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Detection and dosimetry of ionizing radiation™! are crucial in
several fields such as energy, national security, biological and
nuclear research, and in other advanced applications such as
monitoring the attrition of materials in space travel. The most
common systems for the detection and dosimetry of ionizing
radiation usually have one or several of the following
drawbacks: incapability to produce a real-time signal,!
expensive and/or complicated manufacturing,”! need for
operation at low temperatures,” low sensitivity to non-
charged radiation,” or voluminous size."

Although organic materials present the advantages of
being easily processed, synthetic versatility, and relatively low
cost, deployment of organic systems as small-size ionizing
radiation detectors and dosimeters has been traditionally
limited to the detection of charged particles, owing to the low
gamma ray cross sections of elements incorporated in these
molecules.”

We report herein a new sensing scheme that is not based
on scintillation or charge generation in semiconductors. Our
sensing mechanism (Figure 1) makes use of a polymer/
multiwalled carbon nanotube (MWCNT) blend for the
detection of gamma rays, capable of producing a real-time
signal at room temperature, composed of relatively inexpen-
sive starting materials, with nearly zero cost of operation and
a small size. In our system, the conducting MWCNTs form a
percolated network and are partially isolated from each other
in a non-conductive polymeric matrix. The turn-on detection
mechanism is as follows: upon irradiation of the composite,
ionization induces depolymerization of the matrix, creating a
lower resistance connection between the MWCNTs. The
depolymerization creates amplification and large changes in
the electrical properties of the composite, increasing its
conductivity, which can be detected by amperometry (mea-
surement over time of the current intensity / between two
electrodes at a constant potential V). For the aforementioned
sensing scheme to work, the following requirements need to
be met: a) the polymer must degrade rapidly upon ionization,
b) the MWCNTs must be initially well dispersed in the

[*] J. M. Lobez, Prof. Dr. T. M. Swager
Department of Chemistry, Massachusetts Institute of Technology
Cambridge, MA 02139 (USA)
Fax: (+1)617-253-7929
E-mail: tswager@mit.edu
Foundation (DMR-0706408) and to “La Caixa” for a Postgraduate
Fellowship Award to J.M.L.

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.200904936.

Angew. Chem. Int. Ed. 2010, 49, 95—98

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim K,

a) Insulated-Wire Mode b) Free-Wire Mode
.f,--"'_ s ‘--\\ .4/-' — T,

// POS-wrapped

MWCNT

Bare N\

Figure 1. Sensor design showing a) a low conductance device where
the CNTs are wrapped with non-conducting POS, which upon ioniza-
tion develops b) interconnected nanocircuitry and a higher conduc-
tance.

polymeric matrix, and c)the system must have a high
radiation harvesting yield and ease of ionization.

We have selected poly(olefin sulfone)s (POSs; Scheme 1)
as our polymer matrix; poly(1-hexene sulfone) (1) degrades in
the presence of ionizing radiation (high energy electrons,
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Scheme 1. Synthesis of poly(olefin sulfone)s (POSs).

gamma rays),” and is used as an electron beam resist.*!"!
Irradiation induces chain-scission and depolymerization,™!
releasing sulfur dioxide (SO,) gas and a volatile olefin.[*?
These polymers are synthesized by radical chain growth
polymerization of SO, and the olefin. Standard synthetic
conditions involve bulk polymerization at low temperatures
with condensed liquid SO, as the solvent and fert-butyl
hydroperoxide as the initiator.'”’ Polymers obtained in this
manner usually show a 1:1 ratio of perfectly alternating
sulfone and olefin units when there is an alkyl moiety directly
linked to the olefinic residue.'™ Olefins used for these
polymerization conditions must be electron-rich, sterically
unhindered, non-basic, and display at least moderate solubil-
ity in SO,.[1%"]

Early studies revealed that unfunctionalized POSs yielded
poor dispersions of MWCNTSs. In addition, to reach good
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levels of sensitivity, the gamma ray absorption cross section of
the POSs needed to be improved. To fulfil these require-
ments, functional POSs were synthesized. Even though
monomers with many different functional groups have been
successfully incorporated into POSs,*! several restrictions in
the monomer choice arise from the nature and conditions of
the polymerization process. Given that “click chemistry” has
proven to be an extremely useful tool for the post-polymer-
ization functionalization of polymers," azide-containing
olefins were synthesized and successfully incorporated into
the main chains of the POSs. Copolymerization of 6-azido-1-
hexene with SO, and 1-hexene (Scheme 2) afforded a family
tBuOCH
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Scheme 2. Synthesis of azide-containing poly(olefin sulfone)s.

of random monomodal terpolymers (2) in which the ratio of
incorporation of olefin to azido-olefin (a/b) was identical to
the feed ratio (A/B; see Figure 2, ideal azeotropic copoly-

1.0 | A
0.8 |
Xb
04}

0.2} D

ool 1 " 1 " 1 A 1 N 1 N
0.0 0.2 0.4 0.6 0.8 1.0

Figure 2. Molar ratio of 6-azido-1-hexene (Xg) in the feed (x axis) vs.
molar ratio of repeat unit containing azide monomer (X,), as deter-
mined by '"H NMR spectroscopy.

merization). This allows for perfect control over the loading
of azide functionalities on the side chain of the polymer.
Huisgen 1,3-dipolar cycloaddition with alkynyl molecules
provided the desired functionality to our POSs.

To improve the dispersion capabilities of MWCNTs,
pyrene was attached to the side chains of our POSs in order
to bind to the surface of MWCNTs by m—m stacking.!™™! This
interaction has been used to tailor the surface of CNTs for
functionalization purposes, leaving the electronic structure of
the tubes intact.!" Using click chemistry, pyrene 3
(Scheme 3), was incorporated into the POSs, leading to a
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Scheme 3. Alkynyl partners for click chemistry.

better interaction between MWCNTSs and POSs, and con-
sequentially, less phase separation.

Cross-section values for ionization caused by gamma rays
of different elements increase with increasing Z (atomic
number).”’ Bismuth is considered to be the heaviest non-
radioactive element in the periodic table,'”” and doping
polymers with Bi has been shown to increase the opacity of
the resulting polymers towards ionizing radiation.'¥ Bi
complex 4 (Scheme 3) was used for the click reaction.
Bismuth loadings as high as 20% (characterized by gel
permeation chromatography (GPC), '"H NMR spectroscopy,
and IR spectroscopy) were achieved in this manner without
any reduction in solubility.

Stepwise or one-pot click reactions of polymer 2 with
pyrene derivative 3 and complex 4 yielded polymer families §
and 6, the latter incorporating both pyrene and bismuth
functionalities (Scheme 4). The resulting polymers, 5 and 6,
were characterized by GPC, '"H NMR spectroscopy, and IR
spectroscopy. Presence of Bi in 6 was confirmed by X-ray
photoelectron spectroscopy (XPS).
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Scheme 4. Synthesis of functional POSs. Conditions for the click
reactions: CuBr (10 mol %), sodium ascorbate (15 mol %), iPr,NEt
(10 mol %), DMF, RT, 24 h.
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Irradiation of devices composed of a blend of 1 with
MWCNTSs with high doses of gamma radiation (5 x 10° rad)!"”]
yielded an increase in the conductivity of up to 103-fold as
compared to a non-irradiated reference of the same compo-
sition (Figure 3). To test the dynamic range of the detectors, a
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Figure 3. Increase in conductivity (y axis) of irradiated devices fabri-
cated using the specified polymer (x axis) and MWCNTs. Error bars =
standard deviation. Two radiation doses were used, 5x 10 rad (red)
and 5x10° rad (blue). Better sensitivities were obtained when using
functional POSs 5 and 6.

lower dose of 5x10°rad was employed, and devices also
showed a detectable increase in the conductivity as compared
to a non-irradiated reference. However, the conductivity was
at the lower detection limit of our amperometer, and devices
failed to show a response when exposed to lower doses. Low
sensitivity can be attributed to poor initial dispersion of CNTs
in the polymer as revealed by optical microscopy, and to the
low gamma ray cross sections of the elements that compose
the POS.

When devices fabricated using functional POSs § and 6
were exposed to gamma radiation, a more pronounced
increase in conductivity was obtained as compared to devices
with the unfunctionalized equivalent poly(1-hexene sulfone)
(1; Figure 3). An increase in the initial homogeneity of the
system improved the performance of the devices: if we
compare the response of 5 (14 mol% repeat unit x) and §
(24 mol % repeat unit x) to the same dose of radiation (5 x
10° rad), the signal goes from barely detectable to an increase
of about 14 %. Incorporation of Bi to increase the opacity of
the system towards gamma rays proved to be an even more
effective strategy for increasing device response towards
radiation: a 5.12-fold increase in the conductivity was
detected when using polymer 6 for device fabrication.

In summary, we have shown how a novel sensing scheme
that is not based on scintillation or charge generation in
semiconductors can be deployed for the detection of
uncharged ionization radiation using small devices. Func-
tional POSs were accessed by click chemistry methods, and
several strategies were successfully deployed to increase
sensor sensitivity. We have shown that systematic improve-
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ments in sensitivity can be accomplished by rational design,
and incorporation of the appropriate chemical components to
achieve sensitivities in the 10° rad range.” Further optimi-
zation is currently being carried out in our labs for the sensors
to operate in a range of lower irradiation doses.

Experimental Section

Detailed experimental procedures and chemical synthesis are de-
scribed in the Supporting Information. Thin-film deposition on a
microscope slide was achieved by drop-casting from a THF solution
containing both the POS and commercially available purified CNTs,
dispersed by sonication. Gold electrodes were deposited by sputter-
coating with a spacing of 1.5 mm between electrodes to enable
amperometric measurements. Devices were measured before and
after irradiation, and its 7 (A) signal (variation of / normalized to the
initial /) under constant voltage was compared to non-irradiated
devices with the same formulation.
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