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Poly(ionic liquid)s as Optically Transparent IH NMR and elemental analysis as previously repoted.
Microwave-Absorbing Materials P[VBBI][FeCl,] is prepared from P[VBBI][CI] by a macromo-
lecular reaction with FeGlas follows: P[VBBI][CI] (1.5 g) is
Jianbin Tang, Maciej Radosz, and Youqing Shen* dissolved in 6 mL of methanol, and then 0.453 g of Rd€IL
Department of Chemical and Petroleum Engineering, mL Qf_ methanol is added to t_his solution. YeHO\.N polymer
University of Wyoming, Laramie, Wyoming 82071 precipitates out. The polymer is isolated, washed with methanol,
) and dried under vacuum. Elemental analysis (C, N, H) is
Receied August 6, 2007 conducted by Midwest Microlab, LLC, Indianapolis, IN. The
Revised Manuscript Receed Naember 8, 2007 Fe content is measured by inductively coupled plasma mass
Introduction spectrometry (ICPMS). The analysis shows that the polymer

anions still contain 17% chloride. The incomplete replacement

Microwave-absorbing materials are applicable to reducing of c|- with FeCl~ is due to the rapid precipitation of the
electromagnetic interference from personal computers, stealth-nolymer after adding Fegl Anal. Calcd for (GeH2iNo)-
aircraft technology, microwave cookware, and microwave (FeCl),gdCl)o.17 C, 46.60%; H, 5.10%; N, 6.80%; Fe, 11.28%.
darkroom protectiof.> Microwave absorption is usually achieved  Found: C, 46.57%: H, 5.09%: N, 6.77%: Fe, 11.30%.
by combining dielectric and magnetic loss. Most microwave-
absorbing materials are polymer composites with conductive
fillers, such as graphite, carbon black, and metals, or magnetic
fillers, such as ferrites and carbonyl iron powders. These fillers
make the microwave-absorbing materials black and hard to
fabricate, for example, into precise parts or thin filffs.
Conductive polymers such as polyaniline, polypyrrole, poly-
alkylthiophenes, and poly(4-liphenylene diphenylvinylene)
were also reported as microwave-absorbing matefiafs.
However, all these polymers are not optically transparent, which
poses a problem for many applications. For example, the
microwave darkroom windows and microwave cookware require
the microwave-absorbing material to be transparent. In addition,
many microelectronic applications call for easy fabrication into
precise pieces.

The poly(ionic liquid)s are soluble in DMF. Their number-
average molecular weightsM() and polydispersity (PDI)
measured by gel permeation chromatography (GPC) with a laser
light scattering detector (Precision Detectors Inc.) using DMF
as eluent14are 380 kDa (PDI, 1.5) for P[VBBI][Sac], 270
kDa (1.8) for P[VBBI][FeCl], and 190 kDa (2.0) for P[VBBI]-
[BF4]. P[VBTMA][BF 4] has a strong interaction with the GPC
columns, and thus it8l, cannot be measured accurately by the
same method. The X-ray diffraction (XRD) and differential
scanning calorimetry (DSC) experiments indicate that these
polymers are amorphous at room temperatéfé.The glass
transition temperatures of P[VBBI|[Sac], P[VBBI][Fefl
P[VBBI][BF 4], and P[VBTMA][BF,4] are 40, 47, 78, and 23%,
respectively. P[VBBI][FeC] is yellowish but transparent.

T .. P[VBBI][BF 4], P[VBBI][Sac], and P[VBTMA][BF,] are color-

Recently, poly(ionic liquid)s, the polymers made from ionic -
liquid monomers, have received much research interests for theirlf(.aiSS gnd ;]ranspgrent_. A piece of trakr:spare_nt P.[VBTMA]‘“BA:
potential applications such as gas separation matéfidis, llm is shown in Figure 2. As shown in Figure 3, the

catalytic membrane¥, polymer electrolyte$-22 and ionic transmission of visible light through the PIVBTMA][BFfilm
conductive material®-3 Poly(ionic liquid)s contain anion with thickness of 0.43 mm is about 90% at wavelengths from

cation pairs and therefore have a relatively high density of strong 400 to 800 nm.

dipoles, which makes them promising candidates for microwave =~ Thermogravimetric analysis (TGA) traces for these poly(ionic
absorption. Furthermore, these materials are optically transpar-liquid)s are obtained from a Perkin-Elmer TGA 7 instrument.
ent. Their physical properties can be tuned to specific design The experiments are conducted underd¥ a heating rate of
criteria by adjusting their chemical structure including the cation, 20 °C/min. The results are shown in Figure 4. The poly(ionic
anion, or their combination. Therefore, the goal of this work is liquid)s have good thermal stability. They decompose in two
to characterize the microwave absorption properties of severalsteps. The onset of degradation is at about 35@or all the
model poly(ionic liquid)s containing either imidazolium or poly(ionic liquid)s, except for P[VBBI][Sac]. It starts to

ammonium cations. decompose at about 30C.
) ) Microwave absorption may result from dielectric loss,
Results and Discussion conduction loss, and magnetic IdsSince the poly(ionic liquid)s

The structures of poly(ionic liquid)s studied in this work are exhibit no magnetic loss and are insulators (the reported ionic
shown in Figure 1. Except for P[VBBI][Feg| they are conductivity of a poly(ionic liquid) with a similar structure to
synthesized from ionic liquid monomers and characterized by the polymers reported here is about=80s nr134), their
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Figure 1. Structures of poly(ionic liquid)s: poly[1pfvinylbenzyl)-3-butylimidazolium tetrafluoroborate] (P[VBBI][BP, poly[1-(p-vinylbenzyl)-
3-butylimidazolium tetrachloroferrate] (P[VBBI][Fe&}), poly[1-(p-vinylbenzyl)-3-butylimidazolium o-benzoicsulphimide] (P[VBBI][Sac]), and
poly[p-vinylbenzyltrimethylammonium tetrafluoroborate] (P[VBTMA][BF-.
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Figure 4. TGA profiles of poly(ionic liquid)s.
Figure 2. Photo of P[VBTMA][BF,] film.
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Figure 3. Transmission (%) of visible light through a P[VBTMA]-  as a function of frequency.
[BF4] film (0.43 mm).

microwave absorptions are solely due to the dielectric loss. The 06
dielectric loss is characterized with the relative permittivity,
which consists of a real part’, commonly known as the 0.5 -

dielectric constant, and an imaginary patt, commonly known

as the dielectric-loss factor, and hem:t_'-,c €'— ie". The real 0.4 - PIVBTMAJEF4]
part, €', relates to phase, and the imaginary pélft,relates to

loss. The loss tangent is defined as dax €''/¢'. The dielectric . 031
constants and dielectric-loss factors are measured in the NIST
lab (Boulder, CO) by a transmission/reflection method using a 0.2 1
RN

coaxial line on a HP 8510 Vector Network Analyzer in the

frequency range from 0.05 to 10 GP¥%Before the measure- 04 PIVBBI|[Sac], PIVBBI[BF4]

ments, the poly(ionic liquid)s are dried at 80 under vacuum.

Toroidal samples of 7.0 mm outer diameter, 3.05 mm inner 0 0 z ; "; ‘; 10
diameter, and about 5 mm length are prepared by compressing

polymer powder in a mold with a constant pressure of 280 MPa Frequency (GHz)

for 5 min. The samples are molded to fitand 7 mm airine. Figure 6. Dielectric loss factor” (the imaginary part of complex

There may be some air gaps on the sides of the sample. ThePermittivity) as a function of frequency.

effects of these gaps would be to lower the calculated permit- ) ) ) )
tivity. Therefore, the results reported in this work are conserva-  The dielectric loss factoe” as a function of frequency is
tive in that they provide lower bounds on the real part of the Shown inFigure 6. For the imidazolium poly(ionic liquid)s, the

permittivity. Typical uncertainties in the loss factor a€.02. ¢ slightly decreases with increasing frequency at frequencies
Because of air gaps, the uncertainty in the real part of the lower than 4 GHz. At higher frequencies, thé€ remains
permittivity is £5—10%35 essentially constant. For PIVBTMA[BF, the¢” decreases with

The dielectric constart is shown in Figure 5 as a function increasing frequency and then slightly increasgs with increasing
of frequency. At frequencies lower than 1 GHz, theecreases  frequency. At 10 GHz¢" for PIVBTMA][BF 4] is 0.4.

with increasing frequency. At higher frequencies,¢hemains As shown in Figure 1, P[VBBI][BE] has the same backbone
essentially constant. The poly(ionic liquid)s with the imidazo- as polystyrene but with ion pair groups. P[VBBI][@Fhas a
lium cations have similar dielectric constants ¢ 4). In dielectric loss 115 times higher than polystyrene. Thus, the ion
contrast, P[VBTMA][BR] with the ammonium cations has a pairs are the cause of the dielectric loss.

higher dielectric constante'( ~ 5.2). This is not surprising The effect of cation is inferred by comparing the dielectric

because this material is more polar than poly(ionic liquid)s with losses of poly(ionic liquid)s with the same backbone and anions
imidazolium cations, which is in line with results of other ionic  but different cations, P[VBBI][BE and P[VBTMA][BF4]. The
liquids 36 ammonium cation-based P[VBTMA][BFhas a dielectric loss
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Figure 7. Orientation of ion-pair dipoles in poly(ionic liquid) without and with an electric field (green vector vs purple vector).

Table 1. Comparison of Dielectric Properties for Poly(ionic liquid)s
and Other Polymers at 9 GHz and 20°C Unless Noted Otherwise

material €' €’ tano
P[VBBI][BF 4 36 014 0.039
P[VBBI][Sac] 38 015 0.039
P[VBBI][FeCls] 36  0.19 0.053
P[VATMA][BF 4 50 037 0.074
polystyrené” 2.5 0.0012 0.00048 (at 11 GHz)
polycarbonat& 2.8 0.0014 0.0005 (at 11 GHz)
polysulfoné’ 3.0 0.026 0.0085 (at 10 .8 GHz)
poly(vinyl chloride}” 2.7 0.014 0.005 (at 11 GHz)

about 1.5 times higher than the imidazolium cation-based
P[VBBI][BF 4] (Figure 6). This is because the ammonium cation
is more polar than the imidazolium cation.

To probe the effect of anion on the dielectric loss, the
dielectric losses of three poly(ionic liquid)s, P[VBBI][Sac],
P[VBBI][BF 4], and P[VBBI][FeCk], with the same backbone
and cations but different anions are compared: $sa mostly
used organic anion while BF is a widely used inorganic anion
in ionic liquids. A poly(ionic liquid) with FeCf~ anions
containing transition metal ions Feis also synthesized to test
whether such kinds of anions can further increase the loss factor.
The three poly(ionic liquid)s, however, have very similar
dielectric losses, which indicates that the anions have a minor
effect on the dielectric loss compared with the cations of poly-
(ionic liquid)s.

As summarized in Table 1, poly(ionic liquid)s have much
higher dielectric loss factors'() than other polymers due to
their strong dipole moments. For example, éhef P[VBTMA]-
[BF4] is 25 times higher than that of poly(vinyl chloride) and
263 times higher than that of polycarbonate. Their loss tangents
(tan 0) shown in Table 1 are also much higher than those of
other polymers.

Dielectric loss can result from electronic polarization, atomic
polarization, or/and orientation polarization of a homogeneous
polymer. Electronic polarization is the displacement of the
electron cloud of the atoms in the polymer molecule relative to
its positive nuclei. Atomic polarization is the distorted arrange-
ment of atomic nuclei in a polymer molecule. The times required
for electronic polarization and atomic polarization are around
1015 and 1013 s, respectively® In the frequency range from
1to 10 GHz, in which the dielectric losses of poly(ionic liquid)s

are measured, the dielectric loss caused by electronic polariza-

tion and atomic polarization is negligibt& Thus, the dielectric
loss of a polar polymer comes from the orientation polariza-
tion.38 As sketched in Figure 7, poly(ionic liquid)s have strong
dipole moments created by the permanent ion pairs. In the

orientation phase lags the alternating electric field of the
microwave energy, a dielectric loss will occur. Its value will
depend not only on the dipole strength but also on the dipole
concentration and polymer morphologiy The high dipole
concentrations of poly(ionic liquid)s make their dielectric loss
factors much higher than those of other polymers. The dielectric
loss of P[VBTMA][BF] is higher than those of the other poly-
(ionic liquid)s studied in this work because of its higher polarity
(stronger dipole moments).

Conclusion

Model poly(ionic liquid)s, P[VBBI][BR], P[VBBI][Sac],
P[VBTMA][BF 4], and P[VBBI][FeCl], have dielectric constants
from 3.7 to 5.3 and dielectric loss factors from 0.18 to 0.37,
which are much higher than those of other known polymers.
Both the dielectric constants and the dielectric loss factors of
poly(ionic liquid)s remain essentially constant in the frequency
range of 10 GHz. The model poly(ionic liquid) containing
ammonium cations, P[VBTMA][BH, has the highest dielectric
constant and dielectric loss factor among the tested model poly-
(ionic liquid)s. The TGA, DSC, and XRD data confirm that all
these materials are amorphous and thermally stable.
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