanol). One microlitre portion of the final solution was
deposited onto the stainless steel sample slide and allowed to
dry at room temperature. The spectra represent averages of
256 consecutive laser shots. For SEC calibration, the molar
masses of fractionated samples were taken at the maximum
of smoothed spectra.

3. Results and discussion

A series of hyperbranched polyesters of pseudo-generation
2 to 5 (P2—P5) were obtained by reacting 2,2-bis(hydroxy-
methyl)propanoic acid (BMPA) and tetra(hydroxymethyl)-
methane (pentaerythritol, PE). For comparison purposes, a
polyester was also prepared without core molecule (P)
(Table 1). All polyesterifications were carried out in the bulk
under nitrogen at 140 °C, in the presence of p-toluene sulfonic
acid (PTSA) as catalyst (Scheme 1). These polyesters were
analyzed by '>°C NMR and MALDI-TOF mass spectrometry
in order to study cyclization and etherification side reactions.

3.1. NMR study: etherification side reactions

Fig. 1 presents the evolution of the '*C NMR quaternary
carbon signals of the various structural units formed during
the synthesis of hyperbranched polyester P2 (reaction time:
20 min—48 h). The signal of the quaternary carbon of BMPA
monomer at 49.6 ppm disappears after 1 h 30 min reaction.
During this time, new structural units appear (Scheme 2), cor-
responding to terminal (T., 50.2 ppm), linear (L., 48.2 ppm)
and dendritic (D, 46.2 ppm) esterified monomer units [23,24].
The resonance corresponding to linear monomer units with one
—COOH group (L,, 47.6 ppm) disappears with time. However,
the signal of dendritic units containing a COOH group (D,,
45.6 ppm) is still present after 48 h reaction, reflecting the
presence of hyperbranched structures without core molecule
in final polyester. This can be explained by the poor accessibil-
ity of this COOH in the bulky hyperbranched structure [20].
The signals between 43 and 45.5 ppm correspond to the

BMPA PE
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Fig. 1. Synthesis of P2: 43—53 ppm expansions of the '*C NMR spectra
(50 MHz, DMSO-dg) of samples withdrawn at various reaction times.

quaternary carbons of unreacted pentaerythritol (PE,
45.5ppm) and to pentaerythritol units with one (PE,,
45.0 ppm), two (PE,, 44.2 ppm), three (PE3, 43.4 ppm) reacted
OH groups. The chemical shift of the quaternary carbon of PE
with four esterified OH group was estimated to be close to
42 ppm, from the spectrum of the reaction product of PE
with excess trimethylacetyl chloride. This fourth esterification
was not detected in the hyperbranched PE—BMPA polyesters,
probably due to steric hindrance.

After 12 h reaction, new signals are observed at 49.3 and
47.3 ppm. Their intensity increases with time. These signals
are characteristic of the quaternary carbons of structural units
containing ether bonds [22]. Moreover, signals corresponding
to —CH,—O—CH,— methylene carbons are observed at
73 ppm. When an ether bond is formed by the reaction of
an —OH group belonging to a terminal unit, an ether-
containing linear structural unit Ly, is formed (49.3 ppm).

o L
o OH
/O HO O)\Q/
Ho/>§/\o><ﬁ o) 0_0
O (6]

o 0.0 OH

Scheme 1. Synthesis of a BMPA—PE hyperbranched polyester of pseudo-generation 2 (schematic representation).
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Scheme 2. Structural units present in BMPA—PE hyperbranched polyesters.
Esterification reaction leads to L,, L., D., D, and T, structural units. Leger
and Deg,er correspond to units formed by etherification reactions, and PE, to
PE,, to structural units of esterified PE core molecule.

The free —OH group of a linear L. unit can react with another
—OH group, leading to the formation of ether-containing den-
dritic unit Deye; (47.3 ppm). Due to the low amount of etheri-
fied hydroxyls, bis-etherified units expected close to 48 ppm
[22] would be present in a much lower amount and cannot
be detected in the spectrum. The same holds for etherified
PE units, which are also likely to be present. These etherifica-
tion reactions can be intramolecular, leading to the formation
of cyclic branches inside the hyperbranched structure, or inter-
molecular, leading to the formation of hyperbranched macro-
molecules of higher molar mass, and in some conditions, to
gelation. Samples withdrawn from P2 reaction medium after
3 h and 24 h reaction were hydrolyzed under alkaline condi-
tions according to Ref. [22] and analyzed by 'H NMR
(Fig. 2). The presence of ether groups in the sample withdrawn
at 24 h is reflected by the presence of small peaks in the
3.4—3.6 ppm range (H®). These resonances correspond to the
—CH,—0—CH,;— methylene of the various etherified units
(Lethers Dether) present in the hyperbranched polyester. On the
other hand, when the reaction was carried out without core
molecule, no ether bond was detected in 24 h reaction
(Fig. 3), but the corresponding resonances appear on the
samples withdrawn at 48 and 96 h.
The molar fraction of etherified methylenes, Feyer

[_CH2O_]ether ( 1 )

Fe er —
" [—CH,00C—] + [—CH,0—]

[—~CH,OH] +

ether

was calculated from the '>*C NMR spectra according to Egs.

(2)—(4):
[~CH,OH] = 21(BMPA) + 2I(T.) +I(L,) +I(L.)

Lether) + Z: (4 - n)I(PEn) (2)

Ha PE in NaOD/D,0
Hb
Ve
He T T T
3h . 3.8 3.6 3.4
°
* *

Fig. 2. NaOD/D,0 hydrolysis of samples withdrawn from P2 reaction medium
after 3h and 24 h reaction: 'H NMR spectra of the hydrolysis solutions
(500 MHz, NaOD/D,0). H* and H® correspond to the —CH,—OH methylenes
of BMPA and PE, respectively, and H® to newly formed —CH,—O—CH,—
ether methylenes. The spectrum of PE in NaOD/D,O is given in the upper
insert. @: Spinning side band; *: '*C satellite peaks.

[~CH,00C—] = I(L,) +I(L.) +2I(D,) +2I(D,)
+ I(Dether) + i nI(PEn) (3)
[_CHZO_}ether: I(Lether) + I(Dether) (4)
Ha
|
24 h

ppm 3.8 3.7 36 35 3.4

Fig. 3. NaOD/D,O hydrolysis of samples withdrawn from Po reaction me-
dium after 24 h and 96 h reaction: "H NMR spectra of hydrolysis solutions
(500 MHz, NaOD/D,0); @: spinning side band; *: 13C satellite peaks.
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where /(X) is the integral of the quaternary carbon resonance
of unit X (see Scheme 2). Bis-etherified units, etherified focal
units and etherified PE units cannot be detected in the spectra
and are neglected in the calculations. Fig. 4 indicates that the
rate of ether group formation increases from P to P4, P3 and
P2, i.e. when PE core unit concentration increases. This agrees
with the results of Zagar et al. [20] on the ether content in
commercial poly(BMPA) with ethoxylated pentaerythritol
core (Boltorn® H20, H30 and H40). This might be due to
a higher reactivity of PE with respect to BMPA towards
etherification.

Gelation was observed for P2 and P3 between 60 and 72 h
reaction, for P4 between 72 and 84 h reaction and for P
(polymer synthesized without core molecule) between 96
and 108 h reaction. This can be correlated to the decrease of
the extent of intermolecular etherifications from Po to P2.
The effect of the presence of a core molecule (decrease of
gelation time) does not agree with the results of previous
works on poly(BMPA) with and without various polyol core
molecules [3,24].

3.2. MALDI-TOF mass spectrometry study

MALDI-TOF mass spectrometry is an important tool to re-
veal the existence of reactions like cyclizations, which cannot
be observed by NMR spectroscopy. The presence of cyclic
species in hyperbranched polyesters of BMPA has already
been observed by ESI MS [6,20,21] and MALDI-TOF MS
[5]. However, these studies were carried out either on commer-
cial polymers (Boltorn®), leading to complex spectra [20,21],
and on poly(BMPA) [5] and on poly(BMPA) with a trimeth-
ylolpropane core [6] in which esterification and etherification
reactions cannot be discriminated from each other by mass
spectrometry.

3.2.1. Side reactions in poly(BMPA) without core molecule
(Poo)

The MALDI-TOF mass spectrum of P after 24 h reaction
exhibits three series of peaks (Fig. 5). The main series

4.0
3.5 P2
3'0 P3

25 P4
2.0

1.5

POO
1.0

0.5

Mol fraction of ether methylenes (%)

0.0 { {
0 10 20 30 40 50 60 70 80 90 100

Time (h)

Fig. 4. Variation of ether methylene content (mol-%) with reaction time for
P2—P4 and Po.

ppm 52 51 50 49 48 47 46 45 44

M, Na*
1201.38 M,,Na*
[ 1317.29
M,,Na* - H,0 e Nat
1183.42 1Na*- H,0
1299.31

1229.55

‘ 1345.14

1150 1200 1250 1300 1350
mass (m/z)

Fig. 5. 13C NMR (50 MHz, DMSO-de) (upper part) and MALDI-TOF MS
(lower part) spectra of Po after 24 h reaction.

(M,Na™) is relative to Na-cationized molecular ions of acyclic
hyperbranched macromolecules with a focal carboxy group.
These macromolecules result from either intermolecular ester-
ifications (regular chain growth) or intermolecular etherifica-
tion side reactions (Scheme 3). Their molecular mass M;(x)
corresponds to the following equation:

Ml (X) :x(MBMPA _Mwater) +Mwater +MNa (5)

where x is the number of BMPA units in the chain and Mgppa,
M ater and My, are the molecular mass of BMPA, water and
sodium, respectively.

Two other series of peaks are detected at m/z —18 and +28
of the main peaks. The series at m/z +28 has not yet been as-
signed. The series at m/z —18 reflects the presence of dehy-
drated macromolecules (M,Na™ — H,0). The elimination of
a water molecule can be due to intramolecular etherifications
or esterifications (Scheme 4), which both lead to hyper-
branched macromolecules containing a cyclic branch with
the same molecular mass, M;(x):

M; (X) = X(MBMPA - Mwater) + Mna (6)

Moreover, hydroxy/ester, carboxy/ester or ester/ester intra-
molecular interchange reactions between groups of the same
branch may also result in the formation of molecules contain-
ing a cyclic branch (Scheme 5A). It should be underlined that
molecular mass is unchanged when interchange reactions take
place between groups of different branches of the same mac-
romolecule (Scheme 5B). No signal assigned to ether struc-
tures were observed in the NMR spectrum of P after 24 h
reaction (Fig. 5). Etherified units were detected by NMR after
48 h reaction only. Consequently, the cyclic species observed
at 24 h reaction in the MALDI-TOF spectrum are mainly
due to intramolecular esterification or/and intramolecular ester
interchange reactions.
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Fig. 6. Variation of the molar fraction (%) of molecules containing a cyclic
branch during the synthesis of Peo (MALDI-TOF MS determination, see
text for details).
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Fig. 7. MALDI-TOF MS spectrum of P2 after 24 h reaction.

MALDI-TOF MS cannot be regarded as a quantitative
method since cyclic species and low molar mass species de-
sorb and ionize more easily than linear and high molar mass
ones, respectively. However, in the present case, hyper-
branched molecules with or without a cyclic branch present
a very close structure. Under the reasonable assumption that
MALDI-TOF MS response is quantitative for such molecules
in a narrow molecular mass range, it is possible to calculate
the molar fraction of molecules containing a cyclic branch
(M, — H,0) in polymer P from the average value of:

Fx-cyclic = x-cyclic/(lx-cyclic +1x-acyclic) (7)

where Icyciic and I qcyciic are the integrals of the MALDI-
TOF MS peaks corresponding to a cyclized and a non-cyclized

x-mer, respectively. The molar fraction of cyclic species was
taken as the average value of Fy .y for x=135 to x=17.
Fig. 6 shows that this fraction increases with time, reaching
ca 50% at 96 h reaction.

3.2.2. Side reactions in poly(BMPA) with core molecule

Fig. 7 presents the MALDI-TOF MS spectrum of P2 at 24 h
reaction. Two main series of peaks are observed: the smaller
one corresponds to molecules without PE core (M,Na™), and
the bigger one to molecules containing a PE core (PE-M,Na™).
The molecular mass M5(x) of the latter is given by:

M;(x) = Mpg + x(Mpmpa — Myaer) + Mna (8)

where Mpg is the molecular mass of pentaerythritol.

For example, macromolecules containing PE (PE-M;oNa
are detected at m/z 1319 and are clearly distinguished from
those without the core molecule (M;;Na®) at m/z 1317.
Weak signals at m/z —18 of both series are observed at m/z
1301 and 1299 and correspond to macromolecules containing
a cyclic branch. Since ether groups were detected by NMR in
this sample (Fig. 4), the peak at m/z 1299 could be assigned (i)
to intramolecular etherification or esterification on M;; macro-
molecules or (ii) to intramolecular ester interchanges on PE-
M,-type molecules (Scheme 6). On the other hand, the peak
at m/z 1301 (PE-M;(Na® — H,O) results exclusively from
intramolecular etherification on PE-M;, macromolecules of
molecular mass M5(x), with x = 10:

M

Mé(x) :MPE +X(MBMPA _Mwater) _Mwater +MNa (9)
The existence of intermolecular etherification is reflected
by the signal PE,-MgNa™ at m/z 1321, resulting from reaction
between two PE-containing molecules (Scheme 7). The corre-
sponding molecular mass is given by Eq. (10), with x=9:

M) (x) = 2Mpg, + x(Mpmpa — Myater) — Myater + Mna (10)

Intramolecular etherification, intermolecular etherification
and intramolecular esterification side reactions were identified
in the mass spectra of P2—P5. As discussed above, this cannot
be done in the polyester without core molecule (Poo). How-
ever, all the reactions detected in P2—P5 could obviously
take place in P as well.

As discussed above, the content of cycle-containing mole-
cules in P2 can be estimated from their MALDI-TOF mass

PE-Mg,) M,-H,0

Scheme 6. Intramolecular hydroxy—ester interchange between groups of the same branch in BMPA—PE polyesters.
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spectra, by comparing peaks in a narrow molecular mass range.
It is clear from Figs. 5 and 7 that the content of cycles is lower
in P2 than in P o, therefore the presence of the core molecule
appears to hinder cyclizations. A similar trend was reported
for 3,5-bis(hydroxyethoxy)isophthalic acid polyesters [13].

3.2.3. Reaction between propane-1,3-diol and
hyperbranched polyester P5

In order to check whether hydroxy—ester interchange reac-
tions could take place under the conditions used, a hyper-
branched polymer of pseudo-generation 5, P5 with a PE
core was reacted with propane-1,3-diol (D), in the presence
of PTSA at 140°C for 8 h. The m/z 1120—1210 region of
the MALDI-TOF spectrum of P5 after reaction with D is given
in Fig. 8. The final copolymer consists of molecules with a car-
boxy focal group (M;oNa*, m/z 1201), of molecules with a PE
core (PE-MoNa™, m/z 1203) and of molecules arising from
intramolecular reactions (M;oNa* — H,0, m/z 1183), already
present in PS5 spectrum. Besides, new peaks appear, which re-
flect the insertion of propane-1,3-diol in polymer chains. The
signal at m/z 1143 is assigned to macromolecules with pro-
pane-1,3-diol core (D-My) and formed by etherification, ester-
ification or hydroxy—ester interchange reactions involving D
molecules. Cyclic species formed from D-My are detected at
m/z 1125 (D-MgNa™* — H,0) and can only result from intra-
molecular etherifications. The presence of molecules with
two core units (PE-D-MgNa™t, m/z 1145) means that intermo-
lecular etherifications also took place. The existence of direct
esterification (COOH + OH) and/or of hydroxy—ester inter-
change reactions is evidenced by the resonances of esterified
propanediol methylenes at 66—68 ppm in the '*C NMR spec-
trum of final compound (Fig. 9). Some more information about

D-M,Na*

114373 MH';;;Z H,0 m’g&"‘a’
D-MNa*- H,0 ( "E;Eg"gq”a‘ - Pgin Na*
9 2 . M,K* - H,0 i
1125.77| %99.62 120348
D-M,K* T M, K*
[ 1159.74 1217.81

1120 1140 1160 1180 1200 1220
mass (m/z)

Fig. 8. MALDI-TOF MS spectra of P5 after 8 h reaction with propane-1,3-diol
(D) (140 °C, 0.5% PTSA).

CH,—OH
anr—C—C—CH,
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Fig. 9. >C NMR spectrum of P5—propane-1,3-diol reaction product (140 °C,
8h, 0.5% PTSA).

these reactions can be obtained from molar mass determina-
tions: intramolecular etherifications and intramolecular direct
esterifications leave P5 molar mass almost unchanged. On
the other hand, intermolecular etherifications and intermolec-
ular direct esterifications lead to polyesters of higher molar
mass, while intramolecular ester interchange and P5—D hy-
droxy—ester interchanges should result in a decrease of final
product molar mass. Table 2 shows that the average molar
masses of PS remain almost unchanged before and after reac-
tion with D, while it should have increased as a consequence
of the intermolecular reactions that take place in the reaction
medium. This is an indirect evidence of the existence of
intramolecular ester interchanges in BMPA polyesters.

Table 2
Reaction of P5 with propane-1,3-diol (78:22 weight ratio, 140°C, 8h,
0.5 wt-% PTSA catalyst)

Sample M, M, Dwm Mipeus
P5 2800 7260 2.6 6890
P5 after 2500 8700 3.5 6800

reaction with D

SEC determination of molar masses before and after reaction (THF, SEC-
MALDI-TOF MS calibration [25,26]). Number- and mass-average molar
masses (M, and M,,), molar mass at the maximum of SEC peak (Mpear) and
dispersity (Dy = My, /M,).
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4. Conclusion

The synthesis of hyperbranched polyesters based on 2,2-
bis(hydroxymethyl)propanoic acid (BMPA) with or without
tetra(hydroxymethyl)methane (PE) core molecule is accompa-
nied by many side reactions. Both inter- and intramolecular
etherifications and hydroxy—ester interchange reactions were
shown by NMR, MALDI-TOF MS and SEC studies in core
molecule-containing polyesters. Intermolecular etherifications
lead to molar mass increase and can even result in polymer
gelation upon prolonged heating. Increasing PE core molecule
concentration leads to higher ether content, which could
tentatively be explained by a higher reactivity of PE towards
etherification. On the other hand, the amount of molecules
containing a cyclic branch was much lower for P2—P4, i.e.
for polyesters synthesized in the presence of the largest
amounts of PE core molecule. It must also be underlined
that cyclizations via intramolecular hydroxy—ester inter-
change reactions could exert a strong influence on hyper-
branched polyester molar mass, since one interchange results
in the formation of two species of lower molar mass. As a con-
sequence of all these side reactions, the control of hyper-
branched polyester molar mass by the introduction of a core
molecule acting as a chain limiter cannot be achieved as easily
as in linear polyesters.
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