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ABSTRACT: Broadband dielectric spectroscopy has been used to analyze the molecular dynamics in a
set of nine poly(ethene-alt-N-alkylmaleimide)s. The polymers were studied in the frequency range from
0.1 Hz to 10 MHz and at temperatures between 120 and 500 K. The alternating maleimide copolymers
possess alkyl side chains varying in length from methyl to octadecyl. Four relaxation processes are
observed: (i) a (secondary) -relaxation corresponding to librational fluctuations of the terminal end group
of the alkyl side chain, (ii) the o'-relaxation being assigned to a relaxation of the side chain, (iii) the
dynamic glass transition (o-relaxation), being designated to motions of the succinimide ring, and (iv) the
as-relaxation reflecting cooperative fluctuations of an ensemble of about 2—3 maleimide rings in an
underlying helical superstructure. This model is supported by calorimetric measurements and published

nuclear magnetic resonance data.

Introduction

A great variety of alternating maleimide (MI) copoly-
mers have been exploited in material sciences in order
to improve bulk and surface properties.!~10 The easy
approach, realized by polymer analogous reaction of
alternating maleic anhydride copolymers with amino-
functionalized compounds, is responsible for the intro-
duction of different side groups with desired character-
istic features for their use in special application fields.
Especially, the development of MI copolymers for sur-
face engineering is challenged to realize different states
of hydrophilic/hydrophobic surface properties®’ to be
used as top-coat layer, adhesion promoter, or biocom-
patible layer. It is desirable to combine valuable proper-
ties of the side chain and polymer backbone to realize
materials that meet specific needs. For this purpose,
knowledge of the mechanical and thermal features of
MI copolymers! is important to enable tailor material
properties for surface engineering purposes.

In this paper, broadband dielectric spectroscopy was
employed to study the molecular dynamics in poly-
(ethene-alt-N-alkylmaleimide)s with varied lengths of
N-alkyl side chains (Figure 1 and Table 1). It is expected
that molecular motions related to main chain and effects
arising from the N-alkyl side chain can be well under-
stood due to the simplified structures of the side chains.
Few dielectric studies on relaxation processes in Ml
homopolymers!?13 and copolymers* have been reported.
The gained dielectric properties in detail build the basis
to extend investigations on other MI backbones (styrene—
maleimide and octadecene—maleimide combination of
the alternating backbone) with different attached side
chains for designing hydrophilic/hydrophobic states.>11
In general, a better understanding of the molecular
dynamics in alternating MI copolymers for the applica-
tion in surface engineering and for emergence of new
uses of these materials can be established.
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Figure 1. Schematic representation of the chemical formula
of the maleimide unit that forms the basis of the main chain.
The chemical structure of R is described in Table 1.

Table 1. Abbreviation of the Alternating M1 Copolymers
and Their Chemical Structure, Molecular Weight (M,y) of
the Repeating Unit Ethene—N-Alkylmaleimide (RU), and
the Calculated Molecular Weight for Nearly 100 % of
Converted Maleic Anhydride Groups in
Poly(ethene-alt-maleic anhydride)

My of RU Mw

side chain attached

copolymer2  atR asin Figure 1 [g/mol] [x 103 g/mol]
Mi1l CH3 139.2 ~138
MI2 CH,—CH3s 153.2 ~152
MI3 (CH2),—CH3 167.2 ~166
MIi4 (CH2)3—CH3 181.2 ~180
MI6 (CH2)s—CH3 209.3 ~207
MI12 (CH2)11.—CH3 293.5 ~291
MI14 (CH2)13—CH3 321.5 ~319
MI16 (CH2)15—CH3 349.6 ~347
MI18 (CH2)17—CH3s 377.6 ~374

2 Degree of polymerization ~ 992 for the repeating unit ethene—
maleic anhydride in converted poly(ethene-alt-maleic anhydride).

Experimental Section

Synthesis and Characterization of Ml Copolymers.
The chemicals [tetrahydrofuran (THF), methylamine, ethyl-
amine, n-propylamine, n-butylamine, n-hexylamine, n-dodec-
ylamine, n-tetradecylamine, n-hexadecylamine, and n-octa-
decylamine] were purchased from Aldrich and used as re-
ceived. The alternating maleic anhydride (MA) copolymer poly-
(ethene-alt-maleic anhydride) (M,, 125 000 g/mol) was also
purchased from Aldrich (Munich, Germany). MI copolymers
[MI1, MI2, MI3, MI4, MI6, MI112, MI14, M116, and M118] were
prepared by dissolving poly(ethene-alt-maleic anhydride) (1
mol) and the corresponding amine (1.05 mol) in THF and
stirred at 393.15 K for 24 h in an autoclave. The cooled reaction
solution was poured into acidic water solution. The resulting
M1 copolymers were washed intensively with water and then
dried in a vacuum at 313 K. The copolymers were character-
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Table 2. Transition Temperatures and Enthalpies of Ml
Copolymers Determined by DSC?2

copolymer Ty [K] Tm [K] AHn [J/9]

MI1 414.3

MI2 382.4

MI3 363.5

Ml4 341.0

MI16 314.6

MI12 326.9 236.1 10.9
358.0 3.7

MI14 335.5 266.9 28.5
367.7 3.9

MI16 338.7 293.0 32.7
371.0 2.7

MI18 340.2 310.0 45.9
369.2 1.8

a Data were obtained from second heating run at scanning rate
= 20 K/min.

ized by attenuated total reflection infrared spectroscopy
(ATR-IR), which showed complete conversion of the maleic
anhydride ring into the maleimide ring. The ATR-IR spectra
did not show additional carbonyl bands of nonconverted maleic
anhydride or free acid groups coming from nonconverted and
hydrolyzed maleic anhydride groups. NMR investigation of the
aliphatic M1 did not reveal acid groups, too. Therefore, a nearly
complete conversion of the MA units took place. The calculated
molecular weights based on the molecular weight of the
repeating unit and the average degree of polymerization of the
repeating units are shown in Table 1. The complete reaction
procedure is similar to the one described in ref 5b.

Glass transition temperatures (Ty) and melting tempera-
tures (Tm) were determined on a differential scanning calo-
rimeter (DSC) Q 1000 with an autosampler (TA Instruments)
in the temperature interval 193.15—-473.15 K at a heating rate
of £20 K/min. The T4's were determined using the half-step
method from the second heating run (Table 2).

Molecular Modeling. The molecular modeling calculations
were carried out on a LINUX operating system, SUSE Distri-
bution 8.2,'> Kernel 2.4. The geometry and the conformation
of the monomer units were optimized by means of quantum
mechanical ab initio calculations using GAMESS?® software
by applying a 6-31G** (with diffuse orbitals: for H as +2p
and for C, N, O, and F as +3s and +3p) basis set of the
Hartree—Fock self-consistent-field method. Single polymer
chain models were generated by RESMAIN?’ software, which
is able to link up different kinds of monomer units. The
formation of connecting monomers of ethene and maleimides
for the dipole moment calculation were carried out by an
alternating polymerization based on a randomly chosen rota-
tion angle of £20°. Dipole moment calculations were done
using all coordinates of atoms of the current polymer confor-
mation and the relative atomic charges obtained from the
guantum mechanical ab initio calculations.

Dielectric Measurements and Data Analysis. To pre-
pare the samples, Ml materials were heated in a vacuum until
they melted and kept between two brass electrodes (diam-
eter: 10 mm) with 50 um glass fiber spacers. Isothermal
dielectric measurements were performed in the frequency
range from 107! to 107 Hz using a high-resolution dielectric
Alpha-analyzer (Novocontrol GmbH). Dielectric spectra were
obtained starting from the highest temperature for the range
120—-500 K in steps of 2 K. The sample temperature was
controlled by a gas heating system based on evaporation of
liquid nitrogen (Quatro, Novocontrol GmbH) with a precision
of £0.02 K. Details of the set up are found in ref 18.

For quantitative analysis, the dielectric loss €' was fitted
to a superposition of a conductivity contribution with one or
two relaxation functions according to Havriliak and Negami.®

€'(w) = ()

Joa
6 5
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The first part on the right-hand side of the equation describes
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Figure 2. DSC curves of samples MI16, MI112, and MI118 ob-
tained from the second heating at a rate of 20 K/min. Numbers
indicate the transition temperatures of the two endothermic
transitions (1 and 3) and of the glass transition (2).

the conductivity while the second part that is added is the
imaginary part of the total dielectric loss. In this notation, one
relaxation process is assumed. ¢ is the permittivity of free
space, and oy is the direct current (dc) conductivity. g and y
are dimensionless parameters describing the symmetric and
asymmetric broadening of the distribution of relaxation times,
respectively, with 0 < (5, By) < 1. For =y =1, eq 1 coincides
with an ideal Debye relaxation. The exponent s equals one for
Ohmic behavior, deviations (s < 1) are caused by electrode
polarization or Maxwell—Wagner polarization effects, and a
is a factor having the dimensions [a] = (Hz)*" for s = 1. From
the fits according to eq 1 the relaxation rate 1/tmax Can be
deduced, which is given at the frequency of maximum dielectric
loss €' for a certain temperature. Within experimental uncer-
tainty, eq 1 described our data well. The relaxation strength
Ae obtained can be used to estimate the value of the dipole
moment being involved in the relaxation process. This can be
done through the Kirkwood—Frohlich theory?°=2% from the
relation

2

~apn—H#
Ae~n 3K Tey Oek (2

where grk represents the Kirkwood—Frohlich correlation factor
(which in the calculations it was not considered). u is the dipole
moment, n the dipole density, kg the Boltzmann constant, T
the temperature, and ¢, as explained in eq 1.

Results and Discussion

Differential Scanning Calorimetry. In this paper
the transition temperatures and enthalpies of the MI
copolymers, summarized in Table 2, will not be dis-
cussed in detail. The data obtained by DSC are used as
supplemental to dielectric relaxation results. Typical
DSC thermograms for MI copolymers M16, M112, and
MI118 are shown in Figure 2.

From MI1 to MI18 the corresponding glass transition
temperature of the MI copolymers decrease, as expected
with increasing length of the alkyl side chains (internal
plasticization). Also, melting of the side chains is
observed for the MI copolymers with longer alkyl side
chains. It can be seen that the transition temperatures
for the melting of the side chains shift from 236.1 K for
MI12 to 310.0 K for MI18. The transition enthalpies are
observed to increase accordingly. Wide-angle X-ray
diffraction (WAXS) investigation for the MI copolymers
revealed backbone-to-backbone distances up to 3.3 nm
for MI118 in the solid state,?* confirming the presence
of layered structure. For the MI copolymers MI1—-MI6
with shorter alkyl side chains, the melting of the side



6052 Tsuwi et al.

=, R
8" o' 1 10 10° 10° 10" 10° 10° |
= log(fHz])
a—qrooess
s
10" 1 10 10¢ 10° 10° 10° 10°
log(fHz])
b T T T T T T

120 160 200 240 280 320 360 400

Temperature [K]

Figure 3. (a) Compound MI3. Dielectric loss vs frequency for
different temperatures: 400 K (square), 410 K (circle), 420 K
(up-triangle), 430 K (down-triangle), and 440 K (diamonds).
The o- and as-processes occur on the same frequency window
with as slower than a. The exponential increase of €' on the
low-frequency side is caused by conductivity contribution.
Inset: dielectric loss € vs frequency at a temperature of 422
K. The solid line represents the Havriliak and Negami (HN)
fit function with parameter a = 3.032 x 107 S/m, s = 0.89,
A€o, = 5.47, 14, = 0.057 S, fo, = 1, yoo = 0.57, Acq = 1.22, 74 =
9.02 x 107% s, B, = 0.61, and y, = 0.63. The error bars are
comparable to the size of the symbols, if not indicated
otherwise. (b) Compound MI6. Real part (¢', open symbols) and
imaginary part (¢", solid symbols) of the dielectric function vs
temperature at frequencies of 9.5 Hz (star) and 970 Hz
(squares). All four relaxation processes, 5, o, a, and os, are
observed in this sample. The a-process is observed as a low-
temperature wing at around 280 K in a background of high
conductivity.

chains was not detected, implying the apparent absence
of side chain crystallization. The described thermal
behavior for the glass transition and side chain melting
in M1 copolymers is similar to MI homopolymers.2526
The last point extracted from Table 2 is that a further
melting temperature above the glass transition for the
MI copolymers possessing side chain melting is observ-
able, which is attributed to order/disorder transition of
the material in the bulk. This transition is similar to
liquid-crystalline systems?’—30 and is depending on the
length of the side chains. The corresponding transition
enthalpies are in the same range (AH = 1.8—3.7 J/g).
For shorter side chains, the order/disorder transition is
not observed presumably due to the influence of the
helical backbone, which reduces the chances of ordered
phases.

Dielectric Spectroscopy. The compounds investi-
gated show different relaxation processes, which are
referred here as 5, o', a, and as according to the se-
guence of their mean relaxation times. Figure 3a shows

Macromolecules, Vol. 37, No. 16, 2004

o S

6 B B
Q.

= %

‘I_l—| . Q}AA -

®, 3l ia ]

¥ ©
£ -y

£ 2r 1

= 1} ]

(@)}

9O of ° : va0a o o g
1 | | | ] _\_'__\
HEN T I

2 3 4 5 6 7 8
1000/T[K]

Figure 4. Activation plot showing compounds MI1 (star), MI2
(hexagon), MI3 (right- triangle), M14 (down-triangle), MI16
(square), M112 (circle), M114 (up-triangle), MI116 (diamonds),
and M118 (left-triangle). Inset: corresponding glass transition
temperatures (Tg) obtained by DSC measurement. For clarity,
error bars are indicated only on one compound, MI6.

Table 3. Dipole Moments and Activation Energies of the
p-Process for Different CH; Units in Alkyl Side Chains of
the MI Copolymers?2

dipoleP dipole
CH; [x1031Asm] [x1073%Asm] Ea

copolymer units  (B-relaxation) (a'-relaxation) [kJ/mol]

Mi1 12+0.1

MI2 1 13+0.1

MI3 2 15+0.1

Mi4 3 1.7+0.1

MI6 5 83+0.1 23.0+4

MI12 11 8.0+0.1 340+t4

MI14 13 8.3+0.1 450+2

MI16 15 9.3+0.1 350+ 2

MI18 17 10.1+ 0.1 38.0+6

a Dipole moments for the o’'-relaxation for copolymers M1, MI2,
MI3, and MI4 are also included. P Compared with a molecular
calculation of the ethyl radical: 7.7 x 10731A s m.

the dielectric loss ¢ as a function of frequency for
compound MI3 at different temperatures above Ty with
the deconvolution of the data (inset) according to eq 1.

From the graph the as process is seen to occur at low
frequencies. At high temperatures, conductivity contri-
butions due to charge transport mechanisms dominate
the €' spectra at low frequencies. Figure 3b shows the
dielectric loss ¢"" as a function of temperature at 9.5 and
970 Hz for compound MI6.

All four relaxation regions are observed in compound
MI6 with the o process appearing as a low-temperature
wing. It can also be seen from Figure 3b that f and o
have low dielectric losses and occur at low temperatures
where the MI copolymer is in its glassy state. This is
the case for all the copolymers studied that show these
two processes. Processes a and os are independently
observable at low frequencies while at high frequencies
only one broad peak is observed. The fS-relaxation is
observed in compounds MI6, MI112, MI14, MI16, and
MI118 while o'-relaxation is found to exist in all com-
pounds investigated. The as-relaxation has high dielec-
tric strengths for compounds MI1, MI2, and MI3. Figure
4 shows the mean relaxation time (1/tmax) plotted vs
inverse temperature for all compounds.

In the following, the different relaxation processes will
be discussed.

p-Process. The -relaxation is observed for all com-
pounds in Table 3, which have their side chain length
composed of at least five methylene units as reflected
in Figure 4. Its dielectric strength is weak (Ae ~ 0.03)
compared to that of the a-process (0.5 < Ae < 2) and
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has an Arrhenius-like temperature dependence of the
relaxation times

1_1 —Ea
SO
with Ea denoting the activation energy and 7o a preex-
ponential factor. The fact that the S-process makes its
appearance as the alkyl side chain becomes longer is
evidence that this process is localized in the side chain.
It has an Arrhenius-like temperature dependence and
is assigned to a libration of the terminal CH,—CHj; end
group of the side chain.3! As for the confirmation, the
electric dipole moment was estimated using eq 2 (ne-
glecting dipole—dipole interactions), and the values were
compared to molecular model calculations (Table 3).
Within experimental uncertainty, the dipole moments
agree well with calculated values. Furthermore, activa-
tion energies obtained by fitting experimental data to
eq 3 fall within the range of local processes typically
between 20 and 50 kJ/mol32 (Table 3). It should be
mentioned that this relaxation is observed at very low
temperatures below the melting temperatures of the
side chains. This supports the fact that it is not possible
to have large relaxing units of the side chain in the
crystalline state, thus the local nature of the process.
Interdigitation restrictions also confine relaxation to
smaller units of the side chain. The process however
shifts slightly to higher temperatures, owing to a slight
increase in the length scale of the relaxing units and a
slight increase in the dipole density (see Table 3). With
increasing temperature, side chain melting occurs, thus
introducing mobility to the side chain leading to the
a’-process. In the amorphous region, the existence of
p-relaxation cannot be excluded although not detectable.

o'-Process. The o'-process is well separated in fre-
quency between the g-relaxation and the dynamic glass
transition (o-relaxation). It shows for short alkyl side
chains an Arrhenius-type temperature dependence,
which changes into a Vogel—Fulcher—Tammann (VFT)
behavior for systems with more than five CH; units. The
latter is typical for the liquid state (above Tg) of glass-
forming materials, which is described by the well-known
expression33

(4)

where D is the fragility parameter and T, is the
temperature corresponding to an infinite relaxation
time. The dielectric strength of the o'-relaxation is about
0.1, which is more than 3 times stronger compared to
the p-relaxation. Both findings (the side chain length
dependence and the increased dielectric strength) sug-
gest as molecular assignment of the o’-process a glassy
dynamics of the alkyl side chains. This is in accord with
similar interpretation for the dynamics of poly(n-alkyl
methacrylate)s34—37 or self-assembled alkyl nanodo-
mains.®8 As mentioned earlier, the helical backbone does
not seem to favor side chain crystallization of short alkyl
chains. As a result, very short chains are able to exhibit
fast motions (Arrhenius-type temperature dependence)
and long ones are slow (VFT behavior). The relaxation
of the long side chains is observed around their melting
temperatures.

a-Process. This is the dynamic glass transition
process of the copolymers. It is assigned to fluctua-
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Figure 5. Relaxation strength TAe/1000 vs inverse temper-
ature of a (open symbols) and as (closed symbols) for com-
pounds MI1 (square), MI2 (circle), MI3 (up-triangle), MI4
(down-triangle), MI16 (diamonds), MI112 (left-triangle), M114
(right-triangle), M116 (hexagonal), and MI118 (star). The lines
are guides for the eyes. The relaxation strength for as-process
goes through a maximum with increasing temperature. For
clarity, error bars for the a-process are indicated only on one
compound, MI1.

tions of the succinimide ring.1214.3940 The data have a
characteristic temperature dependence according to
VFT. The dynamic glass transition temperature is
conventionally defined as the temperature where the
relaxation time is 100 s.4%42 By extrapolating the VFT
dependence to logarithm 1/tmax = —2, the Ty's of the
compounds can be deduced. The values obtained are in
good agreement with calorimetric data (see Table 2 and
Figure 4 with the enlargement of temperature scale by
the inset). The a-process shows for the product TAe
(which is constant for a Debye relaxation) an increase
with decreasing temperature (Figure 5, open symbols).
This reflects the cooperative nature of the dynamic glass
transition as observed in low molecular weight systems
as well.*3

as-Process. This relaxation is about 4 decades in
frequency slower than that of the glass transition
temperature. It is not affected by the length of the side
chains. Its dielectric strength (Figure 5, closed symbols)
is about 3 times stronger than that of the dynamic glass
transition. This proves that the fluctuating units in-
volved must correspond to an underlying molecular
superstructure of about 2—3 succinimide rings. This
interpretation is in full accord with structural stud-
ies1#445 of maleimides in which the helical structure of
a 3j-helix conformation is reported. Additional NMR
studies*®46 and molecular modeling calculations (Figure
6 and Supporting Information) of maleimides support
the helical main chain conformation in alternating
maleimides surrounded by partly/completely extended
aliphatic side chains. The peculiar maximum in the TAe
vs 1000/T is interpreted in the following way: with
increasing temperature, the mobility of the maleimide
rings increases, enabling the system to develop a
supermolecular configuration. But this effect is coun-
terbalanced if thermal fluctuations become dominating
compared to the intermolecular interactions. The de-
crease in the dielectric strength of as-process with
increasing side chain length may be explained in terms
decoupling of side chain effects from main chain mo-
tions. In Figure 6, the different molecular and supramo-
lecular fluctuations are schematically represented.

Conclusion

The molecular dynamics in several poly(ethene-alt-
N-alkylmaleimide)s was studied by broadband dielectric
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Figure 6. Schematic representation of the relaxations in poly-
(ethene-alt-N-alkylmaleimide), using 10 repeating units with
the trans configuration of the succinimide rings (based on a
threo—diisotactic sequence derived from results in ref 46). The
view is on the direction of the main chain. The o and
os-processes are main chain motions involving the succinimide
rings. o is a relaxation of the side chain while a. and o5 are
in-plane motions with a5 originating from an ensemble of
about 2—3 rings. The S-process is a librational motion of the
CH,—CH3; group at the terminal position of the alkyl side
chain.

spectroscopy. Four dielectrically active relaxations are
observed: the fS-relaxation attributed to librational
motions at the terminal position of the alkyl side chain,
the o'-process which is assigned to the glass transition
relaxation of the side chain, the a-process desig-
nated to the dynamic glass transition, and finally the
os-relaxation reflecting a cooperative motion involving
2—3 succinimide rings. Glass transition temperatures
determined dielectrically agree well with calorimetric
measured values. A model was proposed to explain the
extraordinary slow relaxation of maleimide rings in an
underlying helical superstructure.
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