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ABSTRACT

In this study a second generation, perfectly branched dendrimer (D2) was synthesized
using an iterative method via anhydride coupling from a bis-MPA monomer and a
pentaerythritol core. The multigram scale production of this dendrimer in the lab enabled a
multifaceted investigation of structure-bulk property relationships and a subsequent comparison
with those of the second generation of a chemically similar but hyperbranched polymer (HBP2)
produced via rapid one-pot synthesis from a bis-MPA monomer and an ethoxylated
pentaerythritol core. Several characterization tools such as '"H NMR, FTIR, DSC, WAXS, and
high-pressure dilatometry were employed to explicate fundamental differences and similarities
between these two important dendritic polymer subclasses. Specifically, high pressure

dilatometry permitted an investigation of temperature and pressure effects on specific volume
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(PVT) of the dendrimer and its HBP analogue. Fitting PVT data to the Simha-Somcynsky (S-S)

equation of state (EOS) for the melt state enabled demonstration the power of this EOS,

originally developed for linear polymers, to also fully describe the PVT surfaces of the

dendrimer and HBP in this study. Generated molecular parameters from the S-S model were

compared with those for other polymeric systems. Finally, fractional free volume for the

dendrimer and HBP, determined from the PVT data and the S-S model, at various temperatures

and pressures was compared.
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INTRODUCTION

Among an array of dendritic structures that have been reported, dendrimers (Ds) and
hyperbranched polymers (HBPs) are the two most recognizable subclasses [1,2]. General
prominent features of both Ds and HBPs include a central core, an exterior surface composed of
numerous functional groups, and the interior structure which can be enlarged by adding more
layers or generations (pseudo-generations in HBPs) of repeat units. Dendrimers are fully
branched and monodisperse macromolecules while HBPs are partially branched and
polydisperse. Compared to monodisperse dendrimers, which require more laborious, iterative
synthesis, HBPs are becoming increasingly attractive in an attempt to develop polymeric systems
with properties comparable to dendrimers but using more facile and economic synthetic methods
[3,4]. In particular, with regard to the synthesis of hyperbranched polyesters, two basic synthetic
approaches should be noted: polycondensation of one type, ABx; and branching monomers and
polycondensation which employs two different, mutually reactive, multifunctional monomers Ay
and By. Note, either x or y must be greater than 2 [5—7]. A distinct feature of the HBP structure is
the inclusion of linear units (imperfections resulting from partial reaction) which situate end-
groups throughout the structure, as opposed to solely at the periphery as in dendrimers.
Understanding the significance of linear sequences may not only lead to a deeper understanding
of dendritic architectures, but also explain the different physical properties of HBPs as compared

to their dendrimer counterparts [8,9].

One of the most widely employed families of dendritic polymers utilize 2,2-
bis(hydroxymethyl)propionic acid (bis-MPA) as a branching monomer [10,11]. An efficient and
commercially viable synthesis has been proposed for bis-MPA based HBPs using a one-pot
method [12,13]. For the synthesis of bis-MPA based dendrimers, two methods have been
proposed: the double-stage convergent approach [14], and the divergent approach by anhydride
coupling [15]. Although a protocol has been established to make high purity dendrimers on a
gram scale, no such protocol suitable for industrial scale production of bis-MPA Ds has been
found. Meanwhile, bis-MPA based HBPs have been commercialized since the early 1990s and
sold to the market by Perstorp AB under the trade name Boltorn™. More recently Polymer
Factory in Sweden AB and Sigma Aldrich Corporation have also contributed to their widespread

use. Boltorn™ HBPs find applications as crosslinkers, cure and toughening agents, drug carriers,
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matrices for hybrid materials and composites, multifunctional components in coating and resin

formulations and many others [16].

Mainly due to commercial availability, bis-MPA based Boltorn® HBPs, pseudo -
generations (2-5), have been employed in several studies aiming to elucidate the structure-
property relationships in the bulk [10]. It was discovered that many bulk properties of bis-MPA
HBPs are largely governed by the ability of these rather low molecular weight macromolecules
to form hydrogen bonds (H-bonds), both intra- and intermolecularly, primarily via association of
numerous hydroxyl groups with each other and/or with carbonyl, ester, and ether oxygen atoms
forming H-bond networks. This was most vividly demonstrated in the past by functionalizing the
hydroxyl groups of bis-MPA based HBPs with non-hydrogen bonding moieties. The glass
transition temperature (Tg) of an HBP modified either with propionate, benzoate, or aliphatic
end-groups were dramatically lower than those of the unmodified, hydroxylated HBP.
Additionally, most Boltorn® HBPs are solid at room temperature, but after being end-capped

with short alkyl chains become fluid [17].

Due to limited availability of bis-MPA based dendrimers, systematic and comprehensive
studies comparing the bulk properties of bis-MPA HBPs with those of dendrimer analogues
barely-exist are rare. It has been claimed that the fourth generation bis-MPA based HBP
exhibited a tendency to structurally order in the bulk while the dendrimer of the same generation

did not [18].

The purpose of this study was to conduct a thorough structure-bulk property comparison
between the second generation bis-MPA based perfect dendrimer synthesized for this study on a
multigram scale and the second generation of a chemically similar but hyperbranched polymer.
An array of molecular and structural characterization tools such as 'H NMR, FTIR, DSC, WAXS
and high-pressure dilatometry (PVT) was used in this study to elucidate the fundamental

differences and similarities between these two important dendritic polymer subclasses.
EXPERIMENTAL
Materials and sample preparation

The Boltorn™ second (H20) pseudo-generation bis-MPA based hyperbranched polymers
(HBP) was donated by Perstorp Polyols Inc., Sweden. In the commercial abbreviation HX0, X
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Figure 1. Skeletal formulae of chemical components and polymers described in this manuscript.
Dendritic (D), terminal (T), and linear (L) structural unit types for D2 and HBP2 systems are shown in
different colors to help an eye.

2100 g/mol which was experimentally determined using size-exclusion chromatography (SEC).
HBP2 was synthesized via rapid one-pot method using an asymmetric ethoxylated
pentaerythritol PP50 core and bis-MPA branching monomer. The skeletal formula of HPB2 is
shown in Figure 1. Perfectly branched second-generation dendrimer, designated hereafter as D2,
was synthesized from bis-MPA branching monomer and symmetric pentaerythritol core through
a divergent growth approach via anhydride coupling as described elsewhere [15]. Note that both
the synthesis of bis-MPa based dendrimers using asymmetric ethoxylated pentaerythritol cores
and HBPs with symmetric pentaerythritol cores were attempted but proved to be too challenging
as yet. The skeletal structure of D2 is also shown in Figure 1. The theoretical (calculated from
chemical structure) molecular weight of D2 is 1529.5 g/mol. Analysis using Matrix-Assisted
Laser Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-ToF MS), as shown in
Figure S1 (Supplementary Data), indicated nearly the same molecular weight for D2, i.e. 1528.8

g/mol, thus confirming its unimolecular structure in contrast to the vastly polydisperse HBP2.
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Synthetic work to prepare dendrimers of higher generations, namely third and fourth, is
currently ongoing. The difficulty, however, is producing multigram quantities of the dendrimers
required for conducting dilatometric and other bulk tests. Once larger quantities of higher

generation dendrimers are available, we plan to extend this comparison study.

Films of D2 and HBP2 were prepared by compression molding using a Carver Melt
Press. Prior to compression molding, the polymers were first dried for at least 24 hours at 80°C
at reduced pressure in a vacuum oven. Then, an appropriate amount of each polymer was placed
in a mold which was sandwiched between two Teflon sheets and two metal plates on the outside.
The whole construction was placed in the press and preheated at 120°C for 10 min without
pressure. Then, the pressure was first increased to 2,500 psi and released, then increased to 5,000
psi and released again to remove air bubbles. Finally the pressure was increased to 7,500 psi and
held to complete molding, after which the mold was cooled by flowing cold water through the
press platens. The molded samples were removed and placed in a desiccant chamber until further

testing.

In this study HBP2 was also fully (100%) esterified with acetyl chloride, CH3COCI, to
substitute the proton donating hydroxyl groups with acetate groups and thus completely
eliminate the ability of this HBP to form H-bonds. Functionalization (esterification) was carried
out according to the methodology of alkylation described elsewhere [17]. To fully esterify
HBP2, 5.0 g (2.86 mmol) of HBP2 was first dissolved in 40 ml of acetone in a flask. Then, 13.90
g triethylamine (137.6 mmol) and 0.30g 4-dimethylaminopyridine (DMAP) (2.4 mmol) were
successively added to the flask and mixed with the solution. The flask was cooled to 0°C using
an ice-water bath. In parallel, 7.20g liquid acetyl chloride (91.52 mmol) was mixed with 50 ml
acetone in a dropping funnel and added to the flask dropwise over 3 hours to initiate the reaction,
which then continued overnight until completion. To separate the modified HBP2 from
trimethylamine hydrochloride, NaHCO3 containing water solution (10% wt/wt) was poured into
the flask. After phase separation, the bottom liquid layer was enriched with the HPB2-CH3,
while the top layer mainly contained the water-salt solution. The bottom liquid layer containing
HPB2-CHj3 was collected using a separatory funnel. Importantly, dichloromethane was added to
ease the flow of the very viscous polymer enriched phase through the funnel. To further purify
the polymer containing phase from NaHCO3, HCI water solution (2M) was then added, and the
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bottom layer containing the polymer phase was again collected. The procedure was repeated
until no bubbles formed which indicated that all NaHCO3 had been removed from the polymer
containing phase. Then the polymer containing phase was washed with DI water to remove
NaCl, separated, and collected again. The aqueous phase remaining after separation was
repeatedly checked using AgNOs for Cl ions, and when not found, the procedure of purifying the
modified polymer from the salts was assumed to be completed. The polymer containing phase
was dried by adding MgSO4 to remove water. The pure product was obtained after evaporation
of the remaining traces of acetone and dichloromethane, and resembled a viscous liquid. Fully
derivatized HBP2 has been termed HBP2-CHj3 in the manuscript. Schematically, the skeletal
formula of HBP2-CH3 is shown in Figure 1.

Experimental Methods

"H NMR was used for structural characterization of all studied polymers at the atomic
level. The spectra were collected using a Varian VXR 300 NMR spectrometer. Before the NMR
measurements, the polymers were dried at reduced pressure in a vacuum oven for 12 hours at

60°C and then dissolved in DMSO-d6 in an amount of 1% (wt/wt).

FTIR was mainly employed to compare the extent to which hydroxyl and carbonyl
groups in D2 and HBP2 were engaged in hydrogen bonding. The infrared spectra were collected
using a Perkin-Elmer 1600 FTIR spectrometer equipped with a home-made heater. The spectral
resolution was 2 cm™'. Thin films on the NaCl plates were prepared by solution casting using
acetone. After solvent evaporation, the films were dried at reduced pressure in a vacuum oven
for 12 hr at 60°C to remove any traces of acetone and water. The IR data at various temperatures

were collected from 4000 to 400 cm™! and then analyzed via OMNIC™ Specta.

X-ray diffraction was used to probe and compare the structural order in D2 and HBP2.
Samples were tested in vacuum (pressure 1 mbar) using a Rigaku S-MAX 3000 3 pinhole X-ray
beam apparatus (Cu Ko radiation, A = 1.542 A) which enables generating both SAXS and
WAXS data in transmission. For WAXS measurements the sample-to-detector distance was 82.5
mm, and the g-range was calibrated using a silver behenate standard. WAXS two-dimensional
diffraction patterns were obtained using an image plate with an exposure time of 1 h. The two-
dimensional WAXS information was further analyzed using the SAXSGUI software package,
which generated integrated WAXS intensity versus 20 diffraction angle plots.
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Thermal behavior was investigated by differential scanning calorimetry (DSC) using a
TA Instruments DSC Q-100. DSC was used to assess T and other thermal transitions. The
calibration was carried out using indium and sapphire standards. All samples were dried in a
vacuum oven for at least 24 hours at 80°C prior to testing. Samples were first heated to 200 °C at
a rate of 10 °C/min to erase thermal history, quenched to -90 °C at 10 °C/min, and then heated to
200°C at 10 °C/min. The second heating scans were reported.

Specific volume versus temperature (30°C - 120°C) dependencies at various pressures
(PVT data) for D2 and HBP2 were measured by high-pressure dilatometry using a fully
automated Gnomix-PVT apparatus (Boulder, CO USA) with mercury employed as a confining
fluid. The variation of specific volume was recorded with an accuracy of £ 0.002 cm®/g. PVT
data were collected in an-isothermal mode. The pressure at each selected temperature was
increased incrementally in 10 MPa steps within the range 10-150 MPa. The pressure during each
step was held for 60 sec to allow for equilibrium to be reached before the corresponding specific
volume was recorded. It should be mentioned here that the dilatometer design required a pressure
of at least 10 MPa to be applied during the experiment in order to guarantee the maximum
accuracy. The Tait equation of state [19] was used to extrapolate the experimental data to
atmospheric pressure (0.1MPa). This extrapolation routine is directly built into the Gnomix-
PVT-apparatus software. Note, the dilatometer measures the change in specific volume. To
convert the change into an absolute value of volume, the sample initial density (the reciprocal of
the specific volume) was measured at ambient conditions using the Archimedes’ principle. The
measurements were conducted using a Mettler Toledo Balance (Model XS-104) equipped with a

density kit. Small, 2x2 mm film samples were cut and weighed before and after being immersed

Wa
Wa-Wr

in toluene. The density was calculated as follows, p = pr, where Wa and Wr are the

sample weight measured in air and toluene, and pr is the density of the toluene, which is 0.870
g/cm’. The final density was taken as the average of five measurements. The standard error of
the density measurements did not exceed 0.002 g/cm?>. The experimentally determined densities,

at room temperature, of D2 and HBP2 were 1.307 g/cm?® and 1.285 g/cm?, respectively.
RESULTS AND DISCUSSION

NMR Data and Analysis
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Figure 2 '"H NMR spectra of (a) D2, (b) HBP2, and (c) HBP2-CHj3 systems.

Figure 2 displays the characteristic 'H NMR spectra of D2, HBP2, and HBP2-CH3
systems along with their corresponding peak assignments. As anticipated, for hydroxyl protons
the spectrum of D2 revealed only one resonance associated with the terminal hydroxyl units—
OH(T)—while the spectrum of HBP2 showed two resonances linked to linear—OH(L)— and
terminal—OH(T)—hydroxyls. Furthermore, for methyl protons the spectrum of D2 revealed two
resonances associated with dendritic—CH3 (D)—and terminal—CH3(T)— units, while the
spectrum of HBP2 showed three resonances: dendritic—CHj3(D), linear—CH3(L), and

terminal—CH3(T). In addition, on both spectra one may clearly see the methylene proton

O 00 N o uu A W N

resonances associated with ether/alcohol—CH>OR—and ester—RCOOCH—moieties, as well

=
o

as a small and narrow peak associated with water. NMR peak integrals and important structural
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1  parameters calculated from these integrals for D2 and HBP2 are displayed in Table 1 so that this

2 information for D2 and HBP2 can be compared.

Table 1. Integrated intensities of selected "H NMR peaks of D2, HBP2, and HBP2-
CH3 systems and calculated from these integrals structural parameters;

Assignment D2 HBP2 HBP2-CH3
I(CH,), 12.00 3.86 32.09
I(CH,), - 22.16 3.86
I(CH,), 24.70 10.14 -
I(CH,0OR) 32.67 47.69 18.56
I(RCOOCHS,) 24.35 24.13 54.12
I(OH),; 16.11 9.56 -
I(OH), - 7.02 0.44
[(CH;COOR) - - 4239
Calculated values
DB(Frey) 1.00 0.26 -
[OH]/[CO] 1.32 1.37 0.033
n(OH) 15.94 8.30 -
n(CH,) 12.10 6.03
[OH]/[CH;] 1.32 1.38 0.074
M,, (g/mol) 1541.6 861.5 -
[OH] (mmol/g) 10.34 9.64 -
[CH,] (mmol/g) 7.85 7.01 -
Degree of acetylation - - 94.6%
3 The degree of branching (DB) by Frey and Fréchet was calculated based on their
4  respective definitions as follows [20,21]:
5  DBprey = Z;iT = 2*1(621:(;1131)(])611 ) (1)
3)D 3L
6  DBprscner = D+T I(CH3)p+I(CH3)T @)

D+L+T  I(CH3)p+I(CH3) +I(CHs)T

10
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where D, T, and L are the corresponding molar fractions of dendritic, terminal, and the linear
units respectively. As anticipated, the DB for D2, based on either above definition, was equal to

one while for HBP2 the DB was much lower, i.e. 0.26 (by Frey) and 0.39 (by Fréchet).

The hydroxyl/carbonyl ratio for both D2 and HBP2 was calculated directly from the peak

integrals associated with hydroxyl and carbonyl groups as follows:

[OH] _ 1(0H)
[CO]  1/2-I(RCOOCHS,)

3)

Both D2 and HBP2 exhibited very similar OH/CO ratios, i.e. 1.32 and 1.36 respectively.

The average number of hydroxyl groups per molecule, [n(OH)]ygp2, Was determined for
HBP2 assuming that one-pot synthesis produces HBP macromolecules with tetrafunctional core,
PP50, and also with difunctional core, B2, which are bis-MPA repeat units with unreacted

carboxyl groups which serve as core themselves. This effectively increases the number of HBP

entities in the system resulting in a smaller number average molecule weight, M,,, and fewer
number of hydroxyl units per HBP molecule than one would have anticipated theoretically
assuming full chemical conversion of bis-MPA and that each formed HBP unit contains PP50
core. It has been proposed earlier that a one-pot synthesis of Boltorn™ bis-MPA based HBPs can
result in hyperbranched structures with and without a PP50 core [22]. Subsequently, the

following equation was used to calculate n(OH) for HBP2:

N(OH)
[N(OH)]upp2 =

N(PP50)+N(B2) “4)
Where N(OH) = 16.58, N(PP50) = 0.84, and N(B2) = 1.15 are the equivalent numbers of
hydroxyl groups, PP50 tetrafunctional cores, and B2 difunctional cores. The number of hydroxyl
groups, N(OH), was determined from the sum of the peak integrals associated with hydroxyl
linear and terminal groups, I[(OH)L + I(OH)t. N(PP50) was calculated knowing the equivalent
number of methylene groups in the PP50 core structure, N(PP50) = 1/28-[I(CH2OR)
+I(RCOOCH?)-4/3-1(CH3)]. N(B2) was calculated from the number of unreacted carboxylic acid
groups, N(B2) = N(COOH )unreact = N(OH) — N(OH)theor= N(OH) — [4-N(PP50) +1/3-1(CH3)].
Where N(OH)meor is the ‘theoretical’ (ultimate) equivalent number of hydroxyl groups under
condition that HBP molecules are formed with tetrafunctional PP50 core only (complete

chemical convergence of all bis-MPA hydroxyl groups). Similarly, we used the following

11
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equation and NMR data to calculate n(OH) for D2 with pentaerythritol (PE) core. Naturally, ne

all dendrimer structures in this case are expected to have a core.

__ N(OH)

[n(OH)]p, = N(PE) (5

Where N(OH) =16.11, and N (PE) = 1.01 are the equivalent numbers of hydroxyl groups and PE
cores. N(OH) was determined from the peak integral associated with terminal hydroxyl groups,
I(OH)r. N(PE) was calculated from the equivalent number of methylene groups in the PE core,
N(PE) = 1/8-[I[(CH20R) + I[(RCOOCH)-4/3-1(CH3)]. As expected, n(OH) for D2 and HBP2 was
found to be very different. For D2, it was very close to the theoretical amount (16), but half that
for HBP2, i.e. 15.94 versus 8.30, respectively. This difference reflects the fact that only 42% of
all HBP entities in HBP2 contain PP50 cores while the remaining species are formed by

branching out from the B2, i.e. the bis-MPA monomer itself.

As equivalent number of methyl groups, N(CH3) = I(CH3)/3, can easily be determined for
HBP2 and D2 from the corresponding methyl group related NMR peaks, and knowing the
equivalent numbers of PP50, B2, and PE cores it is possible to determine the average number of
methyl groups per molecule, [n(CH3)|ygp2 and [n(CH3)]p2, for HBP2 and D2. The values for
[n(CH;3)]ygp2 and [n(CH3)]p, were found to be 6.05 and 12.11, respectively.

The number average molecular weight of HBP2, [M,,] 52, Was calculated as follows:

[N(bis—MPA)—N(B2)](Mpis_mpa—Mp,0)+N(PP50)Mppso+N(B2)-Mpis_ypa
N(PP50)+N(B2)

(6)

[Mn]HBPZ =

Where Myis-vpa, MH20, and Mppso are the molecular weights of bis-MPA monomer (134.13
g/mol), water — the byproduct of this polycondensation reaction (18 g/mol), and PP50 core (356
g/mol). Note, N(bis-MPA) = N(CH3) = 1/3-1(CH3). The number average molecular weight of D2,

[M,,]p2, was calculated similarly:

[M ] _ [N(bis—MPA)] '(MbiS—MPA_MH20)+N(PE)'MPE
nlp2 = )

(7)

Where Mpk is the molecular weight of the pentaerythritol (PE) core (136 g/mol). As expected,
the number average molecular weight of HBP2, 861.5 g/mol, turned out to nearly half that of D2,
1541.6 g/mol. The result for D2 is in excellent agreement with both the theoretical (calculated

12
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from chemical structure) molecular weight of D2, 1529.5 g/mol, and the molecular weight

determined by MALDI-ToF MS, 1528.8 g/mol.

Finally, the number of OH and CH3 groups per unit weight of a polymer [OH ] and [CH,]
were calculated for D2 and HBP2 as follows:

n(OH)

[OH] = (8)

n

n(CH3)

[CH3] = )

n

The average concentration of hydroxyl groups, [OH], turned out to be comparable for both
systems, i.e. 10.34 mmol/g for D2 and 9.64 mmol/g for HBP2. Furthermore, the average

concentration of methyl groups, [CH3], 7.85 mmol/g and 7.01 mmol/g, were also comparable.

The NMR spectrum of HBP2-CH3 is presented in Figure 3(c). Derivatization with acetyl
chloride changed the NMR spectrum of HBP2 considerably. Importantly, the proton signal
linked to terminal hydroxyls completely disappeared and only small remnants of the proton
signal associated with linear hydroxyls can still be seen, all indicative of virtually complete
replacement of the hydroxyl protons with acetate functional groups. The extent of acetylation

was determined by '"H NMR to be 94.6%.
FTIR Data and Analysis

Figures 3(a) and 3(b) show the FTIR spectra of D2 and HBP2 at 30 °C and 150 °C. The
spectra were normalized with respect to the intensity of the smaller peak centered at 2978 cm’!

assigned to antisymmetric
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Figure 3 (a) and (b) FTIR spectra of D2 and HBP2 obtained at 30 °C and 150 °C; (c) difference

spectra of D2 and HBP2 attained by subtracting the spectra at 150°C from the spectra at 30°C; (d)
FTIR spectra of HBP2 and HBP2-CHj3 obtained at 30 °C; The insets in (a), (b) and (d) present
deconvolutions of methyl and methylene stretching peaks.

stretching of methyl groups. This peak was deconvoluted and its intensity was accurately
determined as shown on the inserts to the Figures 3(a) and 3(b). The methyl stretching band was
chosen for normalization because, in contrast to hydroxyl and carbonyl groups, the methyl
groups do not participate in H-bonding, and, as shown in the previous section, the concentration

of these groups in D2 and HBP2 were similar.

At 30 °C, both D2 and HBP2 displayed a rather intense and broad asymmetrically shaped
IR band centered at about 3400 cm™ which was assigned to the stretch vibration of a
combination of free and H-bonded hydroxyl groups (vOH); judging by the pronounced red-shift
of this band, it is predominantly a result of the H-bonded hydroxyls. Note, the reported frequency
range of the free hydroxyl stretch vibration is 3644-3635 cm™'[23,24]. The red-shift of the OH
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stretch band is due to a reduced force constant and enhanced anharmonicity of the vibrational
potential of the O-H oscillator when it participates in H-bonding. Furthermore, the pronounced
broadening of this band implies a distribution of various O-H---O associations as a result of the
number of donor-acceptor pairs, H-bond angle orientations and lengths; the increase of the band
intensity indicates that these associations exhibit a greater dipole moment compared to unbonded
hydroxyls [25]. The sharp and intense adsorption peak centered at 1732 cm™! was assigned to the
stretching vibration of carbonyl groups (vCO). The reported frequency range of the free carbonyl
stretching vibration is 1750-1735 cm™ [26]. Similar to vOH, but to a lesser extent, the vCO band

can also be affected by hydrogen bonding-[24,27].

One may notice that the intensity of the vOH band for D2 at 30 °C was greater than that
for HBP2. Interestingly, the opposite was true with respect to the intensities of the corresponding
vCO bands. The peak area ratio at 30 °C, A(vVOH)/A(vCO), 2.8 for D2 and 2.3 for HBP2 were
found to be greater by about a factor of two than the corresponding hydroxyl to carbonyl group
ratios determined by NMR, i.e. 1.32 (D2) and 1.37 (HBP2). This noticeable disagreement
implies that in the case of hydrogen bonding the FTIR based hydroxyl/carbonyl peak area ratio
does not directly reflect the ratio of the concentrations of these chemical groups and therefore
cannot be used for quantitative purposes. The somewhat greater ratio of A(vVOH) to A(vCO)
observed for D2 versus HBP2 implies that in the former system OH-OH was perhaps a
predominant type of H-bond associations with a lesser number of carbonyl groups involved than
in the case of HBP2. As expected, upon heating to 150°C, both the vOH peak and vCO peak
shifted to higher frequencies, i.e. 3535 and 1734 cm™! (blue-shift), and the corresponding peak
intensities were drastically reduced, indicative of the transition from the state with mainly
hydrogen bonded hydroxyl and carbonyl groups to the state when they are predominantly free.
The blue-shift of the vOH and vCO peaks occur at higher temperature and the transition from
predominantly hydrogen bonded to free hydroxyls is particularly apparent when looking at FTIR
difference spectra displayed in Figure 3(c) which clearly indicate for both D2 and HBP2 systems
the presence of negative (at higher frequencies) and positive (at lower frequencies) differences in
the corresponding hydroxyl and carbonyl stretching IR ranges. Interestingly, at 150 °C, the shape
and intensity of the vOH and vCO peaks for D2 become comparable with those for HBP2. The
A(vOH)/A(vCO) ratios were also calculated for D2 and HBP2 at 150°C to be 1.3 and 1.5

respectively, showing similar hydroxyl to carbonyl group ratios as determined by NMR.
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Figure 3(d) shows a comparison of FTIR spectra at 30°C for HBP2 before and after
derivatization with acetyl chloride. The antisymmetric methylene stretching peak at 2945 cm™!
(peak deconvolution is shown on the inset) was used for spectrum normalization. As expected,
only a very small vOH peak is present after derivatization, and there is a noticeable increase of

the peak associated with carbonyl groups.
DSC Data and Analysis

Representative DSC second scans of D2 and HBP2 are shown in Figure 4. Both D2 and

HBP2 exhibited a discernible glass transition. Unexpectedly, D2 exhibited a glass transition at

a 4

3 —— D2

o —— HBP2

W 3 | ——HBP2-CH, Tg=49°C
©
S 21
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5 11
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Figure 4 DSC thermograms of D2, HBP2, and HBP2-CHj3 systems

noticeably higher temperature than HBP2, 49 °C versus 4 °C, respectively. A question naturally
arises regarding the structural factors which can be responsible for this difference in Tg.
Thorough experimental analysis of poly(benzyl ether) dendrimers conducted elsewhere
suggested that Tg of dendrimers results from two additive contributions. The first term (positive)
is defined by the chemical nature of end-group substitution, while the second (negative) is
related to the molecular weight of a dendrimer [28]. Therefore, based on the NMR analysis, the
large difference in Ty is most likely due to HBP2 having less -- almost by half -- the average
molecular weight of D2. Also, HBP2 exhibits a markedly broader molecular weight distribution

than D2, with a considerable fraction of low molecular weight products of bis-MPA self-
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condensation which may additionally contribute to lowering the bulk T,. Additionally, the
presence of two different types of hydroxyl groups, namely linear and terminal hydroxyls, in the
HBP2 may also contribute to the reduced bulk Tg. We assume that linear hydroxyls can be more
prone to form intramolecular (within dendritic molecules) H-bonds which should affect Ty to a
lesser degree than intermolecular (between dendritic molecules) H-bonds which are mainly

formed by terminal hydroxyls.

As for the other thermal transitions, the DSC measurements of D2 showed only the glass
transition, while HBP2 exhibited a more complex behavior. Following the glass transition, one
may observe from the DSC thermogram of HBP2 exothermic followed by endothermic events
with the corresponding minimum and maximum at about 40 °C and 90 °C. Zagar et al.
previously attributed exo- and endo- events in Boltorn™ HBPs to the formation and cleavage of
H-bonds and linked specifically to hydroxyl groups of linear (partially esterified) bis-MPA units.
It was also suggested that H-bonding between linear units in bis-MPA based HBPs promotes
structural ordering which manifests itself via a sharpening and intensification of the major
amorphous WAXS halo peak, which has been traditionally linked in polymers to a short-range
order between carbon atoms. However, no details regarding the nature of this ordering and how

it may lead to a sharpening of the amorphous halo were given. [18,29]

Derivatization with acetyl chloride (replacing hydroxyls with acetates), as shown in
Figure 4, had a profound effect on the thermal behavior of HBP2. Glass transition temperature
decreased by 23 °C from 4 °C to -19 °C. Interestingly, at room temperature, before derivatization
HBP2 was a solid and after derivatization the polymer became a viscous liquid. As expected, the

exothermic and endothermic events completely disappeared after HBP2 underwent acetylation.

X-ray Data and Analysis

17
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Representative WAXS data of D2 and HBP2, obtained at 25°C and 120°C, are shown in

Figure 5. Note, both D2 and HBP2 samples were dried overnight snder-in a vacuum oven at

60°C to remove any traces of water before the WAXS measurements were taken (also under
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Figure S WAXS of D2 and HBP2 systems at 25°C and
120°C. The inset displays WAXS of water at 25°C.

vacuum). Both D2 and HBP2 exhibited diffractograms consisting of several peaks, which is

rather uncommon for amorphous polymeric systems. The pattern of D2 at 25°C displayed three

characteristic peaks, a sharper peak at 20 = 17.7° and two low intensity, broad peaks at 20 =

30.8° and 42°. Angular positions of the peaks at 20 = 30° and 42° were unaffected by

temperature increase to 120°C. On the other hand, the main halo peak shifted to lower diffraction

angles with temperature, i.e. from 20 = 17.7° at 25°C to 20 = 16.8° at 120°C, due to thermal

expansion. Like D2, HBP2 at 25°C exhibited two low intensity, broad peaks at 20 = 30° and 42°.

The main peak at 26 = 17.4°, however, revealed a somewhat unusual shape in contrast to D2. It

was relatively broad towards the bottom, resembling a typical amorphous halo, and narrower
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towards the top, reminiscent of peaks typically associated with crystalline and/or ordered
structure. Therefore, it was hypothesized that the peculiar shape of the main peak resulted from
being composed of two peaks rather than just one. Importantly, heating to 120°C profoundly
reduced the intensity of the narrow, order related, peak, indicating that the ordered structure was
mostly gone. It is important to note that while the peak intensity was reduced, temperature had
no effect on the position of the narrow peak, while the broader amorphous halo part of this
combined peak, however, shifted to lower diffraction angles as a result of the thermal expansion
of HBP2’s bulk structure. Because D2 does not exhibit this ordering behavior, it has been linked
to the linear chain segments of partially esterified bis-MPA based HBP. Naturally, we were
interested in determining the spatial arrangements of the segments which led to such ordering.
Further insight into the structural origin of the narrow WAXS peak was gained by comparison
with hydrogen bond mediated mesophase forming systems from the literature. Nylon-6 displays
a behavior similar to HBP2, where the sharpness and intensity of the amorphous halo in the X-
ray patterns of nylon-6 increases due to the superimposition of a narrow [001] reflection
associated with the mesophase on the broader amorphous halo. This [001] reflection in nylon-6
has been attributed to a pseudo-hexagonal y-phase composed of aggregates consisting of parallel
and straight, but conformationally disordered chain segments. The H-bonding within these small
mesomorphic domains of nylon-6 was considered nearly completed but not restricted to a
specific crystallographic direction [30-32]. It is possible that linear units in bis-MPA HBP2 were
also able to form a mesophase similar to that found in nylon-6. It is highly likely that the
formation of a mesophase is facilitated by H-bonding which can involve both linear hydroxyl
and carbonyl groups. We can envisage that morphologically the mesophase exists in the form of
small associations which are composed of parallelly arranged short linear segments, the packing
of which resembles the hexagonal packing of cylinders. Because of the lacking of
conformational order along the segments, the mesophase exhibits lower symmetry as compared
to the true crystalline hexagonal order resulting in one major reflection [001]. The relative
weakness of other diffraction peaks associated with this packing, for instance [110] and also
higher order reflections, perhaps prevent them from being seen against the background of an

amorphous halo.

Because HBP2 consists of two kinds of hyperbranched macromolecules, namely with

four arms growing from the tetrafunctional PP50 core and with two arms growing from the
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difunctional B2 core (bis-MPA monomer itself) a question can be posed as to what extent both
HBP species may contribute to the mesophase formation? Though we don’t know the exact
answer, the WAXS data obtained elsewhere on different fractions of fourth generation-Boltorn™
suggest that lower molecular weight fractions, presumably enriched with the two arm HBP
macromolecules, exhibit a greater propensity for ordering as compared to the larger molecular
weight fractions [18]. Thus, it is possible that the formation of a mesophase can largely be the
prerogative of two-arm HBP molecules, which we believe should have greater translational

mobility and less steric constrain, as compared to the four-arm HBP structures.

The lower intensity peak at 26 ~ 30° was present in the scattering intensity patterns of
both the bis-MPA HBP2 and its perfect dendritic analog D2; this peak drew our special attention.
The inset in Figure 5 displays the WAXS pattern of liquid water. One can see that the main
amorphous halo peak of water is at 20 = 28°. It is well documented that the three-dimensional
hydrogen bond network of water is composed of tetrahedral clusters of H-bonded oxygen and
hydrogen atoms and H-bond mediated pair correlation of oxygen atoms within these 3-D H-
bonded clusters gives rise to an amorphous halo peak centered at 20 = 28° [33,34]. Because the
peak at 20 = 28° on the WAXS patterns of the bis-MPA dendritic polymers is reminiscent of the
amorphous halo of water and, furthermore, the hydroxyl groups and water molecules in many
aspects are close chemical relatives, we hypothesized that the structural origin of this peak may
be related, as it is in water, to the formation of H-bonded clusters of hydrogen and oxygen atoms,
O-H---0, and that these clusters may encompass a significant portion of the polymer. Using D2
as an example, and considering only carbons and oxygens, the main contributors to X-ray
scattering due to their high magnitude of atomic scattering factor, the calculations show that 62%
of these atoms are carbons and 38% oxygens. Note that a large portion of these oxygen atoms,
i.e. 40%, are within the terminal hydroxyl groups in D2. Therefore, the number of oxygens able

to form these O-H---O clusters is truly significant.
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As hydroxyls are the only proton donating groups in bis-MPA based dendritic structure,
converting them to non-hydrogen bonding moieties was an interesting opportunity to see which
peaks on the WAXS pattern of HBP2 are directly associated with hydroxyl groups. Figure 6
shows the WAXS patterns of HBP2 and fully acetylated HBP2-CH3s. First, the data clearly
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Figure 6 WAXS of HBP2 and HBP-CH3 systems at 25°C.

suggest that there is a direct link between the narrow peak at 20 = 17° and the hydroxyl groups as
this peak was absent after acetylation. Furthermore, the broad peak at 20 =~ 28° was also absent,
indicative of its direct link to the hydroxyl groups. The results shown in this section call for more
research efforts to shed light on the relationship between H-bonding and structural ordering in
bis-MPA based dendritic systems. These efforts are ongoing, and the results will be reported in

future communications.
PVT Data and Analysis
The goal of this section was to present the data and analyses of temperature and pressure

effects on specific volume of a bis-MPA based perfect dendrimer and its HBP analogue. By
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analyzing PVT data, first it was planned to understand if there were any volume changes
associated with formation or melting of the mesophase in HBP2. Second, it was interesting to
determine and compare the thermal expansion, om, and compressibility, Bm, coefficients (index m
implies the melt state) for D2 and HBP2, and from these coefficients to calculate and compare
the internal pressure (energy-volume coefficient), mt, the thermodynamic parameter directly
linked to the magnitude of cohesive forces [35]. The third objective was to attempt fitting the
PVT data, obtained for D2 and HBP2 melts, to the Simha-Somcynsky (S-S) equation of state
(EOS) to understand if this EOS, originally developed to describe linear polymers, can also be
used to describe the PVT surfaces of these dendritic polymers; it has been debated in the past
that the S-S approach can generally be used to describe the PVT data of dendritic polymer
architectures [36,37]. Note, the poly(benzyl ether) dendrimer polymers are the only systems for
which PVT data have been reported and the S-S EOS successfully applied [38,39]. Finally,
fitting the experimental data to the theory would have empowered calculating and comparing the

fractional free volume, /4, in D2 and HBP2 melts.

While obtaining PVT data for the acetylated HBP2 system (HBP2-CH3) was also highly
desirable, the liquid state of this system at ambient conditions made it experimentally difficult to
accomplish using the Gnomix-PVT apparatus; only solid samples can be loaded into the PVT

apparatus.
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Figure 7 shows the representative specific volume versus temperature dependences at
various pressures for the D2 and HBP2 systems. Note, the samples before PVT measurements
were dried in a vacuum oven at 60°C overnight. The D2 system showed the glass transition
which, as expected, has been gradually shifting to higher temperatures with pressure. So, the

glass transition at 140 MPa for D2 was found at-to be 67°C as compared to 49°C (by DSC) at
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Figure 7 Specific volume versus temperature at various pressures (PVT data)
for (a) D2 and (b) HBP2 systems. The dashed lines are obtained by fitting of
the Simha-Somcynsky (S-S) EOS to PVT data.

atmospheric pressure. Assuming a similar pressure dependence, HBP2 would have shown the
glass transition at about 17°C at 140 MPa, which cannot be observed with this instrument which
operates only at room temperature and above. Indeed, the volumetric measurements of HBP2
showed no glass transition in the studied pressure and temperature range. Neither of the
measurements revealed any measurable changes which would be indicative of any other first or
second order transition, just an ordinary volume thermal expansion behavior. Therefore, the
mesophase, though demonstrable by DSC and WAXS measurements, did not noticeably reveal
itself volumetrically which implies that it has a density similar to the amorphous phase. This also
indicates that the mesophase seems to exhibit only a long range orientational order, similar to the

mesophase in liquid crystalline polymers which are known to display small volume changes

23



O 00 N O

10
11
12
13
14

15
16
17

associated with a transition to isotropic state as compared to very large volume changes in the

case of a true crystalline phase [40].

Continuous V(T) and V(P) trends were generated by curve fitting the PVT data to regular

polynomials from which the isobaric thermal expansion, o, = (%) (Z—Z)p, and isothermal

o 1, ,0V . . .
compressibility, B = —(;) (E)T’ coefficients in the melt state as a function of temperature

were generated for D2 and HBP2. Representative plots of o, (T) and B_ (T) at three pressures
0.1, 70, and 150 MPa, covering the studied pressure range, for D2 (closed squares) and HBP2
(open triangles) are shown in Figure 8. As expected, the thermal expansion coefficient for both
D2 and HBP2 increased with temperature at a given pressure and decreased with pressure at a
given temperature, trends which have been typically observed in polymer melts and indicating a
link between thermal expansion coefficient in the melt state and the free volume [41]. Thus, at
atmospheric pressure (0.1 MPa) and temperature 120°C (this temperature was selected for a
comparison) the thermal expansion coefficient of D2 was found to be smaller by about 30% than

that of HBP2, i.e. 5.2:10" K™! versus 6.8 10* K*!, and at 150 MPa this difference was about 26%,
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Figure 8 Temperature dependence of the (a) thermal expansion and (b) compressibility coefficient D2
and HBP2 systems at 0.1, 70, and 150 MPa.

i.e.3.8:10* K! versus 4.8-10* K'!. The larger thermal expansion coefficient of HBP2 implied
that it had a larger free volume than D2. Like thermal expansion coefficients, the compressibility

coefficients of D2 and HBP2 increased at a given pressure with temperature and decreased at a
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given temperature with pressure. The compressibility coefficient of D2 also was slightly smaller
than that of HBP2 in line with the trend observed for the thermal expansion. At 120°C and
atmospheric pressure the compressibility coefficients of D2 and HBP2 were 4.0-10* MPa™! and
4.3-10* MPa’!, and at 150MPa, 2.1-10* MPa and 2.3-10* MPa’!, respectively.

Assuming that both D2 and HBP2 are in the-a state of thermodynamic equilibrium when

in the melt, the internal pressure, 7, can be calculated at a given temperature, T, and external

pressure, P, from the values of om and Bm as this: my = (Z_Z) = Z—m -T — P, where U is the
T m

internal energy and V is the volume. The internal pressure is a thermodynamic parameter which
allows for estimations of the magnitude of cohesive forces. These forces result in the pressure
developed within a liquid or melt which typically falls in the range of 10? to 10> MPa for various
systems at atmospheric pressure [42]. Consequently, it of D2 and HBP2 at atmospheric pressure
and 120°C were 502.9 MPa and 630.0 MPa, respectively. Two plausible factors leading to the
HBP2 system having a larger nt value than D2 are proposed. First, while HBP2 and D2 display a
similar number of polar hydroxyl and ester groups, the former also contains polar ether groups in
the core structure. Second, we think that presumably the more globular conformation of D2 may
lead to a greater propensity of forming hydroxyl-hydroxyl H-bonds than HBP2, the more open
structure of HBP2 allows for enhanced spatial availability of various proton acceptors which
may lead to a larger number of hydrogen bonds as a whole both intramolecularly and

intermolecularly.

Next, we will discuss the results of fitting the PVT data to the Simha-Somcynsky (S-S)
equation of state (EOS). The S-S theory belongs to the lattice-hole class of theories [36,37]. The
model considers a polymeric system which consists of N linear n-mers each divided into s
equivalent segments called s-mers, sMg = nM,,, = M,, where M; is the molar mass of each s
segment, Mrep is the molar mass of a monomer repeat unit and M, is the number average
molecular weight of a macromolecule. Each s-mer occupies a cell in the lattice. The s-mers
occupy a fraction of the lattice sites, y, while the remaining empty sites are represented by the
hole fraction /#(V,T) = (1-y). The incorporation of empty lattice sites introduces a disorder into
the crystal-like cell structure. The total number of volume-dependent external degrees of
freedom is 3¢, and the number of interchain contacts in a lattice of coordination number z = 12
is gz = s(z — 2) + 2 = 10s. For longer chains with large s it is typically assumed that 3c/s =1.
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The 6-12 Lennard-Jones (L-J) potential approximates intersegmental interactions, i.e.
interactions between non-bonded segments. The interactions are described in the model by a
maximum attraction energy (minimum in the potential energy plot), €*, and a repulsion or
segmental hard-core volume, v* which is calculated from the distance between two segments at
which the intermolecular potential becomes zero. The S-S theory enables calculation of the
partition function assuming random mixing of a specified number of holes and chains followed
by calculation of the Helmholtz configurational free energy, which is presented in terms of
reduced variables, F[V, T, h(V,T)]. Differentiation of the Helmholtz free energy at

thermodynamic equilibrium results in the S-S EOS which consists of two coupled equations. The

. .- . = a
first equation reflects the definition of pressure via free energy, P = — (%) _, and the second
T

C e . . oF .
results from minimization of the free energy with respect to hole fraction, (ﬁ)~ _=0.Below is
v,

the final form of these two equations

-1

+y/T [2002(y7)™* - 2.409(y7) | (10)

1
3

P77 = |1~y (2y7)

3¢ [(2_%y(1/yl7)§ — 1/3)/(1 — 2_%y(1/yl7)§) —
y(1/y7)* (3.033(1/3/17)2 - 2.409)/67‘] +(1-s)—sln(1—7y)/y=0 (11)

where P = P/P*, V =V /V*,and T = T/T* are the reduced variables, and P*, V*, and T* are
the scaling parameters. The scaling parameters are expressed via molecular parameters of the
model as follows, with R the gas constant:

P* =zqe"/(sv™))

T* = zqe*/(Rc) (%) Mg = Rc/s = R/3 (12)
V* =v*/M;

These scaling parameters have been reported for a large number of polymeric systems and enable

formulating the principle of corresponding states in terms of reduced variables for their melts in

a way similar to that formulated for real gases obeying van der Waals equation [43]. We used an

in-house developed computer program which permits calculating the scaling parameters of the

Simha-Somcynsky model after conducting the fitting. The program uses a least square
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optimization protocol enabling minimization of the chi-square value, y? = YN, M, with

the fit parameters P*, V*, and T*, where M and F are the measured and fit specific volumes,
respectively, and v is the variance in the measured specific volumes (square of the standard
deviation). The minimization was performed using the MINUIT2 package developed by James

and Roos [44].

The S-S EOS fits are shown in Figure 7, along with the experimental data for D2 and
HBP2 polymers. In order to be sure that the S-S EOS fits were all carried out in the melt range,
experimental points 15°C above T, and greater were enly-used. The fits were very good, with R
squared values of 0.9999 for both systems, indicating that the S-S EOS allows for an accurate
description of specific volume data for bis-MPA dendritic systems over a broad range of
temperatures and pressures. As the S-S theory is formulated in terms of linear chains, this result
implies that there must exist ‘equivalent’ linear chain representations of D2 and HBP2 dendritic
systems which exhibit the same PVT characteristics. A similar conclusion has been made
previously with respect to poly(benzyl ether) dendrimers [39]. The scaling (characteristic)
parameters, P*, V*, and T* of the S-S model determined for both D2 and HBP2 are listed in

Table 2, along with the values for the molecular parameters of the model, i.e. the segmental

R( T . .
3 (W) , the repulsion hard core volume (related to the distance

molecular weight, My =
between two segments at which the intermolecular L-J potential becomes zero), v* = V*M; =

RT*
3p*’

and the maximum L-J intersegmental attraction energy (minimum in the potential energy
plot), " = P*v s 10P v* (zq = 10s).

For comparison, the S-S scaling and molecular parameters for polystyrene (PS) and
polyether ether ketone (PEEK), as reported by Rodgers[43], are also included in Table 2.

Using this previously reported data set for 56 polymers, the corresponding mean and
standard deviation values for the scaling and molecular parameters have been calculated in our

study which are also reported in Table 2. Furthermore, the table also contains the scaling and
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molecular parameters for the third (G3) and fifth (G5) generations of poly(benzyl ether)
dendrimers (PBED) reported elsewhere [43]

Table 2. Scaling and molecular parameters of the Simha-Somcynsky (S-S) theory calculated for D2
and HBP2 systems from fitting the PVT data to the S-S EOS in this study. The information for other
reported in this Table polymers was obtained from references [39] and [43] . Mean, standard deviation
(SD) and relative standard deviation (RSD) were calculated using the data base of S-S parameters for
various polymers reported in reference [43];

System P*(MPa)  V*(cc/g) T*(K) M (g/mol)  v*(cc/mol)  e*(kJ/mol)

D2 1144 0.7760 12346 38.54 29.91 3.42

HBP2 1333 0.7747 10708 28.73 22.26 2.97

Mean* 802 0.9506 11216 43.16 40.22 3.11

SD* 157 0.1689 1463 11.97 10.22 0.41
(RSD*) (19.6%) (17.8%) (13.0%) (27.7%) (25.4%) (13.2%)

PS* 716 0.9634 12840 51.57 49.68 3.56

PEEK* 1086 0.7705 12580 41.64 32.09 3.49

PBED (G3)# 1209 0.8387 11303 30.90 25.92 3.13

PBED (GS)# 1209 0.8216 11567 32.28 26.52 3.21

*Data from [43]

"Data from [39]
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While analyzing the data in Table 2, nothing particularly notable can be seen with respect

R;*), for either D2 or HBP2. The corresponding values were within a fairly

to T* ,ore* (e* =
small standard deviation (about 13%) from the mean value calculated using the data set for 56
polymers. The same can be concluded for poly(benzyl ether) dendrimers. With that, the T* and
e* values for D2 were somewhat larger than for HBP2. Because hydrogen bonding interaction is
not explicitly considered in S-S model, it is hard to say if this variance can be attributed to the
hydrogen bond network difference between the two dendritic bis-MPA based polymers. On the
other hand, the P* scaling parameter values for both D2 and in particular HBP2 systems were

significantly greater than the mean value. The scaling parameter P* is reciprocally proportional
to the molecular parameter, v* = V*M; = % , and since the variance of T* is generally smaller

than P*, greater values of P* are typically associated with smaller values of v* and vise versa, as
one may see by comparing the polymers listed in Table 2. Smaller values of v* (greater P*) have
been previously linked to polymers with oxygen atoms in the backbone, such as linear polyether-
ether ketone (PEEK), polysulfone (PSF), polycarbonate (PC), polyethylene terephthalate (PET),
and poly(benzyl ether) dendrimers [37]. In contrast to these oxygen containing polymers, carbon
chain polymers, like polystyrene (PS) or isotactic polypropylene (i-PP) exhibit noticeably
smaller P*, and fairly large v* values. It was hypothesized that the oxygen linkages make
polymer chains more flexible, which results in smaller values of segmental hard-core volume,
v*. An additional plausible argument beside increased chain flexibility, is the smaller value of
the van der Waals radius for oxygen as compared to carbon (1.5A vs 1.7A). This differnce may
render more intimate intersegmental contacts leading to smaller v*. Interestingly enough, both
bis-MPA based D2 and HBP2 contain a large number of oxygen atoms in the structure and
display larger P* (smaller v*). Smaller by 34% the value v*in HBP2 as compared to D2 was
attributed to the fact that the former in addition to ester groups also contained ether groups.
Finally, considering that both D2 and HBP2 exhibit similar values of specific volume scaling
parameters, V*, the difference of the segmental molecular weight, Ms, between D2 and HBP2

directly reflects the difference in the corresponding segmental hard core volumes, v*.

As it was stated earlier, the important advantage of the S-S theory as compared to many
other theories dealing with EOS of polymer melts, is that it allows for the hole fraction

(fractional free volume), /4, to be extracted from fitting the S-S EOS to PVT data [43]. Figure 9a
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Figure 9 Representative fractional free volume (h) versus (a) temperature and (b) pressure trends for
D2 and HBP2 systems. The inset in (a) is the fractional free volume for D2 and HBP2 at 0.1 MPa
plotted versus (T—Tg);

shows representative plots of fractional free volume, 4, versus temperature at three pressures 0.1
MPa, 75MPa, and 150MPa. For reference, at atmospheric pressure and 80°C the respective
fractional free volumes for D2 and HBP2 were 0.057 and 0.079. As expected, the 4(7)
dependencies were all linear (linear fits are also shown) in accordance with the equation justified
within the free volume theory of glass transition, h = h; + a5 (T — Tg), where hg is the
fractional free volume at T, and ay is the thermal expansion of free volume, ay = a; — a4 , an
a; and a4 are the thermal expansion coefficients of a polymer in the liquid (melt) and glassy

states at Ty [45,46]. This equation excellently describes the observed difference between the free
volume for D2 and HBP2. The greater T, of D2 (49°C), as compared with HBP2 (4°C), results in
lower fractional free volume at the same temperature. The inset in Figure 9a shows that the
corresponding fractional free volumes for D2 and HBP2 at atmospheric pressure become

superimposed when plotted as a function of T-Tg. The parameters calculated using linear
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regression applied to the data shown in the inset yield hy=0.040 and a;=5.3-10"K".
Interestingly, hg calculated by linear regression is only 37% larger than the universal value

adopted for the WLF equation, h; = 0.025, and a;y matches the universal value, ay = 5.0- 104K

!, even more closely [46].

Figure 9b shows the pressure dependence of fractional free volume, 4(P), for D2 and

HBP2 determined at 80°C and 125°C. It was anticipated that the dependence 4(P) at constant T
will also be linear as predicted by the free volume theory as follows, h(P) = f, + af (T - Tg) -
Br(P — Py) where P, is the atmospheric pressure and f is the compressibility of free volume,
Br = B1 — By- Note, the equation describes experimental data for D2 and HBP2 systems

reasonably well within 0.1-80 MPa and then the data deviate from the predicted linear trend,

presumably due to the fact that ¢ is not a constant but a pressure dependent quantity.

CONCLUSIONS

Both MALDI-ToF MS and '"H NMR confirmed a monodisperse structure and perfect,
1.0, degree of branching for the dendrimer. For the hyperbranched polymer, 'H NMR revealed a
polydisperse structure with a degree of branching that is considerably lower than 1.0, and a lower
than expected number average molecular weight due to the concurrent formation of molecules

with tetrafunctional core and with difunctional core, i.e. from the bis-MPA monomer itself.

Despite structural disparity, the hydroxyl/carbonyl ratio and average concentrations of
hydroxyl and methyl groups in the bulk of the two polymers were fairly comparable as
confirmed by NMR. FTIR, conducted at elevated temperature, 150°C, (above the transition from
the state with mainly hydrogen bonded hydroxyl and carbonyl groups to the state when they are
predominantly free) confirmed NMR data and showed similar hydroxyl to carbonyl group ratios
for the two polymers. At lower temperature, 30°C, the corresponding hydroxyl to carbonyl group
ratios were found noticeably smaller, implying that in the case of strong hydrogen bonding the
hydroxyl/carbonyl peak area ratio does not directly reflect the ratio of the concentrations of these

chemical groups and therefore cannot be used for quantitative purposes.

The glass transition temperature of the HBP was found to be 45°C degrees lower than
that of the dendrimer. This large difference was attributed to the HBPs having nearly half the
average molecular mass of the dendrimer. Furthermore, HBP exhibits a significantly broader
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molecular weight distribution, with a considerable fraction of low molecular products of bis-

MPA core HBP, which may additionally contribute to lowering the bulk T,.

The unusual shape of the amorphous halo peak at 20 ~ 18°, which was revealed in HBP
by WAXS, was attributed to an additional narrow peak superimposed on to the broader
amorphous halo. This additional peak was missing on the diffractogram of the dendrimer and so
it has been assumed to be the property of bis-MPA HBP only. The structural origin of this peak
in HBP was assigned to the temperature-dependent mesophase consisting of small cylindrical
aggregates of pseudo-hexagonally packed, H-bonded linear chain segments in HBP. Within these
aggregates, chain segments exhibit structural order while lacking conformational order. The
lower intensity, broad peak at 20 = 30°, present in the X-ray scattering pattern of both the bis-
MPA HBP and its dendrimer analog, is due to a large number of hydroxyl groups in the structure
of these polymers. It was hypothesized that the structural origin of this peak is related to the
formation of H-bonded clusters of hydrogen and oxygen atoms, O-H:--O both intramolecularly
and intermolecularly, and that these clusters may encompass a significant portion of these

polymers.

In the melt state, both the dendrimer and the hyperbranched polymer exhibited
unremarkable and rather comparable thermal expansion trends without traces of either second or
first order transitions. The Simha-Somcynsky (S-S) equation of state (EOS) enabled accurate
description of the specific volume data for both bis-MPA systems in a broad range of
temperatures and pressures. Successful fitting of PVT data to the S-S EOSpermitted obtaining
scaling parameters of the S-S theory, and from those calculating the molecular parameters of the
model for the dendrimer and HBP. These parameters have been compared with those previously
reported elsewhere. Notably, in this comparison, both dendrimer and HBP have exhibited a fairly
large value of the scaling parameter P* (P* is related to segmental hard-core volume, v*).
Greater P* (smaller v*) values have been linked to the presence in the structure of bis-MPA
dendritic polymers with oxygen atoms in addition to carbons. Similar tendencies can be seen in

other linear polymers containing oxygen atoms in the main chain.

The fit of PVT data to the S-S EOS in the melt state enabled the fractional free volume, #,
to be calculated. The temperature dependences of the fractional free volume for both studied

polymers exhibited linear trends. When compared at the same temperature and pressure the
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dendrimer exhibited smaller /4 than the HBP analogue. This difference was attributed to the T,
difference between two polymers. When 4 was plotted against (T-Ty) the trends for the two
dendritic polymers have superimposed. The pressure dependencies of the fractional free volume
also exhibited linear trends but only within limiting pressure range, 0.1 — 80 MPa. At greater

pressures a deviation from the linear tendencies was apparent.
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