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ABSTRACT: We investigated the effects of annealing on the rearrangement of H-bonding structure and
its influence on the thermal and rheological properties of a fourth-generation hyperbranched polyester
polyol based on 2,2-bis(methylol)propionic acid (Boltorn H40). With increasing annealing time and
decreasing temperature, the enthalpy of the endothermic transition in the DSC thermograms of Boltorn
H40 increases, whereas the viscoelastic response shows a considerable elastic contribution. During
annealing of amorphous Boltorn H40, its structure becomes more ordered as a consequence of formation
of multiple intermolecular H-bonds (—OH...O=COand/or —OH...—OH) between long linear sequences in
the hyperbranched structure. DSC, FTIR, and XRD results of the individual fractions of Boltorn H40
and an ideally structured dendrimer analogue show that the ordering of the structure is highest in the
case of low molar mass hyperbranched species with an open structure and low degree of branching. Such
species have the longest average length of linear sequences between branch points and therefore the
highest possibility for multiple H-bond interactions.
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1. Introduction

Hyperbranched (HB) polymers are, like dendrimers,
part of the family of multibranched or dendritic poly-
mers. The building blocks of dendritic polymers are AB,
type monomers with one functional group A and x
functional groups B reacting with each other. Dendritic
polymers have a highly branched molecular architecture
giving them macroscopic properties contrasting with
those of their linear counterparts; differences in solubil-
ity, hydrodynamic volume, thermal, and rheological
properties have been reported.'™* Therefore, dendritic
polymers have attracted great scientific attention in
recent years. The research so far has been focused
mainly on the synthesis and characterization of various
compositionally different families of dendritic poly-
mers,?*™8 whereas a complete understanding of the
interplay between their molecular architecture and
macroscopic properties is still not unambiguous.

Dendrimers are well-defined, perfectly branched poly-
mers and therefore monodisperse in molecular size and
structure. Dendrimers in solutions of moderate and high
concentrations, and in their melts, exhibit Newtonian
behavior over a wide range of shear rates. The complex
and steady shear viscosities are of equal values at the
same deformation rate, frequency, or shear rate (the
Cox—Merz rule). The zero-shear viscosity of dendrimer
solution or bulk scaling with molar mass does not show
the characteristic slope change, which is commonly
associated with the critical chain length for entangle-
ment formation.25 These results support the suggestion
that dendrimers do not engage in such physical interac-
tions. The major disadvantage of dendrimers is their
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time-consuming stepwise synthetic route with low yields.
This makes dendrimers rather costly to produce on a
large scale.

From a large volume application standpoint HB
polymers®~1! are of greater interest since they can be
produced on a large scale at a reasonable cost by one-
pot or pseudo-one-pot reactions. However, such syn-
thetic routes result in imperfect branching and a higher
possibility of side reactions taking place. HB polymers
also include partially reacted linear repeat units in their
molecular structure, in addition to dendritic and ter-
minal repeat ones, and are polydisperse with respect
to molar mass and molecular structure. HB polymers
have similar rheological and thermal behavior as den-
drimers,!213 but the exact effect of their imperfectly
branched structure and polydisperse character on their
properties is not yet entirely clear.

One of the most widely investigated family of HB
polymers are hydroxy-functional aliphatic hyperbranched
polyesters, synthesized from 2,2-bis(methylol)propionic
acid (bis-MPA) and various core molecules, either tris-
(methylol)propane or ethoxylated pentaerythritol!1:14-22
(commercially available Boltorn Hx polymers, where x
denotes the pseudo-generation number, Perstorp Spe-
cialty Chemicals AB, Sweden). Studies on these com-
pounds have included the kinetics of the poly(bis-MPA)
formation,* the determination of structure (degree of
branching, structures produced by side reactions: ether,
cyclic),’718 molar mass averages, molar mass distribu-
tion, and investigation of poly(bis-MPA) dilute solu-
tions'922 a5 well as their thermal, 1131923 rheological,23-28
transport,?? and dielectric relaxation properties.30-32
The results of these studies show that poly(bis-MPA)
HB polyesters are highly polydisperse in molar mass,
composition (the content of dendritic, linear, terminal
repeat units), and structure (with or without core
molecule). The rheological behavior of thermally pre-
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Scheme 1. Schematic Structure of H40 HB Polyester Based on Bis-MPA and a PP50 Core Molecule
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treated (20 MPa, 110 °C, 5 min, and then quenched
samples) Boltorn Hx HB polyesters in the molten state!?
depends on the generation number: the lower genera-
tion polyesters (second and third) demonstrate shear
thinning behavior, whereas polyesters of fourth and fifth
generation are Newtonian. Luciani et al.! reported that
the rheological behavior of the fifth generation Boltorn
polyester strongly depended on the thermal prehistory
of the sample. The original sample stored at ambient
temperature exhibited strong non-Newtonian behavior,
which was ascribed to the microstructure that had
developed as a consequence of physical aging involving
hydrogen bonding of hydroxyl groups. After preheating
the sample at 160 °C, the material showed Newtonian
behavior. Shear thinning behavior of poly(bis-MPA)
polyesters due to the aforementioned physical network
structure has also been reported for the annealed
samples at temperatures above their glass transition
temperature (T,).2833 A strong hydrogen-bonding net-
work also results in an increase in the density of the
solid by about 3%1%-28 and in a higher degree of structure
ordering as revealed by a sharpening of the amorphous
halo in the X-ray diffractometer scans of the annealed
samples.2® A very stable H-bond network at room
temperature prevents poly(bis-MPA) HB polyesters
from dissolving in various polar solvents on a molecular
level unless the samples are thermally pretreated be-
fore the dissolution.!® The cleavage of the secondary
network of hydrogen bonding can be seen as an endo-
therm in DSC thermograms of poly(bis-MPA) HB poly-
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esters.13:19.2833 The H-bond network in HB polyester
Boltorn H40 was studied by infrared spectroscopy and
by performing temperature measurements, hydration,
and H/D exchange experiments.?* It was found that the
majority of hydroxyl groups are H-bonded, either to the
carbonyl or hydroxyl groups, whereas other H-bond
interactions are present, but to a minor extent.

The present work focuses on the effects of annealing
a fourth-generation Boltorn H40 aliphatic HB polyester
onto an H-bond network microstructure as studied by
FT-IR spectroscopy and X-ray diffraction. The influence
of H-bonding structure rearrangement on the thermal
and rheological properties of Boltorn H40 was investi-
gated by DSC and rheological measurements. The
obtained results were further supported by thermal,
spectroscopic, and XRD analysis of the dendrimer
analogue and individual fractions of Boltorn H40.

2. Experimental Section

2.1. Materials. Boltorn H40 (Scheme 1) is a commercially
available fourth-generation hydroxy-functional hyperbranched
polyester synthesized from 2,2-bis(methylol)propionic acid (bis-
MPA; ABy) as the repeating unit and ethoxylated pentaeryth-
ritol (PP50; By) as the tetrafunctional core molecule (Perstorp
Specialty Chemicals AB, Sweden). Our sample denotation is
H40. H40 as an ideal dendrimer would theoretically have 64
primary end hydroxyl groups and a molar mass of 7316 g
mol 1. Because the growth of an HB polymer occurs randomly
in a pseudo-one-step procedure, the structure of H40 includes
fully reacted dendritic (D) and unreacted terminal repeat units
(T) as well as partially reacted linear ones (L.). The main side
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Table 1. Content of Dend_ritic (D_), Lineir (L), and
Terminal (T) Repeat Units, DBgyey, DPy, X, M,, xB, xB,, the
Average Number of OH Groups per Molecule, and the
Fraction of Etherified Hydroxyl Groups for H40 and Its

Fractions®

parameter H40 F1 F3
D (%) 16.5 17.5 13.5
L (%) 57.0 59.0 58.0
T (%) 26.5 23.5 28.5
ﬁmy 36.7 37.2 31.8
ﬁn 21.37 61.36 16.68
X 21.00 60.45 16.34
Mn 2580 7340 2030
XB, 0.37 0.91 0.34
XB, 0.63 0.09 0.66
OH 22.97 62.82 18.36
OHether (%) 0.4 2.1 0.0

@ The results are taken from ref 18.

reaction in the synthesis of H40 is the deactivation of bis-MPA
carboxyl groups, leading to structures without a core molecule
and with unreacted —COOH groups.!® This side reaction
lowers the number-average molar mass considerably (M, =
2580 g mol!) compared to the theoretical molar mass,
although the weight-average molar mass (M, = 6640 g mol™1)
is only slightly influenced. Consequently, the molar mass
distribution is broad (PDI = 2.6), and the sample contains high
relative amounts of HB structures without a core molecule.
Etherification and cyclization as side reactions are of minor
importance.

The characteristics of H40 and its fractions obtained from
H and 3C NMR spectra are given in Table 1. The fractions
(F1, F3) of H40 were obtained by preparative SEC and show

considerable differences in the composition, structure, DB,
and molar mass (Table 1).¥ DBp.y = 2D/(2D + L)% is the

average degree of branching according to Frey, DP, is the
number-average degree of polymerization, X is the average
number of bis-MPA molecules per one core molecule, M, is a
number-average molar mass, xg, and xp, are the fractions of
structures with and without core molecule, OH is the average
number of hydroxyl groups per one HB macromolecule, and
OHetper is the fraction of etherified —OH groups.

The dendrimer is a fourth-generation hydroxy-functional
aliphatic polyester synthesized using 2,2-bis(methylol)propi-
onic acid (bis-MPA; ABs) as the repeating unit and 1,1,1-tris-
(hydroxyphenyl)ethane (Bs) as the trifunctional core molecule
by a convergent growth approach. The theoretical molar mass
of the dendrimer is 5526 g mol™!, and it contains 48 end
hydroxyl groups. It was kindly supplied by Prof. Dr. Andreas
Hult, Royal Institute of Technology, Stockholm, Sweden.

2.2. Characterization. H40 and the dendrimer were dried
in a vacuum oven at 50 °C for 24 h before measurements were
taken. Fractions were collected by preparative SEC in N,N-
dimethylacetamide (DMAc)!® and were dried in a vacuum oven
at 80 °C until the proton signals of N,N-dimethylacetamide
(DMAc) in their 'TH NMR spectra disappeared.

2.2.1. Thermal characterization was carried out using a
differential scanning calorimeter (DSC) Perkin-Elmer Pyris
1. The original sample was dried in a vacuum oven at ambient
temperature for 3 days. In annealing experiments, the sample
was heated to 150 °C (heating rate 10 °C min~!) in order to
remove the effect of sample thermal prehistory. It was then
rapidly cooled (quenched: cooling rate 200 °C min™') to the
predetermined temperature (50, 60, 70, 80, 90, and 100 °C).
At each temperature the sample was annealed for different
annealing times (from 0.5 h to 4 days). After annealing, the
sample was quenched to —10 °C for 2 min to stabilize it and
subsequently reheated to 160 °C at 10 °C min~!. All analyses
were performed under a nitrogen atmosphere.

2.2.2. Rheological Characterization. For rheological tests
the sample was preheated for 15 min at 150 °C in order to
break down the H-bond structure. After that the sample was
cooled to the predetermined annealing temperature. This step

Hyperbranched Polyester Based on Boltorn H40 3935

was accomplished in 2 min. A controlled stress rheometer
Haake RS150 equipped with a parallel plate sensor system
25 mm in diameter was used for all rheological measurements.
Depending on the annealing temperature, the gap between the
plates was set to either 1 or 1.25 mm. Time sweep tests under
nondestructive conditions of oscillatory shear were performed
at a constant frequency of 1 Hz. To perform the measurements
under conditions of linear viscoelastic response (LVR) through-
out the whole 3 h experimental time, tests were carried out
at a constant strain amplitude of 3% from 90 to 70 °C and at
1% of strain amplitude at 60 °C.

2.2.3. FTIR Spectrometry. Infrared spectra were recorded
on a Perkin-Elmer PE 2000 spectrometer equipped with a
liquid nitrogen cooled MCT detector. On average 256 inter-
ferograms were collected and apodized using the Happ—Genzel
function. The spectral resolution was 4 cm™!. Thin layers of
H40 were prepared from a methanol solution and were treated
under dry nitrogen steam in order to remove all traces of
methanol. The temperature measurements were performed
using a diamond Golden Gate ATR cell (Specac). The temper-
ature controller ensures the stabilization of the sample tem-
perature to 1 °C. Background spectra were collected for every
recorded temperature to eliminate the effects of the intensity
disparity of the diamond bands. The absorption spectra were
calculated from optical constants. The optical constants, as well
as related real and imaginary dielectric constants (¢' and €'')
were calculated using procedures proposed by Bertie and
Eysel®’® and Bertie and Lan.?™ It should be noted that the
number of reflections is not simply the actual number of
reflections but also includes contributions from various type
of approximations and neglected experimental factors such as
beam convergence. The calculated number of reflections was
0.81. The spectra were recorded between 450 and 7000 cm™'.
The missing part of the spectrum between 0 and 450 cm ™! was
replaced by the descending Gaussian function. The films were
heated to 150 °C, subsequently cooled to either 50 or 90 °C,
and tempered for 24 h. The variations in spectra were
monitored by difference spectroscopy. The vibrations of CHjs
and CH;, groups were used as indicators for proper subtraction.
Because these groups are unaffected by the reappearance of
the H-bond structure, the bands of these vibrations should be
absent in the difference spectrum.

2.2.4. X-ray Diffraction (XRD). XRD experiments were
performed using a Philips 17-10 diffractometer with Cu Ka
radiation (1 = 1.54 A). The scattering intensities were detected
using a scintillation counter with an angular range of 2°—35°
(in 20), an angular step of 0.04°, and a measurement time of
1 s per step.

3. Results

3.1. Characterization of Boltorn H40 HB Poly-
ester. 3.1.1. Thermal Characterization. Boltorn H40
is an amorphous polymer with a glass transition tem-
perature (T) at around 31 °C (Figure 1). The shape of
its DSC trace strongly depends on the sample thermal
history, i.e., cooling rate, annealing temperature, and
annealing time.

The effect of cooling rate (0.5 < g. < 200 °C min™1)
on the sample second heating DSC thermogram is
shown in Figure 1.

Similarly to amorphous polymers, an endothermic
peak is superimposed on the classical C, step inherent
to the glass transition.?®3% The magnitude of this peak
increases with decreasing cooling rate. This peak rep-
resents an indirect measure of the relaxation of enthalpy
during the physical aging process that ensures the
cohesion of the glassy state. Above Ty, the DSC curve
of the quenched sample (cooling rate 200 °C min~1)
shows a broad exothermic peak centered at around 72
°C followed by a small broad endothermic peak, which
extends up to a temperature of 140 °C. The enthalpy
(AH) of these transitions could not be accurately deter-
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Figure 1. DSC curves of H40 (heating rate 10 °C min™!) after
various cooling rates (0.5 < g. < 200 °C min™1).

mined since the two peaks are not well resolved. The
intensity of both peaks decreases as the cooling rate is
lowered. Since the end-capped HB polymer does not
show either physical aging effects or exo- and endother-
mic transitions, it has been suggested that hydrogen
bonding associated with the large number of hydroxyl
groups in H40 is responsible for the observed thermal
behavior of the sample.!3192833 The FTIR thermal
analysis of annealed H40 shows that the endothermic
peak is accompanied by a pronounced frequency change
in the OH stretching band.?* A detailed analysis of
FT-IR spectral parameters (frequency, bandwidth, band
area, and band shape) of all possible proton acceptor
groups indicates that this frequency jump is mainly a
consequence of the weakening of H-bonds between
hydroxyl groups.?* The H-bonds between hydroxyl and
carbonyl groups appear to be too weak to be detected
by DSC. In addition, —OH...O=C[O H-bonds weaken
continuously with rising temperature. Therefore, the
exothermic peaks in thermograms of H40 are ascribed
to the formation of H-bonds between hydroxyl groups,
whereas the endothermic peaks above 70 °C are as-
cribed to their cleavage. In all corresponding cooling
scans, no peaks were visible and no clear T, could be
detected.

In annealing experiments, the formation of H-bonds
depends on annealing temperature and annealing time.
The enthalpy change in isothermal H-bond formation
is relatively small and cannot be directly monitored by
isothermal DSC measurements. Better results were
obtained by determination of H-bond cleavage enthalpy
from the heating scans of the annealed H40. Figure 2
represents the DSC curves of the original H40 and of
H40 annealed for 1 h at different temperatures. The
original sample shows strong endothermic relaxation,
which is superimposed on its glass transition and
extends up to about 120 °C. In the DSC thermograms
of the annealed H40 (50—80 °C) the endothermic peak
shifts toward higher temperatures with increasing
annealing temperature, whereas the enthalpy at this
transition decreases. The DSC curves of the sample
annealed at 90 and 100 °C exhibit a small exothermic
peak above T.

The whole peak also shifts toward higher tempera-
tures with increasing annealing time, but in this case
the enthalpy of the transition increases (Figure 3).
Therefore, the formation of H-bonds at a given temper-
ature is more extensive at longer annealing times. Such
behavior is similar to the isothermal crystallization of

Macromolecules, Vol. 38, No. 9, 2005

T=100°C
T=90°C

Heat flow (endo up)

First heating

T T T T
20 40 60 80 100 120 140

Temperature ("C)

Figure 2. DSC curves of original H40 (first heating) and H40
annealed for 1 h at the indicated temperatures.
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Figure 3. Influence of the annealing time and annealing
temperature on the DSC curves of H40. 1: 50 °C, 48 h; 2: 50
°C, 4 h; 3: 90 °C, 48 h; 4: 90 °C, 4 h.

semicrystalline polymers.4%4! The endothermic transi-
tion seems to be composed of two poorly resolved
peaks. When H40 was annealed at lower temperatures
(50—80 °C), the intensity of the low-temperature peak
prevails at the end of the annealing process, whereas
at higher temperatures (90—100 °C) the high-temper-
ature peak is dominant.

The enthalpy (AH) associated with this transition
increases with increasing annealing time and decreasing
annealing temperature (Figure 4). An exception is the
AH determined at 90 °C for long annealing times (above
24 h) since the values are larger than those determined
at 80 °C.

The kinetics of H-bond formation in H40 can be
adequately described by crystallization kinetics, i.e., by
a nucleation and growth ordering mechanism. This
mechanism has also been used to describe the ordering
process in amorphous block copolymers.*2 The first step
in H-bond formation seems to be a homogeneous nucle-
ation; the rate (V) per unit volume and time can be
described by eq 1.43

N = Noef(ED/RT)e*(AG*/RT) (1)

where Ny is a constant, AG* is the free energy of
formation of stable nucleus, and Ep is the transport
energy. The first exponent of the equation expresses a
retardation of nucleation due to the viscosity effect.
Because AG* is a function of temperature, the nucle-
ation rate is also a function of temperature. The



Macromolecules, Vol. 38, No. 9, 2005

25 1

50°C
20 60°C
70°C
@ 15 4
= 80°C
z
£ 10
5 100°C
5-
90°C -
0 — T /. T T
0.1 1 10 100 1000

Time (h)
Figure 4. H-bond cleavage enthalpy, AH, of H40 as a function
of annealing time for different annealing temperatures. AH
for 0.5 h at 50 °C and for 1 h at 90 °C are missing since the
presence of the small exotermic transition in DSC thermo-
grams of such annealed H40 does not allow a reliable AH
determination.

Table 2. Kinetic Data (AH, K, Eq 2) for the H-Bond
Formation Process in H40

temp, °C  AH,, J g1 k temp, °C  AH,, Jg! k

50 12.3 1.92 80 6.2 1.44
60 10.6 1.87 90 -1.6 4.10
70 8.9 1.74 100 —5.2 3.00

nucleation rate of H40 is zero at temperatures above
about 140 °C and at absolute zero, while a maximum
value is reached at an intermediate temperature. At 50
°C, which is only 20 °C above Ty, the viscosity of the
melt is high, and therefore the first part of eq 1 is
dominant. As a consequence, the induction time is long,
and thus the AH at the annealing time of 0.5 h cannot
be reliably determined. On the other hand, the number
of created nuclei was the highest at 50 °C, and conse-
quently, at annealing times above 1 h, the determined
AH values are largest. At higher temperatures (90, 100
°C), the melt viscosity and nucleation rate are low. For
that reason, AH can be reliably determined only at
annealing times longer than either 4 or 10 h. On the
other hand, the rate of H-bond formation is faster at
higher temperatures, which is evident from the steeper
slopes of the straight lines at 90 and 100 °C shown in
Figure 4.

The AH of H-bonds cleavage increases linearly with
the logarithm of annealing time according to eq 2
(Figure 4, Table 2).

AH = AH, + k In(t) 2)

where AH is the enthalpy of the H-bond cleavage, AH,
is the enthalpy of H-bond cleavage at ¢t = 1 h, & is the
slope of the straight line representing the rate of H-bond
cleavage, and ¢ is the annealing time (h). The same
dependence of AH on annealing time was also observed
in secondary crystallization or annealing of semicrys-
talline polymers at high or ambient and subambient
temperatures.*4~46 At temperatures from 50 to 80 °C,
AHj and the constant & decrease with increasing an-
nealing temperature. These results are in agreement
with the results for secondary crystallization at high
temperatures.*445 At 90 and 100 °C, a sudden increase
in constant £ was observed, whereas AH, had a negative
value.

The annealing of H40 at temperatures between 50
and 100 °C has a small effect on sample T, but a much
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Figure 5. Dependence of heat capacity, AC,, at glass transi-
tion on AH for H40.
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Figure 6. Influence of annealing time on complex viscosity
and phase lag under nondestructive conditions of oscillatory
tests at a frequency of 6.28 rad/s under the conditions of LVR
for the investigated H40 at 60, 70, 80, and 90 °C.

larger one on the heat capacity (ACp) at the glass
transition. AC, decreases with increasing AH (Figure
5), indicating a restricted molecular mobility due to
extensive H-bond structure formation. The decrease in
AC, at the glass transition at a higher degree of
crystallization (AH) has also been observed for semi-
crystalline polymers.4’

3.1.2. Rheological Characterization. The changes
in macroscopic properties due to structural buildup
through the formation of H-bonds in H40 during an-
nealing were followed by measuring the complex viscos-
ity (#*) and the phase lag (0) at different annealing
temperatures (60, 70, 80, and 90 °C; Figure 6). At
60 °C, a slight increase in n* was already noticed at
the beginning of the annealing. A pronounced in-
crease in n* starts after about 200 s, indicating that the
process of extensive H-bond formation has begun to
take place. The same behavior of #* was also observed
at 70 °C; only that the induction time for extensive
H-bond formation process is longer, 500 s. At 80 and
90 °C, n* remains constant for 1000 and 2000 s,
respectively, and after that structure formation begins
(Figure 6).

At lower temperatures (60, 70 °C), the phase lag was
already slightly lower than 90° at the beginning of the
annealing process, meaning that H40 exhibits viscoelas-
tic behavior with a predominant viscous contribution



3938 Zagar et al.

Rd
f=3
W

absorbance
e 2o
S o
(=] W
) . A

0,05 1

absorbance
R
=
(=]
|

0,05 |
4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cm ")

Figure 7. Difference FT-IR spectra of H40 obtained by
subtraction of FT-IR spectra recorded at the end and at the
beginning of the annealing process at temperatures of 90 °C,
24 h (A) and 50 °C, 24 h (B).

(Figure 6). At these temperatures some of the H-bonds
must have already been formed while cooling the sample
down from 150 °C to the annealing temperature, i.e.,
before the rheological tests were performed. During
annealing a pronounced decrease in the phase lag was
observed as a consequence of extensive H-bond forma-
tion. At higher annealing temperatures (80, 90 °C) the
phase lag before the onset of structure formation was
90°, indicating that H40 exhibits only viscous behavior.
When the H-bond formation process starts (above 1000
s at 80 °C and 2000 s at 90 °C), the phase lag starts to
decrease. The deflection of phase lag accounts for
increasing elastic contribution to the viscoelastic re-
sponse of the sample as a consequence of an increasing
number of formed H-bonds. The deflection of phase lag
is more pronounced at lower annealing temperatures
(60, 70 °C), which is in agreement with the obtained
DSC results.

3.1.3. FTIR Spectrometry. The complete assign-
ment of the bands in the infrared spectrum of H40 is
given in our previous paper.3* At this time, changes in
the difference spectra recorded at the end and at the
beginning of the annealing process at temperatures of
50 and 90 °C are shown (Figure 7).

The difference spectra show only the groups that are
a donor or acceptor of hydrogen atoms, indicating that
during annealing the hydroxyl groups of H40 form
H-bonds with either carbonyl or another hydroxyl
groups. The same H-bonds are also characteristic for
the original H40 at room temperature. Moreover, the
difference spectra are very similar to the difference
spectrum for H40 recorded at room temperature and
at 130 °C3* (Figure 11B), indicating that during
annealing some broken or bent —OH...—OH and/or
—OH...0=C[H-bonds rearrange their structure at room
temperature. The rearrangement of the H-bond struc-
ture at an annealing temperature of 50 °C is very
similar to that at 90 °C. The difference is only in the
intensity of the difference bands, which correlate with
the number of proton donors and acceptors involved in
the process of rearrangement. Figure 7 shows that the
H-bond rearrangement is more intense at lower anneal-
ing temperature, which is consistent with the results
of DSC and rheological measurements.

3.1.4. XRD. The ordering of H40 structure was also
confirmed by XRD measurements (Figure 8). The X-ray
diffractogram of quenched H40 (denotation Q) exhibits
a broad amorphous halo at around 26 = 17°. The

Macromolecules, Vol. 38, No. 9, 2005

jL/\;A‘
//\\M?»
T T T T T T T T T T
5 10 15 20 25 30 35

20(°C)

Figure 8. X-ray diffractograms of quenched and annealed
H40 HB polyester: Q = quenched H40; A = annealed H40 at
50 °C for 14 days.
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Figure 9. DSC curves of fractions F1 and F3 annealed at 80
°C for several days.

annealed sample (denotation A) has a much sharper
amorphous halo than the quenched sample, whereas the
position of the peak maximum is very similar in both
X-ray patterns, 20 = 17.36°, which corresponds to a
distance of 0.516 nm. This distance was ascribed to the
spacing between linear aliphatic polyester chains.??
There are no other peaks that would indicate the
presence of crystalline structure in the sample.

3.2. Characterization of Individual Fractions of
Boltorn H40 HB Polyester. 3.2.1. Thermal Char-
acterization. The existence of —OH...—OH H-bonds in
annealed fractions F1 and F3 is indicated in their
DSC thermograms by the endotherms at 98.5 °C
(AH = 9.3 J g1) and at 89.7 °C (AH = 89 J g1),
respectively (Figure 9).

3.2.2. FTIR Spectrometry. The changes in H-bond
network structure due to heating the fractions are
presented in difference spectra in Figure 10A. The
changes are presented by the derivative bands, which
are most significant in the stretching region of the
vibration of hydroxyl and carbonyl groups.

A comparison of both difference spectra shows that
the intensity of the bands in the difference spectrum
of F3 is much higher, indicating that as the tempera-
ture is raised the number of broken/weakened
H-bonds is higher in F3 than in F1. Both difference
spectra also differ in the relative intensity of the bands
in the carbonyl and hydroxyl stretching region. The
relative amount of —OH...O=CUOH-bonds as compared
to that of —OH...—OH H-bonds is higher in F3 than
in F1.
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Figure 10. (A) Difference spectra of fractions F'1 and F3. The scale factors are 4.0 for F1 (red curve) and 1 for F3 (blue curve).
(B) Difference spectra of dendrimer and H40. The scale factors are 1.3 for dendrimer (red curve) and 1 for H40 (blue curve). The
difference spectrum for each sample was obtained by the subtraction of the spectrum recorded at 130 °C from that recorded at
room temperature. The difference spectra are scaled to the same intensity of the band due to the stretching vibration of H-bonded

hydroxyl groups.
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Figure 11. X-ray diffractograms of fractions F1 and F3
annealed at 80 °C for several days.

3.2.3. XRD. The X-ray patterns of both fractions show
the same position of the center of the amorphous halo
(260 = 17°), only that fraction F3 has sharper shape of
the peak than fraction F1 (Figure 11).

3.3. Characterization of Dendrimer Based on
Bis-MPA. 3.3.1. Thermal Characterization. The first
heating DSC thermogram of the original dendrimer
sample shows a broad endothermic transition, which is
superimposed on the glass transition and extends up
to 75 °C (Figure 12) and is ascribed to the cleavage of
intermolecular H-bonds between terminal hydroxyl
groups. After annealing the dendrimer at 60 °C for
various annealing times (1, 4, 10, 72 h) the DSC traces
of dendrimer show only a T and no exo- or endothermic
transitions (Figure 12). Such a thermogram is obtained
for H40 only when all hydroxyl groups are end-capped
(not shown). According to these results, the dendrimer
after annealing occupies such a molecular conformation
that it does not allow H-bonding between end hydroxyl
groups.

3.3.2. FTIR Spectrometry. The difference spectrum
of dendrimer obtained from FTIR temperature mea-
surements shows similar features to the difference
spectrum of H40 (Figure 10B). The lower intensity of
the bands in the difference spectrum of the dendrimer

72h

10h

Heat flow (endo up)

First heating

T T T T T
0 20 40 60 80 100 120 140

Temperature (°C)

Figure 12. DSC curves of the original dendrimer (the first
heating) and that annealed at 60 °C for various annealing
times (1, 4, 10, and 72 h).

compared to H40 indicates that during heating the
number of broken and/or weakened H-bonds is lower
in the dendrimer than in H40. A comparison of the
relative intensities between the bands representing the
changes in the stretching vibration of hydroxyl and
carbonyl groups in both difference spectra show that the
relative amount of —OH...O=C[H-bonds compared to
—OH...—OH H-bonds is higher in the dendrimer than
in H40. The same was also concluded from a comparison
of dendrimer and H40 FTIR spectra recorded at room
temperature.

3.3.3. XRD. The X-ray diffractograms of the quenched
(Q) and annealed (A) dendrimer (Figure 13) show no
changes in either the position or the shape of the broad
amorphous halo meaning that annealing does not
induce ordering of the dendrimer structure.

The shape of the amorphous halo in the X-ray pattern
of the dendrimer is the same as that of the quenched
H40 (Figure 8). These results indicate a disordered or
amorphous structure of dendrons emanating from the
core, which agrees with the prominent glass transition
in its DSC trace. The corresponding distance calculated
from the maximum of the broad peak (20 = 17°) is
comparable to that of the H40 polyester.
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200)
Figure 13. X-ray diffractograms of quenched and annealed

dendrimer. Q = quenched dendrimer; A = annealed dendrimer
at 50 °C for 14 days.

4. Discussion

It is known that the H-bonding associated with the
large number of hydroxyl groups in H40 is responsible
for its solid-state and solution properties.13:19722:28.33 For
an understanding of the effect of annealing on the H40
H-bond network rearrangement and consequently on its
thermal and rheological properties, besides sample

average composition, structure, DB, and molar mass,
also the dependence of these parameters on molar mass
should be known. These parameters are the key factors
for proposing the H-bond network structure and, con-
sequently, the relationship between the structure and
properties of H40.

Therefore, we analyzed two individual fractions of
H40 (F1 and F3) obtained by preparative SEC!® which

significantly differ in molar mass and DB. The frac-
tions are well-defined with respect to the above-
mentioned parameters and therefore could be consid-
ered model compounds (Table 1). The fraction F1 has a

DP, (61.5) comparable to that of its ideal dendrimer

analogue (61) and the highest DB (0.37) among all the
fractions. It contains mostly HB structures with a core
molecule. On the average, for every 5.7 incorporated bis-
MPA units, one is dendritic. Among all the fractions,

fraction F3 has the lowest DP, (16.5), the lowest DB
(0.32), and the highest content of HB structures without
a core molecule. On average, the sequence consists of
no more than one dendritic unit for 7.4 incorporated bis-

MPA units. Because of its low molar mass and low DB,
F3 has a more open and linear structure that can easily
permit the branches of a given molecule to penetrate
into the interior of the neighboring molecule. By this
means the hydroxyl groups in long linear sequences
form multiple intermolecular H-bonds with either car-
bonyl or hydroxyl groups of other linear sequences. This
is further supported by the fact that F3 on the average
contains only two dendritic units per four branches in
molecules with a core molecule and two dendritic units
per three branches in molecules without a core, which
means that some of the branches are composed solely
of linear sequences. Long linear sequences can establish
more intermolecular H-bond contacts resulting in their
closer proximity and consequently in more ordered and
compact H-bond structure (Figure 11).1328

The thermal stability of the H-bond network formed
after annealing is much better than that of the origi-
nal sample, which was proved by the SEC-MALS results
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of the annealed fractions in solvents DMAc/LiCl or
THF/methanol mixture. The H-bond network cannot be
completely disrupted either by the thermal pretreat-
ment of samples or by the addition of LiBr to DMAc or
methanol to THF. F3 had the lowest level of broken
H-bonds.18

To demonstrate that linear sequences in the HB
structure are responsible for the observed ordering of
the structure, which influences the thermal and rheo-
logical properties of H40, the dendrimer analogue of
H40 was also analyzed. The dendrimer consist of the
same bis-MPA building blocks as H40. However, in
contrast to H40, the dendrimer has an ideally branched
structure with no linear sequences, and therefore its DB
equals 1.

The hydroxyl groups in the terminal repeat units of
the original dendrimer sample are H-bonded to carbonyl
as well as to another hydroxyl groups (Figures 12
and 13). During annealing of the dendrimer at 60 °C
the intermolecular H-bonds between terminal hy-
droxyl groups are to a large extent disrupted. The outer
dendrimer layer with the end hydroxyl groups most
probably folds back toward its interior, resulting in a
globular structure in which the end hydroxyl groups are
preferably intramolecularly H-bonded to the interior
carbonyl groups. Therefore, the DSC traces of dendrimer
after annealing for various annealing time show no
endothermic transitions. Since the dendrimer does not
consist of linear repeat units the annealing does not
induce the ordering of its structure (Figure 13). Such
results are evidence that linear sequences in the HB
structure of H40 are responsible for the thermal and
rheological properties of H40.

Taking all the presented results into account, it can
be concluded that the intermolecular H-bond network
in the original Boltorn H40 can be successfully broken
by preheating the sample to a temperature about
100—120 °C above its Ty (31 °C). Therefore, thermally
pretreated Boltorn H40 behaves like a Newtonian
fluid.13:25:26 On the other hand, during the annealing of
Boltorn H40 at temperatures above its T, e.g. between
50 and 100 °C, a more ordered and thermally stable
H-bond network microstructure is formed than that
found in the original sample.

From the comparison of the FTIR difference spectrum
of H40 before and after annealing (Figure 7) with that
of H40 obtained by subtraction of the spectra recorded
at 130 °C and at room temperature (Figure 10B), we
can see that the number of H-bonds between hydroxyl
and carbonyl groups increases considerably during
annealing. Namely, the intensity ratio of the H-bonded
carbonyl to the hydroxyl stretching band is higher in
the difference spectrum obtained by annealing than in
the difference spectrum obtained by heating. The
high relative amount of —OH...O=CUO compared to
—OH...—OH H-bonds in the annealed H40 can be
explained by the fact that during annealing long linear
sequences organize into more ordered and thermally
stable H-bond network through multiple intermolecular
H-bond interactions. The presented results indicate that
the observed thermal and rheological properties of H40
are governed especially by sample composition, i.e.,
degree of branching and molar mass. The importance
of these structural features in determining the proper-
ties of HB polymers has also been recently reported for
HB aliphatic polyethers.*?
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In addition, the results obtained for fractions F1 and
F3 can be compared to those of different generation
Boltorn HX HB polyesters. It is known that the sharp-
ness of the amorphous halo in X-rays patterns of Boltorn
polyesters strongly increases with decreasing genera-
tion.23 Besides, the FTIR difference spectra of Boltorn
polyesters show that the number of broken and/or
weakened H-bonds during heating increases with de-
creasing generation. Boltorn H20 and H30 have a lower

DP, than F3 and lower (H20) or comparable (H30) DB
to that of F3. So, a high degree of intermolecular H-bond
interaction between linear sequences can be expected,
as in F3. We believe that the highly ordered structures??
and shear-thinning behavior of lower generation Boltorn
HX polyesters are a consequence not only of the
intermolecular interactions between the hydroxyl groups
on the periphery?526 but also of the multiple H-bond
intermolecular interactions of the linear sequences.
Stronger H-bond interactions of the low-generation poly-
(bis-MPA) HB polyesters are also reflected in the steeper
slopes along the low molar mass part of the log # vs log
M relationship!® and in their greater activation energies
of flow,2> conductivity, and y-relaxation.32

5. Conclusion

The thermal and rheological properties of Boltorn H40
HB polyester were studied dependent on annealing
temperature and annealing time. It was shown that
annealing of Boltorn HB polyester H40 above its glass
transition temperature significantly affects its thermal
and rheological properties. The kinetics of H-bond
formation was followed by measuring the H-bond cleav-
age enthalpy of annealed H40. The process of H-bond
formation is similar to the process of crystallization, and
its kinetics can be adequately described by the crystal-
lization kinetics. The cleavage enthalpy is a linear
function of the logarithm of annealing time. The sample
glass transition temperature is almost unaffected by the
annealing process, whereas the heat capacity at the
glass transition decreases with increasing cleavage
enthalpy. At the beginning of the annealing process, the
melt exhibits only viscous behavior at higher temper-
atures (80 and 90 °C) or predominantly viscous behavior
at lower temperatures (60 and 70 °C). Because of the
formation of H-bonds during annealing, the elastic
contribution to the viscoelastic response of H40 in-
creases with increasing annealing time at all annealing
temperatures.

During annealing the amorphous H40 develops a
more ordered and thermally stable H-bond network
structure. By comparing the XRD and FTIR results of
H40 to those of its fractions and to the dendrimer
analogue, we conclude that during annealing of H40 the
linear sequences in the hyperbranched structure form
multiple H-bond contacts through —OH...O=CUand/or
—OH...—OH H-bonds. The highest degree of such inter-
actions was found for the low molar mass species, which
have an open structure and the longest average length
of linear sequences between branch points.

The degree of branching and the molar mass have
been found to be the main structural features of HB
poly(bis-MPA) polyesters influencing the formation of
the H-bond network, its type and strength, and, conse-
quently, the thermal and rheological properties of HB
poly(bis-MPA) polyesters as well.
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