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ORIGINAL CONTRIBUTION

Molecular dynamics in fluorinated
side-chain maleimide copolymers
as studied by broadband dielectric

spectroscopy

Abstract A series of alternating
maleimide (MI) copolymers with
fluorinated side chains have been
investigated using broadband
dielectric spectroscopy. The side
chains consist of fluoroalkane
(-CFsoy41, x=1,7,9) end groups
connected to the main chain via
methylene spacers. The experiments
were carried out in a frequency
range of 0.1 Hz to 10 MHz and at
temperatures between 120 K and
500 K. The fluorinated MI copoly-
mers show a fast sub-7, (f) relaxa-
tion characterized by an Arrhenius-
type temperature dependence with
activation energy in the range of 30—
37 kJ/mol. Two more processes

(o and o-like) are observed, corre-
sponding to independent relaxations
of the main chain and the fluoroal-

kane domains respectively. For
shorter side chains, the J-like process
is not observed but instead another
relaxation process, o, occurs at
temperatures higher than either the o
and J-like processes. When
compared with unfluorinated MI
copolymers, the fluorinated MI
copolymers show the J-like process
and a slower f-relaxation unlike
their unfluorinated counterparts. A
model to explain the molecular
origin of the four processes is
proposed, supplemented by
differential scanning calorimetry and
published WAXS/SAXS data.

Keywords Dielectric spectroscopy -
Molecular dynamics - Microphase
separated - Fluoropolymers -
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Introduction

Materials consisting of perfluoroalkyl groups offer a
wide range of interesting properties, such as wettabil-
ity, durability, and thermal stability [I, 2]. The
hydrophobic nature (i.e. very low solid surface tension)
of fluoropolymers is utilized for the development of
coatings with low wetting behavior. Such modified
surfaces can be used, for example, as soil release
agents on different substrates such as textiles [3], paper
[4], leather carpets [S] and also to prevent the attach-
ment of microorganisms such as algae and other
marine life. Although wettability (water/oil repellency)

is confined to the surface, the need to have mechani-
cally stable materials in the bulk coupled with the
excellent surface properties is vital. It is well known
that microphase separation occurs in structural seg-
ments consisting of alkyl and perfluoroalkyl groups [6—
8] resulting in highly ordered layers with the —CF;
groups at the surface. Thus, perfluorinated molecules
have been incorporated in polymer backbones [9, 10]
and as side chains [7, 11-17] in order to study the
optical, thermal, dielectric and surface properties both
in the bulk [7, 10-13, 18] and as thin films [19-21].
Acrylic [9], methacrylic [9] and styrenic [10] backbones
have been used with varying lengths of alkyl and
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perfluoroalkyl units on the side chain to investigate
liquid crystalline behavior. Other studies involving
carbosilane dendrimers [14-16], polyesters [7] and
block copolymers [18, 22, 23] as backbones with
fluorinated side chains have also been carried out.

Although the effect of fluorination on surface and
bulk properties has been investigated, few studies [19, 20,
24] have used maleimides (M) as the polymer backbone.
The simple synthetic approach of MI copolymers by
polymer analogous reaction of maleic anhydride co-
polymers (Scheme 1) allows the introduction of different
kinds of side chains to achieve either hydrophilic [25] or
hydrophobic [26] properties. MI copolymers with mod-
ified side chains therefore find their use in surface engi-
neering applications. Practically nothing is known about
the molecular dynamics in fluorinated MI copolymers. In
this paper, dielectric spectroscopy is employed to study
the dynamics of MI copolymers with N-(2,2,2-triflu-
oro)ethyl, N-(4-(N-perfluoroheptylcarbonyl)aminobutyl,
N-(4-(N-perfluorononylcarbonyl)aminobutyl and N-(6-
(N-perfluorononylcarbonyl)aminohexyl side chains. The
fluorinated side chains (Scheme 1, R') consist of perflu-
oroalkyl segments attached to the maleimide ring via
CH, spacer unit(s). Three different MI copolymer main
chains are used namely, poly(ethene-a/r-maleimide)
(ETM), poly(styrene-al/t-maleimide) (STM) and
poly(octadecene-alt-maleimide) (ODM). Except for
ETM, the backbones of STM and ODM possess a second
side group R? on the main chain (Scheme 1). Recently
[27, 28], we used dielectric spectroscopy to investigate the
dynamics of MI copolymers with n-alkyl side chains. The
molecular motion of the MI backbone was described. In
the present work, information on the dynamics of the
perfluoroalkyl-containing side chains (which are dielec-
trically active) under different main chain structures is
reported. The effect of varying the length of the perflu-
oroalkyl chain and the alkyl spacer units on the molec-
ular dynamics will be analyzed. Finally, we will compare
the dynamics of the perfluorinated side chains (to be re-
ferred in the paper as Ry) with unfluorinated (R;) (only
with methylene groups) ones of similar lengths. The
interpretation of the results will be supported by differ-
ential scanning calorimetry (DSC) and published wide-
and small-angle X-ray (WAXS/SAXS) data.

' R’
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Scheme 1 Reaction of maleic anhydride (MA) to form MI
copolymers

Experimental

Synthesis and characterization of fluorinated (R))
monomers and copolymers

Chemicals

Alternating maleic anhydride copolymers poly(ethene-
alt-maleic anhydride) (M, 125,000 g/mol) (Aldrich,
Munich, Germany), 2,2,2-trifluoroethylamine and me-
thyl perfluorodecanoate (ABCR GmbH & Co. KG,
Karlsruhe, Germany), 1,4-diaminobutane and 1,6-dia-
minohexane (ACROS Organics, Geel, Belgium) were
purchased and used as received.

Details of the synthesis and characterization of
monomer N-(4-aminobutyl)perfluorooctaneamide hydro
chloride and MI copolymers ETM4F15, STM4F15,
ODMA4F15, ETMH25, STMH25, and ODMH25 are
found elsewhere [24]. In this section, we describe the
synthesis of N-(4-aminobutyl)perfluorodecaneamide
hydro chloride and N-(6-aminohexyl)perfluorodecanea-
mide hydro chloride monomers and MI copolymers
ETMI1F3, ETM4F19, and ETM6F19.

N-(4-aminobutyl) perfluorodecaneamide hydro chloride

1,4-Diaminobutane (0.349 g; 3 mmol) was dissolved in
15 ml of anhydrous methanol under nitrogen atmo-
sphere. Methyl perfluorodecanoate (1.056 g; 2 mmol)
was slowly added to the reaction solution at room
temperature and the reaction mixture was stirred at
room temperature for 1 h and then at 40 °C for 20 h.
During the reaction, phase separation occurred be-
tween the fluorinated monomer and the organic solu-
tion. The solvent was distilled off under vacuum and
the residual was suspended in diethyl ether and acid-
ified with very diluted aqueous hydrogen chloride
solution. The resulting solid was washed with diethyl
ether and water sequentially and then dried in a vac-
uum oven at 40 °C for 2 days to yield 1.115 g (89.8%)
of N-(4-aminobutyl)perfluorodecaneamide hydro chlo-
ride as white solid. The characterization results can be
summarized as follows: melting point 207-212 °C. 'H
NMR (DMSO-ds:CDCl; = 1:1): 6=1.57 (m, 2H,
R/, CONHCH,CH,); 1.58 (m, 2H, CH,CH,NH,-HCI);
2.78 (m, 2H, C H,NHyHCI); 3.22 (q, 2H, R/, CON-
HCH,); 7.91 (s, 3H, CH,NH, HCI); 9.31 ppm (t, 1H,
R,CONH). "C NMR (DMSO-ds:CDCl; = 1:1):
0=24.08 (CH,CH,NH, HCI); 2521 (R,CONHCH,
CH,); 38.43 (CH,NHyHCI); 38.65 (R,CONH CH,);
156.74 ppm (R,CONH). "F NMR (DMSO-d:CDCl;
= 1:1): 6=-81.29 (CF3), —119.62 (CF>—CO), —122.42,
—123.11, —123.33 and —126.69 ppm (CF,).
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N-(6-aminohexyl) perfluorodecaneamide hydro chloride

1,6-Diaminohexane (0.174 g; 1.5 mmol) was dissolved in
8 ml of anhydrous methanol under nitrogen atmo-
sphere. Methyl perfluorodecanoate (0.528 g; 1 mmol)
was slowly added to the reaction solution at room
temperature. The rest of the procedure is the same as the
one described for the Rmonomer N-(4-aminobu-
tyl)perfluorodecaneamide hydro chloride. At the end of
the synthesis, a white solid 0.585 g (90.2%) of N-(6-
aminohexyl)perfluorodecaneamide hydro chloride was
obtained. The resultant material characteristics are as
follows: melting point 188-191°C. "H NMR (DMSO-
de:CDCl3=1:1): 6=1.28 (m, 2H, R,CONHCH,CH,C
H>); 1.32 (m, 2H, CH,CH,CH,NH,-HCl); 1.49 (m, 2H,
R, CONHCH,CH,); 1.57 (m, 2H, CH,CH,NH,-HCI);
2.74 (m, 2H, CH,NHyHCI); 3.19 (q, 2H, R, CON-
HCH,); 7.88 1(35, 3H, CH,N H, HCl); 9.20 ppm (t, 1H,

R,CONH). “C NMR (DMSO-ds:CDCl; = 1:1):
6=25.31 (CH,CH,CH,NH,HCIl); 2545 (R CON-
(R,CONHCH, CH,); 38.83 (CH,NH,HCl); 39.12

(R,CONH CH,); 156.62 ppm (R,CONH). ""F NMR
(DMSO-dg:CDCl;=1:1): 6 = —81.29 (CF3), —119.62
(CF,-CO), —122.42, —123.11, —=123.33 and —126.69 ppm
(CF»).

Copolymers ETM1F3, ETM4F19 and ETM6FI19

A volume of 1.0 mol of poly(ethene-a/t-maleic anhy-
dride), 1.0 mol of triethylamine and 1.0 mol of amino
compound (2,2,2-trifluoroethylamine, N-(4-aminobu-
tyl)perfluorodecaneamide hydro chloride or N-(6-amin-
ohexyl)perfluoro-decaneamide hydro chloride) were
dissolved in tetrahydrofurane and stirred at 160 °C for

24 h in an autoclave. The cooled reaction solution was
poured into acidic water solution. The resulting MI
copolymers were washed intensively with water and then
dried in vacuum at 40 °C. Characterization of the co-
polymers with IR spectroscopy showed a complete
conversion of the maleic anhydride ring into the malei-
mide ring. Fluorine elemental analyses were done for the
MI copolymers with longer perfluoroalkyl segments in
order to calculate the degree of attached R,-side chains
(Table 1).

The fluorine analyses were carried out by the Beller
Microanalytic Laboratory (Go6ttingen, Germany). The
nuclear magnetic resonance (NMR) measurements per-
formed on the monomers were done in 5 mm o.d.
sample tubes with a BRUCKER DRX 500 NMR
spectrometer operating at 500.13 MHz for 'H, at
470.59 MHz for "F, and at 125.75 MHz for "C.
DMSO-ds and CDCl; in 1:1 ratio were used as solvent
for all the NMR experiments. For internal calibration
the solvent peaks of DMSO-ds were used: o
(3C)=39.60 ppm; 6 (‘H)=2.50 ppm. The ""F NMR
spectra were referenced to internal C¢Fg (8 (’F)=
—163 ppm). The signal assignment was done by 'H-"H
COSY and 'H-"> C HMQC 2D NMR measurements
using the standard pulse sequences provided by
BRUCKER.

Bulk properties of fluorinated MI copolymers
ETMA4F15, STM4F15 and ODM4F15,

and unfluorinated MI copolymers ETMH25,
STMH25 and ODMH?25

In order to describe the molecular dynamics of MI
copolymers fully, it was necessary to understand the

Table 1 Average degree of repeating unit (RU) for alkene-maleic anhydride (AM) used in poly(alkene-a/-maleic anhydride)s, molecular
mass (M) of the RU in MI copolymer, the found/calculated data for fluorine (F), calculated degree of attached side chains in MI and

calculated molecular weights of MI

MI copolymer () Degree of RU AM® M of RU® (g/mol)  F¢ (wt%) F® (wt%)  Degree of side chains  M¢, (x10° g/mol)
ETMI1F3 992 207.15 27.51 £ ~0.9_571h ~200
ETM4FIS_f 992 592.30 48.11 44.01 0.91' ~548
ETMH2S' 992 293.44 - - 0.95-1" “291
ETM4F19 992 692.32 52.14 50.49 0.97' ~666
ETM6F19 992 720.37 50.11 47.86 0.95' T678
STM4F15f 99 668.40 42.64 40.50 0.95' ~63
STMH25" 99 369.54 - - 0.95-1" 36
ODMA4F15" 86-143 816.73 34.89 33.37 0.96' T67-112
ODMH?25" 86-143 517.87 — — 0.95-1% ~44-74

“Molecular weight of converted poly(ethene-a/t-maleic anhydride)
125,000 g/mol (Aldrich, Germany), of converted poly(styrene-alt-
maleic anhydride) 20,000 g/mol (Leuna Werke AG, Germany), and
of poly(octadecene-alt-maleic anhydride) 30,000-50,000 g/mol
(Polyscience Inc., USA)

"Molecular mass (M) of repeating unit (RU) with R and R? in MI
copolymers (Scheme 1)

“Theoretical data

9Values obtained from fluorine analysis

°Calculated data based on @) degree of RU AM including values
from h and i

Presented in ref. [24]

€Not determined

"Based on ATR-IR results

'Based on found F content
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bulk properties of the materials. Therefore, glass tran-
sition (7,) and melting (7,,) temperatures were deter-
mined on a DSC Q1000 (TA Instrument) over a
temperature interval of 193-473 K at a scan rate of
+20 K/min. The T,’s were determined using the half
step method from the second heating runs. The results
of WAXS (ETM4F15, STM4F15, ODMA4F15,
ETMH25, STMH25, and ODMH25), SAXS
(ETMF4F15 and ODM4F15) and DSC thermogram of
ETMF15 are discussed in detail elsewhere [24]. Addi-
tionally, temperature-dependent ATR-IR investigations
on ETM4F15, STM4F15 and ODM4F15 (to prove H-
bonding interactions within the perfluorinated amide
groups from room temperature to 73, and also above
Tn), and temperature-dependent SAXS results on
ETMA4F15 (to reveal reversible and defined layered
structures) can also be found in ref. [24]. For the pur-
pose of this paper, only a summary is presented in
Table 2 and a brief discussion of DSC for selected
samples will be made. The MI copolymers also exhibit
backbone-to-backbone distances, d, in the range 2.48—
3.42 nm [24]. For ETM4F15 a thermally stable layer
was observed over a wide temperature range. Exception
is found in sample ODMA4F15, which shows a broad
SAXS signal interpreted as no defined layer structure.
In general, and with the support of WAXS, SAXS,
DSC and ATR-IR investigations, layered structures are
assumed at room temperature where partly ordered side
chain organizations are present, which are influenced
by the alternating substitution pattern of the main
chains and the H-bonding interactions in fluorinated
MI copolymers. Such layered structures are presumed
to exist above T, ’s for ETM4F19, ETM6F19 and
ETMH25 from investigations done on ETM4F15. All
the materials under study are amorphous as reported in
ref. [24].

Molecular modeling

The molecular modeling calculations were carried out
on a LINUX operating system, SuSE Distribution 8.2
[29] Kernel 2.4. The geometry and the conformation of
the monomer units were optimized by means of quan-
tum mechanical ab initio calculations using GAMESS
[30, 31] 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 restricted and unrestricted
Hartree-Fock self consistent field approach, additionally
for charge evaluation on parts of the polymer molecules
(CHs—CH,-radical, CF3-CF,-radical, longer alkyl and
perfluoroalkyl segments, CF, and CHy4, N-methyl-suc-
cinimide, Ethylbenzene as monomer like units). Dipole
moment calculations were done using all coordinates of
atoms of the part structure and monomer conformation
and the relative atomic charges obtained from the
quantum mechanical ab initio calculations.

Dielectric measurements and data analysis

To prepare the samples, MI materials were heated in
vacuum until they melted and kept between two brass
electrodes (diameter: 10 mm) with 50 um glass fiber
spacers. Isothermal dielectric measurements were per-
formed in the frequency range from 0.1 Hz to 10 MHz
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 the evapo-
ration of liquid nitrogen (Quatro, Novocontrol GmbH)
with a precision of +0.02 K. Details of the set up are
found in ref. [32].

Table 2 Thermal properties of poly(alkene-alt-N-R-alkylmaleimide) copolymers, obtained from DSC (at rate 20 K/min), used in the

study

MI copolymer Second heating run

Cooling after first heating

T, (K) T (K) AH, (/g Tem (K) AH, (J/g)
ETMIF3 392.2 - - - -
ETM4F15° 373.2 436.2 3.3 425.2/430.2 -3.2
ETMH25% 330.2 235.2 11.8 b -
ETM4F19 - 433.6 17.0 422.0 -10.2
465.0 0.5 456.7 -0.8
ETM6F19 299.4 396.8 7.2 383.0 -5.5
402.2
416.5
4499 1.2 438.5 -1.3
STM4F15* 386.2 - - - -
STMH25* 343.2 - - - -
ODM4F15? 336.2 251.2 1.9 _b _b
ODMH25* 303.2 251.2 20.9 b _b

“Published in ref. [24]

®Not calculated because of program temperature deviates from sample temperature below 253 K
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For quantitative analysis, the dielectric loss &7 was
fitted to a superposition of a conductivity contribution
with one or two relaxation functions according to
Havriliak and Negami [33].

o, a Ae

ST iy

()

&o WF

The first part on the right hand side of the equation
describes the conductivity while the second part (that is
added) is the imaginary part of the dielectric function. In
this notation, one relaxation process is assumed. ff and y
are dimensionless parameters describing the symmetric
and asymmetric broadening of the distribution of
relaxation times respectively with 0<(f,fy) < 1. For
p=v=1, Eq. 1 coincides with the ideal Debye-relaxa-
tion. g, is the permittivity of free space and o, is the
direct current (d.c) conductivity. 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 [Hz]*"' for
s # 1. From the fits according to Eq. 1 the relaxation
rate 1/t,.x can be deduced which is given at the fre-
quency of maximum dielectric loss &” for a certain
temperature. Within experimental uncertainty, Eq. 1
described our data well. The term Ae describes the re-
laxational strength of the dipolar fluctuation under
study.

Results
Differential scanning calorimetry

The DSC thermograms for selected samples are shown
in Fig. 1 (see also Table 2). The samples are represen-
tative of the three backbone structures ODM, ETM and
STM. Except for the ODM series and ETMH25 (not
shown in Fig. 1) the samples show no endothermic peak
at temperatures below T, indicated by arrows). The
strong endothermic peaks below T, for ETMH25 and
ODMH25, and a very weak peak for ODM4F15 are due
to the melting of the alkyl side chains [27, 28]. The ETM
and STM series show decreasing 7, values with
increasing length of side chain, which is attributed to the
incorporation of longer perfluoroalkyl segments in the
side chains. This behavior of decreasing T,’s in depen-
dence of increasing fluorine content was also observed in
other fluorinated side chain polymer systems [17]. Above
T,, the STM and ODM series show no additional
endothermic peaks while longer side chains of the ETM
series have additional peaks. The additional peak for
ETMA4F15 at around 436 K is assigned to order/disor-
der transition of the material in the bulk. This
assignment is supported by temperature-dependent

2" heating |
— order/disorder
(=2}
S 0.2 W/
; | ETM6F19
z
o
=3 T -
© S - L
o o - . |
< A 3 -\
Tl ’_/l._ _________ A I
- — STM4F15
T 7
E ________________
B ------------------------ J B R EER R ODM4F1 5
I SR e — oonHE

................. . , | ]
200 300 = _

Temperature [K]

Fig. 1 Differential scanning calorimetry curves of samples
ETMI1F3, ETM4F15, STM4F15, ETM6F19, ODMA4F15 and
ODMH25 obtained from the second heating at a rate of 20 K/
min. Arrows indicate the glass transition temperatures

small-angle X-ray diffraction experiments (SAXS) and
temperature-dependent ATR-IR [24]. Further work is in
progress to explain the additional peaks between 390 K
and 440 K for ETM4F19 and ETMG6F19 (also see
Table 2).

These DSC results imply that for long fluorinated
side chains, the fluorinated MI copolymers are able to
form layered structures proven by the order/disorder
transition for ETM4F15 and supported by the back-
bone-backbone distances (d values) as published in ref.
[24]. However, the presence of the second side chain R?
(alkyl chain or phenyl ring) possibly governs another
organization of the fluorinated side chains in the bulk.
The low enthalpy (AH,=1.9 J/g, around 250 K) for
alkyl side chain melting in ODM4F15 indicates that the
presence of the hexadecyl chain R? results in a weak
phase separation between the Rj-side chains and the
hexadecyl side chains because of the alternating substi-
tution pattern of the side chains and the helical-like state
of the main chain [27, 28]. Nevertheless, as will be shown
later in the paper, three main relaxation regions in
ODMA4F15 corresponding to the alkyl, backbone and
fluoroalkane domains are observed from the dielectric
spectra. The presence of the bulk phenyl ring governs a
different material packaging in which the ordering of
side chains is hampered. From the molecular dynamics
perspective, motions related to the backbone will pre-
sumably not be hindered.

Dielectric spectroscopy
The compounds in Table 3 show dielectric spectra that

look similar. At temperatures below 200 K, the spectra
are characterized by one relaxation process with a
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10 10° 10* 10° 10°
f [Hz]

Fig. 2 a Compound STM4F15. Dielectric loss €” versus frequency
at 160 K (filled hexagon), 170 K (five point asterik) and 180 K
(eight point asterik) for the f§ process. b Two additional peaks o and
o-like are observed at different temperatures; (filled square) 320 K,
(filled circle) 330 K, (filled triangle) 340 K, (filled inverted triangle)
350 K and (filled diamond) 360 K. The exponential increase in &” at
low frequencies is caused by a conductivity contribution due to
mobile charge carriers. For clarity, error bars are indicated on only
one sample for the f process. Otherwise for the o- and o-like
processes, error bars are smaller than the size of the symbols

10" 1 10

Table 3 Abbreviation of the alternating MI copolymers used in
the study and their chemical structures

R! R?

H Phenyl Hexadecyl
—~CH,CF; ETMIF3 - -
—(CH,);-~NH-CO-C;F,5; ETM4F15 STM4F15 ODMA4FI5
—(CH»);;CH; ETMH25 STMH25 ODMH25
—(CH,)4~NH-CO-CyF;y ETM4F19 - -
—~(CH,)s-NH-CO-CyF;, ETMG6F19 — -

dielectric loss €” of less than 0.05. No conductivity con-
tribution is observed within this temperature range.
Above 200 K, the spectra can be described generally as
composed of two or three relaxation processes and a
conductivity contribution. In the following, the four
relaxation processes will be referred to as f,o,0-like and «
s according to the sequence of their mean relaxation
times. Figure 2a shows the experimental results of the

ETM1F3

10 3 L '/-..".\‘\

PN

1 10 10°10® 10* 10° 10°

Fig. 3 Example of dielectric spectra for the copolymer ETM1F3 at
different temperatures: (open square) 468 K, (open circle) 476 K,
(open triangle) 484 K and (open inverted triangle) 492 K. The inset
shows the separation of the two processes « and o, with the HN fit
function. The dotted line is the conductivity contribution and the
continuous line is the superposition of the two dashed curves. The
HN fit parameters are given in Table 4

dielectric loss €” as a function of frequency for com-
pound STM4F15 at temperatures of 160, 170 and 180 K.
One broad relaxation (ff) peak is observed in this tem-
perature range. In Fig. 2b, two more relaxations (x and
o-like) are observed in a broad temperature range with an
additional conductivity contribution at low frequencies.
At temperatures above the T,, a further relaxation region
(as-process) uniquely characterized by high relaxation
strengths in sample ETM1F3 (Fig. 3) is detected.

To describe the experimental spectra quantitatively,
the isothermal data of the dielectric losses &” were fitted
according to Eq. 1. For instances where there are no
conductivity contributions in the spectra, only the
imaginary part of Eq. 1 was used to fit the peak and the
conductivity parameters were ignored. Stable results
from the fits were obtained for the relaxation times of
the -, a-, J-like and o -processes of the respective co-
polymers. The accuracy in the determination of Havr-
iliak—Negami (HN) fit-parameters (Table 4) was
generally better than 10%. Figure 3 shows an example
of the fitting results for the copolymer ETM1F3 at dif-
ferent temperatures, with the inset showing the sepa-
rated processes and the conductivity contribution. It can
be seen that the o- and ag-processes are well separated
from the conductivity. Figure 4 shows a representative
activation plot of the relaxation processes for com-
pounds ETMI1F3, ETM4F15, ETM4F19 and
ETMG6F19. In this figure, the mean relaxation time (gi-
ven at the frequency of maximum dielectric loss €” for a
certain temperature) is plotted as 1/t in a logarithmic
scale versus inverse temperature. Table 5 provides the fit
parameters for all the compounds studied.
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Table 4 Havriliak—Negami (HN) fit parameters for compound ETM1F3 shown in Fig. 3

Temperature (K) o, (x107°) a HN fit parameters

o

Oy

Ag T (x1077)

B y A T(x107%) B v

468
476

39+1.0
83£1.0
16+1.0
31+1.0

0.9+0.1
0.9+0.1
0.9+0.1
0.9+0.1

3.1+0.1
2.8+0.1
2.7+0.1
2.8+0.1

344+0.2
7.4+0.2
5.0£0.2

492 4.1£0.2

0.5+0.1
0.5+0.1
0.6+0.1
0.6%+0.1

0.8+0.1
1.0£0.1
0.8+0.1
0.5+0.1

5.5+0.1
5.5+0.1
5.1+0.1
4.6+0.1

5.0£0.2
3.2+0.2
1.94+0.2
1.1£0.2

0.8+0.1
0.8+0.1
0.9+0.1
0.9+0.1

1.0+0.1
0.9+0.1
0.7+0.1
0.7+0.1

log(1/x__[s™])
[\] w ESN [(6)] D ~

26
1000/T[K]

Fig. 4 a Activation plot of the f8-, a-, d-like and o -processes for the
different compounds investigated. Calorimetric glass transition
temperatures of ETM1F3 (open square), ETMA4F15 (open circle)
and ETM6F19 (open triangle) are indicated. No calorimetric T for
ETMA4F19 (open inverted triangle) was found. Arrhenius fits to the
p-process according to Eq. 2 are also indicated. b An enlargement
of the a, o-like and o -processes showing the VFT fits (continuous
lines) according to Eq. 4. The Arrheinius and VFT fit parameters
are shown in Table 5. Representative error bars are indicated.
Otherwise error bars are smaller than the size of the symbols, if not
indicated otherwise

Discussion

The discussion of the results will be done in three
steps. First, we present the effect of perfluoroalkyl side
chains on the relaxation dynamics of the MI back-

bone. Secondly, by modifying the backbone structure
using the second side group R? (with R? = H), we
focus on the influence of R* on the dynamics of the
side chain. Lastly, a comparison of the molecular
relaxation will be made between unfluorinated side
chain MI copolymers (ETMH25, STMH25 and
ODMH25) and their fluorinated side chain counter-
parts (ETM4F15, STM4F15 and ODM4F15) of simi-
lar side chain lengths.

Perfluoroalkyl side chains

Figure 4 shows the temperature, 7, dependence of the
relaxation times of four samples that differ in the length
of the side chain. The f-relaxation is observed in samples
ETMA4F15, ETM4F19 and ETM6F19. These three
compounds have long side chains compared to ETM1F3
whose side chain is made up of only the CH,—CF;
group. The fact that the f-relaxation is observed in
samples with long side chains and not in the short side
chain polymer points out that the f-process originates
from a defined minimum of side chain length. The
temperature dependence of the relaxation times can be
described by an Arrhenius equation,

¢ = texp [%] 2)

with E4 denoting the activation energy (~35+5 kJ/mol)
and t,(=1/2n v,) a pre-exponential factor. t is the
relaxation time, R is the universal gas constant and 7' is
the absolute temperature.

Fluoroalkane units are usually described as stiff rod-
like segments with dipole moments parallel and per-
pendicular to the side chain axis [18]. The parallel
component () originates partly from the uncompen-
sated end fluorine atom in the stiff alkyl parts of the
perfluoroalkyl chain and partly from the net dipole
moment of the succinimide ring of the MI copolymer
backbone. The perpendicular component (i) comes as
a result of contributions from the carbonyl and N-H
groups, and a small fraction of the CF bonds (which
amounts to about 16% of ucg due to the helical
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Table 5 Vogel-Fulcher-Tammann (VFT) and Arrhenius fit parameters for all the compounds studied

Arrhenius VET

p o o-like o

log v, (Hz) E, (kJ/mol) Log v, (Hz) 4 T, log v, (Hz) 4 T, log v, (Hz) 4 T,
ETMIF3 - - 10.5 374437  391+4 — - - 14.0 3,856+51 139+5
ETM4F15 12.9 30+3 16.0° 2,481+13 120+1 11.0 1,028+7 260+10 — - -
ETM4F19 13.1 3342 16.4° 2,362+261 153+12 12.0 2,083+58 172+6 - - -
ETM6F19 14.9° 3743 18.0° 3,0054£35 117+£3 11.0 1,381+5 20020 — - -
ETMH25 17.0° 34 44! - - - 12.7 1,005+ 146 246+ 10 — - -
STM4F15° 13.4 3342 15.0° 2,115+30 14243 8.0° 1,781 +83 83+£12 - - -

9.5¢ 2,494 + 803 6520

STMH25 17.4° 35+2 - - - 11.0 677+6 302+2 8.0 1,586+ 118 17420
ODMA4F15 16.0° 36+4 17.5° 2,810+£20 104+2 11.5 1,015+£13 240+10 — - -
ODMH25 17.7° 3742 - - - 10.2 5914+32 27243 — - -

"Published in reference [27]

2Fit parameters indicated by continuous line, ¢, and dashed line, d, in Fig. 6b
3Values of log v, 214 are unphysical. Under these conditions, an extrapolation to the high temperature limit is not realistic. This is caused

by few fitted data points

structure of the molecule [16]). The different dipole
contributions are illustrated in Scheme 2.

A bimodal relaxation is expected as a result of the
two net dipole contributions. However, the relaxation
due to the p component is most unlikely to occur at low
temperatures in this sort of a rod-like structure because
it would involve large-scale motions. At high tempera-
tures (probably around or above the 7, for polymers
with long side chains), a relaxation through the p
component would involve motion of the side groups
along the molecular short axis. This may be considered
analogous to the “d-mode” in side-chain liquid crystal-
line polymers (SCLCP) [34]. At temperatures below T,
the dual relaxation can be expected to occur simulta-
neously only for very short side chains owing to the
proximity of the two net dipole contributions and a
short side group able to make fast motions. An example
of such duality was observed in compound ETMI1F3
(Fig. 5). It was however not possible to separate the two
processes and no reliable HN fit parameters were ob-
tained. Therefore, it is not clear which relaxation process
(I'or IT) corresponds to p and the other to p, . From the
intensity, location and the activation energy of the f-
relaxation, we conclude that it should reflect a local
motion of the side chain. The preceding dipole analysis
affirms that this relaxation originates from the perpen-
dicular component of the perfluoroalkane units. This
assignment can be likened to the librational fluctuations
of the mesogens in a potential formed by its neighbors in
SCLCPs.

We now turn our discussion to the high temperature
relaxations in Fig. 4. The relaxation of the MI backbone
has been described by Tsuwi et al. [27] and coworkers
recently. It is characterized by two dielectric relaxations:
an in-plane fluctuation [28] of the succinimide ring and a

‘H
O0=< F
F YF .’ My
FX F
F YF
FX F
F
F
F F
FA F
F }F

\ 4
Ml

Scheme 2 Structure of the R side chain in ETM4F19 showing the
perpendicular () and the parallel () components of the dipole
moment of the fluoroalkane unit

cooperative motion of at least two succinimide rings.
The fluctuation of the succinimide ring was assigned to
the dynamic glass transition process for all the copoly-
mers studied in ref. [27]. We extend this argument to the
fluorinated MI copolymers. Sample ETMI1F3 has a T,
value of 392.2 K, which is the highest among the com-
pounds indicated in Fig. 4. This value coincides well
with the temperature obtained when the relaxation time
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ETM1F3 I

0,02

T

0,01 PR 4

™ il el

10> 10* 10* 10°
f[Hz]

10" 1 10

Fig. 5 Dielectric loss &” versus frequency for ETM1F3 at 204 K
(open square) and 214 K (open circle). The data were fitted using
Eq. 1 with the continuous line being the superposition of the two
dashed lines. For clarity, processes I and II are indicated for the
spectra at 214 K with the following HN fit parameters; process I1:A
£=0.1,1=0.007s, f=0.23 and y=1; process IL:A &=0.15,
1=1.5x10"%s, f=0.26 and y=1. The parameters contain large
uncertainties due to the difficulty in separating the two processes.
The two relaxation processes originate from fluctuations of the two
net dipole contributions ( and p ) of the perfluorolkyl side chain

of the a-process is extrapolated to 100 s [35, 36], even
though not true for all the copolymers studied. Never-
theless, we assign the o-process to the dynamic glass
transition process of the copolymers in conformity with
our earlier work [27]. The a-process is characterized by a

Vogel-Fulcher—Tammann (VFT) [37-39] relaxation
behavior described mathematically as

A
Tmax = To €XP |:_ m} (3)

where A= DT, with D the fragility parameter and T, is
the Vogel temperature or the ideal glass transition
temperature. The calorimetric T,’s of ETM4F15 and
ETMG6F19 are also indicated in Fig. 4. However, the
values seem to be slightly higher than predicted by
extrapolating the a-process to longer times [35, 36].
The molecular origin of the a-process in fluorinated
MI copolymers can well be understood by considering
the packaging of the polymer in the bulk based on
structure analysis [24] and our previous [27] assignment.
A subtle interplay between the dynamics of the polymer
backbone and the attached side groups characterizes the
o-relaxation. For shorter side chains, the o-process
highly reflects backbone dynamics. For sample
ETMI1F3, it is therefore not surprising to observe this
process occurring in temperature and frequency win-
dows identical to that of the succinimide ring as reported
in ref. [27]. The proximity of the CH,—CF; group to the
backbone results in a cooperative motion of the succi-
nimide ring together with the side group hence the

process occurs at elevated temperatures compared to the
other samples. As for samples ETM4F15, ETM4F19
and ETMG6F19 at least four CH, spacer groups are
incorporated between the succinimide ring and the flu-
oroalkane groups allowing decoupling of backbone
motions from side group motions. Unlike ETM1F3, the
a-relaxation for ETM4F15, ETM4F19 and ETM6F19
occurs at lower temperatures because main chain mo-
tions are well decoupled from motions of the bulky
perfluoroalkyl groups owing to their tendency to self-
organize into rigid phases. The T,’s also show a clear
tendency with respect to the spacer length dependence.
Because ETMOF19 has longer spacer length than
ETM4F15 and ETMA4F19, its a-process is faster. Spacer-
length dependence on the relaxation of the dynamic
glass transition process in SCLCPs is well documented
[40, 41], in which a similar argument can be extended to
other side chain polymer systems. Longer spacers act as
plasticizers thus lowering the T, [40, 41]. The a-process is
therefore considered, in this case, to be caused by mo-
tions of the main chain.

As suggested earlier in this paper, only the p com-
ponent of the net dipole moment can be involved in
large-scale motions of the side chains. However, it has to
be assumed that for short spacers the perfluoroalkyl
participate in cooperative motion of the main chain (e.g.
ETMI1F3). For longer side chains, the phase separated
perfluoroalkyl perform a d-like relaxation as observed
for samples ETM4F15, ETM4F19 and ETM6F19. In
order to verify the magnitude of the dipole contribution
for the o-like relaxation, theoretical calculations of di-
pole moment p were carried out for perfluoroalkyl seg-
ments, including the CF,—CF; segment, and succinimide
unit [27] using GAMESS [30, 31]. A wvalue
of £=3.0£0.5x107° As m for the CF,—~CF5 group was
obtained. From fits of dielectric spectra according to
Eq. 1, the dipole contribution to the relaxation process
was estimated using the relation [42—44] (neglecting the
Kirkwood—Frohlich correlation factor)

12

4
3kBT80. ( )

Ae~n

In this notation,p is the net dipole moment involved in
the relaxation, n is the dipole density, kg is the Boltz-
mann constant, 7" is the temperature and ¢, as explained
in Eq. 1. The estimate gives a dipole contribution in the
range 2.2-4.0x107>° As m within an uncertainity of
+20% for the different compounds. We conclude that
the molecular origin of the d-like relaxation in fluori-
nated MI copolymers is a relaxation of the perflu-
oroalkyl domain of the side chains.

Above T,, the ag-process is observed. This has been
assigned [27] to a cooperative relaxation of at least two
succinimide rings. The o -relaxation is observed in
sample ETM1F3 and not in the other three samples in
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Fig. 4. This can be understood given that only a CH,—
CF; group forms the side chain of this sample, and
therefore backbone dynamics dominate. For long per-
fluorinated side chains, which to a greater extent influ-
ence the orientation of the backbone, the a,-relaxation is
not observed. One possible explanation is that the long
and stiff perfluoroalkyl segments govern a backbone
conformation that does not favor a relaxation through
the o, mode. This means that large-scale backbone
mobility is hindered, as also was found to be the case
with longer aliphatic side chains [27]. (The a,-process
was not detected for samples ETM4F15, ETM4F19 and
ETM6F19).

Influence of R? on backbone dynamics

In order to discuss the relaxation dynamics of the dif-
ferent MI copolymer backbones (ETM, STM and
ODM), we select samples with identical composition at
R'. Samples ETM4F15, STM4F15 and ODM4F15 have
each 4 CH, spacer units and 15 F atoms on the side
chains. The molecular dynamics of the ETM4F15
backbone has been discussed earlier in this paper. We
now compare the temperature-dependence of the relax-
ation times for the three samples (Fig. 6a).

Except for ODM4F15, the two other samples do not
show a pronounced effect on the -relaxation. The slight
high temperature-shift of the p-process by the intro-
duction of a phenyl ring on the backbone may be due to
a different side chain packaging introduced by the phe-
nyl group, thus permitting slower motions. The slight
shift was also observed for MI compounds with purely
alkyl side chains (to be shown later in Fig. 8). The
compound ODM4F15 has a faster ff-process than the
other two samples. The sample’s backbone is modified
by including a hexadecyl side chain on R?. The location
and nature of the activation, reflects motion similar to
that reported [27] in poly(ethene-a/t- N-alkylmaleimide)
copolymers in which the CH,—~CH; was assigned to the
p-relaxation. The fS-relaxation of the ODM4F15 sample
is therefore assigned to fluctuations of the terminal end
groups of the hexadecyl side chain and not the perflu-
oroalkyl segment end groups.

The three main chain structures do not have a sig-
nificant influence on the fluctuation of the succinimide
ring (a-process). The slight shift of the ODM backbone
to faster times for the a-process can be explained in
terms of the plasticization effect of the hexadecyl side
chain. A similar behavior is observed for the J-like
process. A discontinuity of the J-like process due to the
STM backbone is noticeable (Fig. 6b). Comparable to
the “d-process” in SCLCPs, such discontinuities are
associated with a phase transition [45, 46] or a molecular
rearrangement. The product TAe (which would be con-
stant for an ideal Debye relaxation) (Fig. 7) reflects the
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Fig. 6 a Activation plot showing f, « and o-like processes for
compounds with varied backbones: (open square) ETM4F15, (open
circle) STM4F15 and (asterisk) ODMA4F15. The lines are VFT fits
with the fit parameters indicated in Table 5. b A discontinuity in
the o-like process for sample STM4F15, which may probably be a
result of a phase transition or a change in the dynamics at
temperature Tp (dotted line)

microstructure of the different systems. For ETM4F15,
temperature dependence is not observed with respect to
the o- and the J-like relaxations both above and below
T,. For ODM4F15 similar dependences are also found.
In contrast, STM4F15 shows an increase in TA ¢ for
both the a- and the ¢ like relaxations but especially the ¢
like fluctuations. This is explained by the increase in
mobility at higher temperatures.

Dynamics in unfluorinated (R;) and fluorinated (R,) side
chain MI copolymers: a comparison

Figure 8 is an activation plot showing temperature
dependence of the relaxation times for both the unflu-
orinated and fluorinated side chain MI copolymers. The
two types of side chains (R, and Ry) show profound
differences in their relaxation rates of the f-process.
Alkyl side chains have faster f-process (denoted as f3)
than the fluoroalkyl counterparts (f,). This can be
understood given that the molecular origins of the
relaxations differ. Both have been assigned to librational



1331

41 i
o 31 T (o .
o 9
= |
W 2F *

e B
%00 *
Al 9gogdo %Qgieeagfwgg%g@a;
T, g0

(X}
.'°§°°Oooonooag°
O-DDDDDDDDDDDDDDDDDDDD B

25 2,6 2,7 28 29 . 3,0
1000/T[K]

Fig. 7 Product TAe for the o (open symbols) and o-like (closed
symbols) processes for samples ETM4F15 (open square, filled
square), STM4F15 (open circle, filled circle) and ODMA4F15 (open
asterisk, filled aslerzvk) Calorimetric Ts are indicated by arrows. A
gentle increase in TAe™ and a sudden i mcredse in TAe“"™ towards
T, for STM4F15 with temperature are shown. For clarity, error
bars are indicated only on two samples for the o-like process
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Fig. 8 Activation plot showing f,o",0, d-like and o (-relaxations for
Ry, (open symbols) and Ry (closed symbols) side chain MI
copolymers. The compounds are: ETMH2S5 (open square),
ETMA4F15 (filled square), STMH2S5 (open circle), STMA4F15 (filled
circle), ODMH25 (open inverted triangle) and ODM4F15 (filled
inverted triangle). The [-process has been labeled & and f to
differentiate it from the unfluorinated and the fluorinated copoly-
mers respectively. The o-process represents glassy dynamics of the
alkyl side chain. Representative error bars are indicated for the f-
and o’-processes

motion at the terminal position of the side chain. Alkyl
side chains have an additional relaxation (a’-process)
below T, which has been attributed to glassy dynamics
of the alkyl side chain [27]. Unlike the fS-process, the
relaxation rates of the MI copolymer backbone (a-pro-
cess, which is basically motion of the succinimide ring)
show an opposite trend. The main chains attached with

fluorinated side chains show faster dynamics than the
alkyl ones. This can be explained as follows [47, 48]: due
to microphase separation between the fluoroalkyl seg-
ments and the copolymer backbone, a reduced concen-
tration of stiff moieties in the neighborhood of main
chain segments results in an increased backbone mobil-
ity thus shifting relaxations to shorter times. When
viewed from another perspective, the slow a-relaxation
of the R,-side chain attached backbone may be due to a
higher packaging density of the alkyl chains around the
backbone thus reducing its mobility. In this regard, R,
MI copolymers would then have an increased packaging
density compared to the phase separated R, copolymers.
The change of the relaxation of the main chain (a-pro-
cess) to shorter times may just be an indication of phase
separation in side chain polymer systems. As observed
from wide and small angle X-ray diffraction experiments
[24], all polymers investigated except ETM1F3 show
layered structure at room temperature [24] proving that
they are indeed phase separated. Only ODM4F15 has no
defined layered structure, but shows phase-separated
domains as well.

The dynamic glass transition process in both R;, and
R, MI copolymers reflects the motion of the main chain
[27] (succinimide ring), however the scaling of the o-
process with calorimetric 7,’s in R MI copolymers does
not seem to hold in all cases. In fact, the 7,’s as obtained
from DSC are closer to the ¢ like process than the o-
relaxation. This could indicate that the DSC detected
more of Ry domain relaxations than the backbone glass
transition motion. The o relaxation, which is a coop-
erative motion of at least two succmlmlde rings [27], is
observed strongly in the STMH25 sample and not in the
other two R, series. It was not possible to observe the o,-
process beyond three methylene groups on the side chain
of ETM backbone as demonstrated in ref. [27]. The
observation of the o-process in STMH25 compound
indicates further just how influential the phenyl ring is
on the dynamics of the main chain. Because of the bulky
nature of the phenyl ring, increased free volume favors
the cooperative motion of the succinimide rings leading
to relaxation through the a,-mode. For the R, series of
compounds, except ETMI1F3, the oy relaxation may
have been suppressed by the a-relaxation.

Conclusion

The molecular dynamics of MI copolymers with fluori-
nated side chains have been studied by broadband
dielectric spectroscopy. Differential scanning calorime-
try was used to determine thermal transitions of the
copolymers, which were found to exhibit no melting of
the fluoroalkyl side chains below the glass transition
temperature. Due to the microphase separated structure
of the polymer systems, the dynamics is mainly
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succinimide ring

‘ <— polymer backbone

<— perfluoroalkyl unit

Scheme 3 Illustration of the different relaxation mechanisms
exhibited by the MI copolymers. The «- and o -relaxations
originate from backbone motions, while the - and the o-like
processes are due to side chain relaxations

characterized by independent relaxations in the different
domains. The fluoroalkyl side chains exhibit a bimodal

relaxation due to the perpendicular and parallel com-
ponents of the dipole moment of the fluorocarbon seg-
ment, however this is only noticeable for short side
chains. The dynamic glass transition process, which re-
flects motion of the main chain, is shifted to lower
temperatures by substituting the alkyl side chains with
fluoroalkyl ones. It can be concluded that the 7,s ob-
tained by DSC for the fluorinated MI copolymers are
higher than those obtained in dielectric spectroscopy,
probably because of the R, groups. The presence of a
second side chain R? governs the dynamics of the fluo-
rinated MI copolymers due to a different packaging of
the backbone. When compared with unfluorinated co-
polymers, the fluorinated MI copolymers exhibit a
dynamics similar to microphase separated polymer sys-
tems, while the unfluorinated MI counterparts, on the
other hand, do not. The unfluorinated copolymers are
therefore perceived to be more densely packed than the
R/ coplymers. Finally, the proposed molecular dynamics
of fluorinated MI copolymers is illustrated schematically
in Scheme 3.
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