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ABSTRACT: This study utilized Matrix Assisted Laser Desorption/Ionization Time-of-
Flight Mass Spectrometry, Thermogravimetric Analysis, Differential Scanning Calo-
rimetry, X-Ray Diffraction, and Dielectric Analysis to assess the viscoelastic and
structural properties of three generations of tert-butyl and methyl ester, amide-based
dendrimers. The effect of generation number and functionality on glass-transition
temperatures and corresponding apparent activation energies, obtained via adherence
to WLF behavior, were determined. Both were found to increase with increasing
generation number and bulkiness of terminal functionalities. WLF constants, C1 and
C2, allowed the determination of free volume, and thermal expansion coefficients,
respectively. Secondary transitions, conforming to Arrhenius behavior, were also char-
acterized and increased in temperature with generation number. The apparent activa-
tion energy was greater when the matrix was crystalline. Dielectric relaxation re-
sponses were analyzed to yield dielectric strengths of the molecular relaxations which
increased with generation number and were comparable for both tert-butyl and methyl
esters in the glass-transition region. Electrical properties of the dendrimers were
dominated by ionic conductivity in the high temperature region. In order to unmask the
glass transition, the data were treated in terms of the electric modulus. © 1999 John
Wiley & Sons, Inc. J Polym Sci B: Polym Phys 37: 2025–2038, 1999
Keywords: dendrimer; relaxations; dielectric analysis; electric modulus

INTRODUCTION

Synthesis of dendritic and hyperbranched struc-
tures has allowed the examination of novel mac-
romolecular architectures. Newkome et al.1 and
Tomalia et al.2 initially reported on dendrimers in
1985 and have written several reviews on this
topic. While most available literature has focused
on synthetic routes to these materials, physical
characterization, is far from complete. Several
investigations of glass-transition temperatures

(Tg) in dendrimers3–6 and hyperbranched struc-
tures7–9 have correlated Tgs to the number of
chain ends, number of monomer units, molecular
weight, and chain end composition. Crystalline4

and liquid-crystalline5,10,11 states in these highly
branched macromolecules have also been charac-
terized; however, studies probing the viscoelastic
nature of these structures (translational, segmen-
tal, and side-chain mobility) are sparse. Mourey
et al.12 studied poly (benzyl ether) dendrimers via
differential viscosity coupled with size exclusion
chromatography. They determined that for the 0
through 6th generations, the intrinsic viscosities
of these cascades pass through a maximum in the
third generation, whereas the refractive index
passes through a minimum around the second
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generation. This indicates a monotonic decrease
in density from the periphery, as theoretically
determined by DeGennes and Hervert.13 Hawker
et al.14 examined a cascade family generated from
3,5-dihydroxybenzyl alcohol in which the melt
viscosity profiles showed no critical entanglement
molecular weight for molecules as high as 85,000
amu suggesting “ball-bearing-like” behavior.
Voit3 verified this unusual behavior in several
hyperbranched aromatic and aliphatic polyesters.
“Ball bearing” behavior led researchers to exam-
ine the use of these structures as rheology modi-
fiers in blends. Kim and Webster15 blended poly-
styrene with two different hyperbranched, bromi-
nated polyphenylene structures and then noted
that upon their addition, the melt viscosity of
polystyrene was reduced. The tensile modulus of
a 2% blend was shown to increase while the flex-
ural modulus remained unchanged when com-
pared to pure polystyrene. Aryl–aryl interactions
between the styrene and the polyphenylene struc-
tures were thought to increase the moduli. Massa
et al.16 reported that a blend of linear bisphenol A
polycarbonate, PC, with an all-aromatic, hyper-
branched polyester resulted in increased tensile
and compression moduli as well as decreased
strain to break when compared to that of pure PC.

The above melt viscosity studies revealed that
dendrimers and hyperbranched structures do not
exhibit a rubbery plateau; however, these studies
cannot extend below the glass-transition temper-
ature due to the nature of the test. Dynamic me-
chanical studies, using solid samples such as flex
specimens, are not possible on pure dendrimers
and hyperbranched structures because most can-
not be molded into solid parts. The most useful
method for studying the entire range of molecular
motion from far below to far above Tg (and Tm for
crystalline structures) is dielectric spectroscopy.
To date, the literature reports only one study
using dielectric properties of hyperbranched poly-
esters.17–19 These authors identified glass transi-
tions, which were characterized by Williams–
Landel–Ferry behavior and secondary relax-
ations conforming to Arrhenius behavior. In their
most recent study,19 they report on the effect of
end groups on glass and secondary transitions
and compare results to those obtained for linear
analogues. In their studies, hyperbranched mole-
cules were blended with polyethylene since the
hyperbranched structures did not form films.

Herein, we focus on the physical characteriza-
tion of a specific class of ester- terminated, amide-
based dendrimers. In the following work, matrix-

assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) was used to
determine molecular weight and X-ray diffrac-
tometry was employed for structure analysis.
Thermogravimetric analysis aided in the assess-
ment of thermal stability, while differential scan-
ning calorimetry was utilized in the analysis of
molecular relaxations, namely, glass transitions.
These primary (a) as well as secondary (b and g)
relaxations were further characterized via dielec-
tric analysis. In addition, conductivity effects
were investigated. Our method of dielectric exper-
imentation circumvents the need to blend powder
dendrimers with a polymer matrix to produce a
film. To our knowledge, this is the first work to
conduct dielectric analysis on neat dendrimers.

EXPERIMENTAL

Materials

The tert-butyl dendritic samples were previously
characterized and reported.20 Figure 1 depicts the
molecular structure of the first generation, or tier,
where R represents either a tert-butyl or methyl
terminal group, of which there are 12. The second
and third tiers theoretically contain 36 and 108

Figure 1. Molecular structure and formula of 12-
ester-terminated dendrimer (1), molecular formulas for
36- (2), and 108- (3) ester-terminated dendrimers.
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termini, respectively. Figure 1 gives the molecu-
lar formulas for 12- (1a), 36- (2a), and 108- (3a)
tert-butyl esters and 12- (1b), 36- (2b), and 108-
(3b) methyl esters.

METHODS

Matrix-Assisted Laser Desorption/Ionization
Time-of-Flight Mass Spectrometry

A Bruker II MALDI-TOF MS was utilized in the
analysis of molecular weights. Insulin and cyto-
chrome C were used as the standards for external
calibration. A 10 mg/mL solution of the matrix,
trans-3-indoleacrylic acid, was prepared in tetra-
hydrofuran (THF). Each sample (; 1 mg) was
first dissolved in 1.0 mL of THF, after which
aliquots of 2.0 mL were added to 18 mL of the
matrix solution. One drop of each final solution
was placed on a numbered cell on the sample
target. After evaporation, a thin film of the sam-
ple and matrix remained. Experimentation was
conducted in the linear mode using Xterm and
Xacq software for data acquisition.

Thermogravimetric Analysis*

Thermogravimetric Analysis (TGA) was con-
ducted on a TA Instrument Hi Resolution TGA
2950. After the initial taring of empty platinum
TGA pans, samples (2–6 mg) were placed on the
pans and heated from 25°C to 500°C at a rate of
10°C/min under nitrogen. Flow rates to the fur-
nace (sample) were between 34.0 and 38.0 mL/
min, while flow rates to the balance ranged from
22.5 to 25.5 mL/min. The amount and rate of
change in the weight of each sample were re-
corded as a function of temperature to determine
thermal stability; a sensitivity of 0.1 mg and a
balance accuracy of 60.1% were realized.21

Differential Scanning Calorimetry*

Differential Scanning Calorimetry (DSC) experi-
ments were performed on a TA Instrument DSC
2920. Samples (5–10 mg) were hermetically
sealed in aluminum DSC pans, as were empty
reference pans. Under a 25 mL/min helium purge,
samples and references were sequentially heated,

cooled,** and reheated at a rate of 3°C/min from 0
to 150°C. The differential heat flow between the
sample and reference was measured vs. temper-
ature. The thermal history of the samples was
erased upon the first heating; therefore, glass-
transition temperatures were obtained from the
second heating and were taken as the inflection
point of the curve. Cooling and reheating of the
samples allowed the assessment of potential re-
crystallization from the melt in the crystalline
tiers. The DSC has a sensitivity of 0.2 mW, calo-
rimetric precision of 1%, temperature reproduc-
ibility of 0.05°C, and temperature accuracy of
60.1°C.22

X-Ray Diffraction

Powder diffraction data for crystalline dendrim-
ers were obtained with a Scintag XDS-2000 X-ray
diffractometer utilizing Scintag DMS software
and a wavelength of 1.54 Å.

Dielectric Analysis*

Dielectric Analysis (DEA) was conducted on a TA
Instrument DEA 2970. In order to obtain dielec-
tric spectra from the neat powder dendrimers,
DEA ceramic single-surface sensors, equipped
with a series of channels (125 mm wide and 12.5
mm deep) surrounded by electrodes, were utilized.
After sensor calibration under a nitrogen purge of
ca. 500 mL/min, the sample was distributed over
the surface of the sensor, which rests on a fur-
nace. When lowered, the ram applied a maximum
force of 250 N to achieve a minimum spacing of
2.500 mm, thus embedding the powder into the
channels. Spring-loaded electrical probes, pro-
truding from the ram, made contact with electri-
cal contact pads on the sensor to form the circuit.
When voltage was applied, the sample response
was measured as a function of temperature and
frequency (0.1 and 100,000 Hz). Samples were
run twice at a heating rate of 3°C/min from
2150°C** to 150°C. The second scan was more
reliable since, having passed through the glass
transition during the initial heating, the sample
achieved flow and uniformly distributed itself be-
tween the channels in the sensor. Cole–Cole data
were subsequently obtained by heating the sam-

* A TA Instruments Thermal Analyst 2000 computer sys-
tem equipped with data analysis software interfaced with
TGA, DSC, and DEA.

** Programmed cooling in DSC experiments, as well as
cooling to sub-ambient temperatures reaching 2150°C in DEA
experiments, was achieved with a TA Instruments Liquid
Nitrogen Cooling Accessory (LNCA).
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ples in 5°C increments within the given temper-
ature range with 6-min isothermal measure-
ments at each increment. The isothermal mea-
surements allowed data acquisition over the
entire frequency range. Capacitance and conduc-
tance were measured as a function of tempera-
ture and frequency to give the dielectric constant
or permittivity, «9 (proportional to capacitance)
and the loss factor, «0 (proportional to conduc-
tance). The DEA offers a dielectric constant sen-
sitivity of 0.01 and an isothermal stability of
0.2°C.23

RESULTS AND DISCUSSION

MALDI-TOF MS

Weight average and number average molecular
weights (Mw and Mn) obtained via MALDI-TOF
MS are given in Table I; the polydispersity (PD)
and theoretical molecular weights are also listed.
While first generation molecular weights closely
coincide with theoretical values, defects are noted
in the second- and third-generation molecular
weights due to incomplete addition of the outer
tier. It should be noted that the measured masses
include associated cations, Na1 and K1 being the
most common; this is more evident in the first
generations.

TGA

TGA analysis revealed that the methyl esters (1b,
2b, and 3b) are thermally stable at temperatures
up to 290°C. At approximately 235°C (Fig. 2),
tert-butyl esters 1a and 2a lost 37.9% and 36.0%
of their weights, respectively, which closely corre-
spond to the theoretical amounts of isobutylene
which would be produced due to the loss of the
tert-butyl groups. It is well known that tert-butyl

esters thermally eliminate isobutylene to gener-
ate the corresponding carboxylic acids, referenced
in Table II as 1*, 2*, and 3*. Dendrimer 3a expe-
rienced a 34.2% weight loss from which it was
determined that approximately only 84 of the 108
tert-butyl groups were present. Decomposition
temperatures (Td) of the carboxylic acid and
methyl ester terminated structures are listed in
Table II. Miller et al.24 found that a fourth gen-
eration aryl ester dendrimer based on 1,3,5-ben-
zenetricarboxylic acid was thermally stable up to
500°C at a heating rate of 10°C/min under N2.
However, the Tg (141°C) was much greater than
those encountered for the dendrimers in this
study. The elevated Tg indicates that degradation
reactions are impeded by a lack of molecular mo-
bility until much higher temperatures are
reached.

DSC

Glass-transition temperatures and melting points
were obtained via DSC and are listed in Table III.
The glass-transition temperature was taken as
the inflection point of the transition. The inflec-
tion point is the midpoint between the onset and
offset of this relaxation. Only the first generations
(1a and 1b) were crystalline; the higher genera-
tions did not pack efficiently enough to form crys-

Table I. MALDI-TOF MS Data

Mw Mn PD

Theoretical
Molecular Weights

(g/mol)

1a 2,046 2,046 1.00 2,015
2a 5,371 5,308 1.01 6,112
3a 13,784 13,620 1.01 18,404
1b 1,585 1,584 1.00 1,510
2b 4,559 4,457 1.02 4,597
3b 10,062 9,808 1.03 13,859

Figure 2. TGA plots for 12- (1a), 36- (2a), and 108-
(3a) tert-butyl esters.

Table II. TGA Data (°C)

Loss of Isobutylene Td Td

1a 238.5 1* 294.9 1b 293.0
2a 234.1 2* 295.4 2b 317.5
3a 231.6 3* 299.0 3b 310.7
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talline structures. Figure 3 depicts the DSC pro-
file of the tert-butyl terminated, dendrimer 1a for
the first (A) and second (B) heating at a rate of
3°C/min to 150°C, well below its thermal expul-
sion of isobutylene. In the initial scan, two ther-
mal transitions were observed, Tg and a melting
endotherm, Tm, which appeared at 106.4°C
(379.5. K). After controlled cooling at 23°C/min,
subsequent heating revealed only a Tg at 38.3°C
(311.4 K). The Tg/Tm ratio, 0.82, is typical for
small molecules9 (; 0.75). The absence of Tm in
the second scan was significant, as it revealed
that crystallization of the neat dendrimer from
the melt was unsuccessful; whereas, it readily
crystallized from solution. Attempts to crystallize
the dendrimer by annealing at temperatures be-
tween Tg and Tm were unsuccessful. The methyl-
terminated dendrimer 1b exhibited a melting
transition in both the first and second scans. Fig-

ure 4 depicts the second scan and cooling curve
which revealed a crystallization exotherm, Tc, sig-
nifying the recovery of crystallinity from the melt.
As expected, subsequent heating resulted in the
reappearance of a melting endotherm. Tg was ob-
served in the second heating at 2.4°C (275.5 K)
and the Tg/Tm ratio was 0.70. Analysis of den-
drimers 2a, 3a, 2b, and 3b evidenced no melting
endotherm and crystallization could not be in-
duced from either solution or the melt. This cor-
responds well with data reported by Kim et al.9

where it was determined that triphenylbenzene
terminal functionality influenced the tendency of
the structure to crystallize; derivatives possess-
ing H, Br, and Cl end groups readily crystallized
from the melt, while samples with OCH3 and
CH2OCH3 end groups only crystallized from solu-
tion.

In this study, it was shown that as the molec-
ular weight increased with generation number,
Tg also increased. Plots of Tg vs. molecular weight
for linear polymers level off above a critical mo-
lecular weight. Similarly, glass-transition tem-
peratures of dendrimers approach a constant
value with increasing generation number; Tg val-
ues plateau around the fourth or fifth generation.
It is uncertain where the Tg vs. molecular weight
curve plateaus for the dendrimers in this study.

Table III. DSC Relaxation Temperatures (°C)
[Heating Rate 3°C/min]

1a 2a 3a 1b 2b 3b

Tg 38 48 60 2 22 32
Tm 106 121
Tc 97

Figure 3. DSC plot for 12-tert-butyl ester (1a): (A) first heating; (B) second heating.
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X-Ray Diffraction

Powder X-ray diffraction patterns confirmed the
calorimetric data. Sharp Bragg peaks in 12-tert-
butyl ester (1a; Fig. 5, spectrum A) arose from
scattering at well-defined crystalline regions in
the unheated sample and became diffuse upon
heating above the Tm (Fig. 5, spectrum B). In
12-methyl ester (1b), the presence of sharp Bragg
peaks before and after heating above Tm con-
firmed recrystallization from the melt. Peak over-
lap in the powder diffraction pattern leading to
ambiguous I(hkl) intensities inhibited complete
structure resolution.25

DEA

The dielectric constant or permittivity («9) mea-
sures the alignment of dipoles in an electric field
and the loss factor («0) represents the energy re-
quired to align dipoles and move ions. Maxima in
«0 vs. temperature plots for tert-butyl esters (rep-
resented by dendrimer 2a in Fig. 6) revealed a
secondary, or b, relaxation process noted at low
temperatures from 0.1 to 100,000 Hz, where fre-
quency increased with temperature. The b tran-
sition in the tert-butyl esters was more pro-
nounced than in the methyl esters, as shown by
comparison of second generation dendrimers in

Figure 7. The temperature of the transition in-
creased with generation number; at 100 Hz, b
transitions in tiers 1, 2, and 3 occurred at 284.3,
279.2, and 273.6°C, respectively. The observed
broad peaks represent a spectrum of relaxation
times. Peak maxima were assigned and the slope
of the line obtained from Arrhenius plots (Fig. 8)
of ln frequency vs. the reciprocal of temperature
was used to calculate activation energies for the
molecular motion encountered in the b process.
This is similar to Arrhenius behavior that is com-
monly noted in linear polymers for secondary re-
laxation processes.26 In the methyl esters, the
peak maximum for each relaxation was less ap-
parent; therefore, activation energies could not be
calculated with certainty. It was observed that, in
addition to secondary b relaxations, secondary g
relaxations were detected in the methyl ester den-
drimers. Clear g relaxations were observed in
dendrimer 1b between 6000 and 60,000 Hz; g
relaxations observed between 10 and 6000 Hz for
dendrimer 3b were less pronounced.

In broad terms, this Arrhenius behavior is
characteristic of the movement of individual
groups (e.g., such as individual ester and amide
moieties) in macromolecules.27 Figure 7 reveals
stronger b relaxations in the tert-butyl esters
than in methyl esters. This discrepancy in peak

Figure 4. DSC plot for 12-methyl ester (2a): (A) cooling after first heating; (B) second
heating.
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intensity may indicate that rotation of tert-butyl
groups contributes to the b process. Expression of
g relaxations occurred only in the methyl esters
and is thought to be partially attributed to dipolar
amide groups.28

The complete nature of the b relaxation process
cannot be identified with absolute certainty; how-
ever, two possible contributing mechanisms are
suggested in separate studies conducted on mac-
romolecules containing amide and tert-butyl ester

Figure 5. X-ray diffraction of 12- tert-butyl ester (1a): (A) before; and (B) after
heating above Tm.

Figure 6. DEA plot for 36-tert-butyl ester (2a).
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groups. Secondary b relaxations in polyamides
(summarized by McCrum et al.28) were inter-
preted as the motions of dipolar (e.g., CH2NH2
and CH2OH) chain end groups and the motions of
chain segments including amide groups, which

are not H-bonded to neighboring chains. The ac-
tivation energy for the b process in these poly-
mers was shown to vary between 13 and 21 kcal/
mol.29 A second possible mechanism could involve
molecular motion of the bulky ester termini; hin-

Figure 7. DEA plot in b relaxation region for 36-tert-butyl ester (2a) and 36-methyl
ester (2b) at 300 Hz.

Figure 8. Arrhenius plot for b relaxation in 108-tert-butyl ester (3a).
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dered rotation of specific ester side-groups in
poly(tert-butyl methacrylate) resulting in a 17
kcal/mol activation energy has been postulated.30

Activation energies obtained in this study ranged
between 11 and 21 kcal/mol. Both mechanical and
dielectric data indicate that when the a and b
transitions do not overlap, the activation energy
for the b relaxation is independent of the size of
the alkyl group.29

Table IV lists the calculated apparent activa-
tion energies for samples heated at 3°C/min. All b
transitions observed in the amorphous dendrim-
ers agreed within about 62 kcal/mol. However, it
is noted that the crystalline dendrimer 1a has a
higher apparent activation energy in the first
scan since molecular motion is impeded in the
crystalline matrix requiring more thermal energy
than in the “loose” amorphous matrix. As stated
previously, the crystallinity in dendrimer 1a was
not recovered after a second heating; therefore,
the apparent activation energy reported in the
second scan is comparable to the values reported
for the amorphous tiers 2a and 3a. Due to the
inability to assign peak maxima for unclear relax-
ations in the methyl esters, all activation energies
could not be calculated. The second scan for the
first tier methyl ester (1b) resulted in an activa-
tion energy of 15.4 kcal/mol. This value for the
crystalline matrix is less than the activation en-
ergy for the crystalline first tier of the tert-butyl
ester (1a), 20.9 kcal/mol, indicating that motion
associated with the b relaxation is more hindered
in the tert-butyl-terminated dendrimer. The acti-
vation energy, 9.0 kcal/mol, for the g relaxation
observed in the methyl esters was obtained only
for dendrimer 1b and is comparable to values for
g relaxations noted in linear polymers.28

Both dipole polarization and ionic conduction
contribute to dielectric spectra.31,32 At tempera-
tures at and below Tg, dielectric relaxations are
encountered in which only the reorientation of
dipoles is noted. At high temperatures and low

frequencies, ionic conductance becomes signifi-
cant.23 In low frequency d.c. conduction, the hop-
ping of mobile charge carriers is rapid over low
free energy barriers in alignment with the electric
field, while they accumulate when high free en-
ergy barriers are encountered. This results in a
net polarization of the ionically charged system
which contributes to «9 and «0. At high frequen-
cies, the periodic shift of the electric field prevents
the accumulation of charges at high-energy bar-
rier sites, thereby eliminating the net polariza-
tion discussed above.33

Conductive effects obscured the contribution of
dipole alignment to «0 in the dendrimers studied;
thus, further treatment of the data was required.
This marked dielectric loss at a temperature near
Tg has been noted in amide-containing nylon
polymers,27,34 such as nylon-10,10 and the corre-
sponding N-methylated derivatives, in which Mc-
Call and Anderson noted that, in the absence of
an ionizable amide hydrogen, conductivity effects
are minimized.35 In order to observe the glass
transition, the data were mathematically treated
in terms of the electric modulus, M*, which is
defined as the inverse of complex permittivity, «*,
where «* 5 «9 2 i«0 and M* 5 M9 1 iM034 such
that

M9 1 iM0 5 ~«9 2 i«0!21 (1)

M9 5
«9

~«9!2 1 ~«0!2 and M0 5
«0

~«9!2 1 ~«0!2 (2)

Figure 9 depicts the dielectric loss function both
before and after treatment with the electric mod-
ulus. M0 reveals the a relaxation, Tg, at approxi-
mately 80°C, as well as a second peak at 125°C.
Starkweather and Avakian observed such a high
temperature peak in dielectric studies on Nylon 6.
They refer to this peak as a “conductivity relax-
ation” and note that it is due to algebraic proper-
ties of conductivity and does not reveal any infor-
mation about the viscoelastic properties of the
material.34 Figure 10 shows the a transition at
three frequencies.

The dendrimers exhibit classic polymeric di-
electric behavior,27 in which M0 absorptions (cor-
responding to the loss factor «0) become broader
and increase in height as the frequency increases.
As observed for high polymers, a plot of ln fre-
quency vs. the reciprocal of temperature for the
glass-transition process is curved. It is well
known that M0 curves can be shifted such that the

Table IV. Activation Energies for b and g
Relaxations in kcal/mol

1a 2a 3a 1b 2b 3b

b
Scan 1 20.9 13.4 12.9 — — —
Scan 2 11.8 12.1 11.3 15.4 — —

g
Scan 2 9.0 — —

MOLECULAR RELAXATIONS IN DENDRIMERS 2033



maxima can be superimposed, and the shift factor
(aT) follows the WLF (Williams, Landel, and
Ferry)36 equation:

ln aT 5
2C1~T 2 To!

C2 1 ~T 2 To!
(3)

where aT corresponds to frequency, C1 and C2 are
WLF constants, T is a given temperature, and To
is the reference temperature which corresponds
to Tg.

The values C1, C2, and To were determined by
curve fitting the data to the WLF equation (Fig.

11). Activation energies were calculated accord-
ing to the method of Catsiff and Tobolsky37:

DH 5 2.303~C1/C2!RTg
2 (4)

The WLF constants C1 and C2 provide informa-
tion regarding the fractional free volume in the
glass transition region (fg) and the thermal ex-
pansion coefficient (af)

36 as illustrated in the fol-
lowing equations:

fg 5 B/~2.303 3 C1! (5)

af 5 fg/C2 (6)

where fg is defined as the unoccupied (free) vol-
ume in the structure and B is taken as unity,
according to Doolittle.38 Data, obtained in the
glass-transition region, are shown in Table V. As
Tg increased, the apparent activation energy
drastically increased since Tg involves large-scale
motion. As the generation number increased,
branching and the number of chain ends also
increased; thus, fg became larger in the tert-butyl
esters, as did af. The methyl esters, however,
exhibited the opposing trend indicating more ef-
fective packing with increasing generation num-
ber. Trends in the calculated thermal expansion
coefficients matched those for free volume as a
function of tier number.

As the molecular weight and branching of the
structure increase, molecular motion becomes
more complex. Therefore, although not shown, a
broadening of «0 peaks was observed with increas-
ing generation number that reflected an increase

Figure 9. Dielectric loss function of 108-tert-butyl
ester (3a).

Figure 10. Frequency dependence of glass transition
for 108-tert-butyl ester (3a) after treatment with the
electric modulus.

Figure 11. WLF plot for glass transition of 36-tert-
butyl ester (2a).
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in the spectrum of relaxation times. The magni-
tude of the activation energy and fit to the WLF
equation in the glass transition of dendrimers are
also characteristic of long-chain polymers. Values
for the constants C1 and C2, however, do vary
from the “universal” constants reported36,39 for
high polymers (C1 5 17.4 and C2 5 51.6).36,39 In
linear polymers, the glass transition has been
largely attributed to translational motion of en-
tire molecules and cooperative motion of chain
segments approximately 40–50 carbon atoms in
length.40 When considering the differing struc-
ture of dendritic macromolecules, it is very inter-
esting to note that even the lowest molecular
weight dendrimer conforms to WLF behavior.
This finding points to the need to redefine molec-
ular motion throughout the glass-transition re-
gion in linear polymers.

The dielectric data were further analyzed in
the b transition region via the Cole–Cole method28,41

where «0 was plotted against «9 for a series of
frequencies at a constant temperature; data ac-
quisition was repeated in 5°C increments. Plots
deviated from semicircular behavior, indicating
that a spectrum of relaxation times is associated

with the b process. Figure 12 is a representative
Cole–Cole plot for the b process. Intersection with
the x-axis occurs at two points («`, representing
the high frequency, unrelaxed state followed by
«o, representing the low frequency, relaxed state).
The difference between these states, D«, yielded
dielectric (relaxation) strengths. Table VI lists D«
values for b relaxations, which were found to in-
crease with generation number. Dielectric
strengths for b relaxations were obtained only for
tert-butyl esters, since Cole–Cole plots for methyl
esters were unclear. Values for D« for b relax-
ations were comparable to those obtained for
amorphous linear polymers studied in our labora-
tory.42

The electric modulus approach was also ex-
tended to the Cole–Cole method for a34,43,44 and
b44 relaxations to give DM9. Representative Cole–
Cole plots of M0 vs. M9 are depicted in Figure 13
in which complex behavior was observed for the a
process. Contrary to traditional Cole–Cole plots
(«0 vs. «9),41 M9 values proceed from lower to
higher frequencies; thus, the left-hand intersec-
tion of the curve with M9 represents the relaxed
state (Mo) while the right-hand intersection rep-
resents the unrelaxed state (M`). Greater values
were characteristic of the large-scale motion as-
sociated with a (glass) transitions, while the
small-scale motion encountered in the b process
produced strengths of a lesser magnitude. Relax-
ation strengths, which were comparable for tert-
butyl and methyl ester structures in the glass-
transition region, were found to increase with
generation number. Relaxations in complex di-
electric plots were obscured in the b region for the
methyl esters, as well as in the a region of the
incomplete third tiers for both families.

Cole–Cole representations of high tempera-
ture, conductivity relaxations revealed semicircu-
lar behavior with the low frequency end intersect-
ing the origin of the M9 axis. This behavior corre-
sponds closely to a Debye single-relaxation

Figure 12. Cole–Cole plot for b relaxation in 12-tert-
butyl ester (1a) at 2140°C.

Table V. Data Obtained for a Relaxations

1a 2a 3a 1b 2b 3b

DH (kcal/mol) 99.1 125.6 167.9 79.3 102.9 99.4
Tg (°C) 44.3 59.6 75.6 15.7 40.4 53.3
C1 16.5 11.4 10.8 10.6 11.6 13.9
C2 76.8 46.0 35.8 50.9 50.6 68.2
fg 0.0263 0.0381 0.0402 0.0410 0.0375 0.0312
af (1023) 0.342 0.828 1.12 0.806 0.741 0.457
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process as was noted by Starkweather et al. for
Nylon 6.34

The ionic conductivity, s, is given in the follow-
ing equation23,34:

s 5 «0v«o (7)

where v is the angular frequency (2pf) and «o is
the absolute permitivitty of free space (8.85
3 10212 F/m). Figure 14 depicts plots of log con-
ductivity (pmho/cm) vs. absolute temperature
(1000/T(K)) for the first tiers of (1a) tert-butyl and
(1b) methyl esters. Dendrimers 1a, 2a, 3a, 2b,
and 3b exhibited Arrhenius behavior at temper-
atures greater than Tg where ionic conductivity
was prevalent; apparent activation energies ob-
tained were 9.1, 10.4, 9.5, 8.7, and 9.4 kal/mol,
respectively. Starkweather and Avakian34 also
observed this linear relationship for conductivity
in nylons 6, 66, and 6I obtaining apparent activa-
tion energies that ranged from 24 to 44 kcal/mol.
They concluded that movement of polymer seg-
ments is necessary for the migration of charged
species. Arrhenius behavior was not obeyed by
dendrimer 1b as seen by the discontinuity ob-
served at approximately 2.7 K21; this value cor-

responds to 97°C which is the temperature at
which recrystallization from the melt occurs.

CONCLUSIONS

In summary, both the chemical nature (function-
ality) and branching complexity of the molecular
structures influenced the ability of these macro-
molecules to assemble into crystalline lattices.
First generation tert-butyl ester was crystalline
only upon recovery from solution, whereas crys-
tallinity in the first generation methyl ester was
also recovered from the melt. Tert-butyl esters
exhibited clear b relaxations that increased in
temperature with generation number. Secondary
relaxations in methyl esters were less pro-
nounced, however, apparent activation energies
for the b and g process in the first tier were
determined. Secondary relaxations were charac-
terized by Arrhenius behavior and their apparent
activation energies were calculated accordingly.

Table VI. Dielectric Strengths

1a 2a 3a 1b 2b 3b

D«
b 0.0688 0.161 0.248 — — —

DM
b 0.0338 0.0394 0.0435 — — —
a 0.113 0.244 — 0.112 0.251 —

Figure 13. Cole–Cole representation for a relaxation
in 36-methyl ester (2b) at 65°C.

Figure 14. Conductivity in 12-tert-butyl ester (1a)
and 12-methyl ester (1b).
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When ionic conductivity effects were removed
through mathematical treatment with the elec-
tric modulus, the glass transition was revealed.
Tert-butyl and methyl esters exhibited well-de-
fined glass (a) transitions whose temperatures
increased with generation number. Adherence to
WLF behavior allowed determination of apparent
activation energies, as well as, calculation of free
volume (fg) and thermal expansion coefficients
(af) which are related to the WLF constant C1 and
C2, respectively. Values for fg and af increased
with generation number in tert-butyl esters. The
methyl esters, however, exhibited the opposing
trend indicating more effective packing with in-
creasing tiers. Apparent activation energies in
the glass-transition region also increased with
generation number. Relaxation strengths also in-
creased with generation number; values were
comparable for tert-butyl and methyl ester struc-
tures in the glass-transition region. Electric mod-
ulus data also revealed conductivity relaxations,
at temperatures above the glass transitions,
which conform to the Debye process for a single
relaxation time. The physical characterization of
the above relaxations is significant as it provides
insight into molecular motion in dendrimers.
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