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Cleaving C—H bonds with hyperthermal H,: facile
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A facile method for cross-linking organic molecules has been developed by computational modeling,
instrumentation design, and experimental research. Briefly, organic molecules are hit by H, with control-
lable kinetic energy in our novel apparatus where a high flux of hyperthermal H, is generated. When a
C—H bond of the organic molecule is hit by H, at about 20 eV, efficient kinematic energy-transfer in the
H,—H collision facilitates the C—H dissociation with nearly 100% reaction probability. When H; hits other
atoms which are by nature much heavier than H,, mass disparity bars effective energy transfer and this
both blocks undesirable bond dissociation and reduces unnecessary energy wastage. The recombination
of the carbon radicals generated by the C-H cleavage efficiently completes the production of C-C
cross-links at room temperature with no additional energy/chemicals requirements. In addition to these
green chemistry merits, this new method is better than other cross-linking techniques which rely on pre-
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requisite reactions to add cross-linkers to the organic molecules or additional reactants and additives.
These promising features are validated by several cross-linking trials which demonstrate desirable mecha-
nical, electrical, chemical, and biochemical changes while inducing no undesirable damage of chemical
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1. Introduction

The science of effective and selective C-H bond cleavage is
fundamentally important as C-H is one of the simplest and
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functionalities in the original molecules.

most abundant chemical bonds found in nature. It also bears
industrial relevance because many advanced functional
organic materials, particularly functional polymers, comprise
saturated hydrocarbon segments as their chemically inert
backbones or spacers.’ Via effective and selective cleavage of
the C-H bonds of these materials, recombination of the
carbon radicals generated by C-H cleavage can improve mecha-
nical strength and chemical stability due to an increase of
C-C cross-links. More importantly, C-C cross-links can also be
exploited to graft molecules with desirable chemical groups to
an inexpensive organic substrate for molecular engineering of
new functional properties and applications. In reference to all
known cross-linking techniques, the present work offers a new
method to accomplish effective and selective C-H cleavage,
with superior “greenness” derived from several unconventional
reaction design considerations to reduce energy and chemical
consumption, as well as increasing yield and preventing side-
reactions.

The best known cross-linking method uses hydrogen
abstraction with atomic hydrogen to cleave C-H bonds.
However, because hydrogen abstraction typically has an energy
barrier of 0.4-0.5 eV, the reaction rate becomes practical only
when the temperature is raised above 300 °C.>? Such sample
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heating is not desirable because at this elevated temperature
many organic molecules lose their chemical functionalities
and polymeric solids deform or decompose. In addition,
driving reactions merely with thermal energy generally violates
the principles of green chemistry, as when thermal energy is
used to overcome the activation energy barrier of the reaction
of a specific chemical functional group, it is also consumed by
the translational/rotational/vibrational excitation of all chemi-
cal moieties in the reaction environment.

Although thermal energy consumption can be reduced
by adopting ultraviolet irradiation, electron/ion irradiation,
plasma exposure, and other radical-mediated reactions to
break C-H bonds and induce molecular cross-linking,* most
chemical functional groups will also be altered or destroyed by
such treatment methods with limited chemical selectivity.
Some of these techniques also induce undesirable reactions
deep below the substrate surface and cause damage to the
bulk properties. In the context of controlling surface grafting
reactions with surgical precision, various surface-initiated
polymerization methods® including atom transfer radical
polymerization® have been developed along with other pre-
parative reactions to cleave C-H bonds and add a desirable
chemical functional group onto the carbon site. However,
these processes typically involve multiple steps and consume
considerable amounts of reactive chemicals, heat, and time.”
In parallel to further research and development along this
path, some other techniques promising precise C-H cleavage
have also been reported recently, and these include special
collision-induced dissociation,”*”™'° metal-mediated dis-
sociation,'" or even site-specific charge-injection/extraction by
scanning tunnelling microscopy.'>"® Again, they are not cost-
effective or scalable, and no practical applications of these
methods have been exploited in manufacturing.

Herein, we report on a facile, inexpensive, and scalable
method to effectively and preferentially break C-H bonds. A
schematic description of this method is sketched in Fig. 1.
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Fig. 1 Schematics of C—H cleavage as induced by hyperthermal H,.
(a) Hz hitting H of a C—H bond, possessing enough kinetic energy to
break the bond and knocking H off of the molecule; (b) H, hitting C of a
C—-H bond, ineffectively transferring some of its kinetic energy to the
methane molecule and bouncing off of it.
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Briefly, the selective bond cleavage reaction is designed using
H, as a light-mass projectile with a controllable kinetic energy
of ~20 eV to knock off the hydrogen atoms of C-H bonds.
With both computational and experimental results, we demon-
strate that the kinematic energy-transfer (meaning energy
transfer imposed by kinematics) under this collision condition
is only effective when the projectile impacts upon a hydrogen
atom due to closely matching masses of the projectile-target
pair (H,—H). In this case, the C-H cleavage is preferential and
chemical selectivity is accomplished. The only chemical
reagent in this peculiar C-H cleavage process is a small
amount of molecular H,, which is chemically inert enough not
to drive any other reactions. In addition to high selectivity,
chemical reactivity is also high because in the present
hyperthermal low-energy regime, the collision probability'* of
H, hitting a hydrogen atom of the C-H bonds present in the
molecular layer of hydrocarbon-based organic matter is so
high that the projectile H, will not penetrate the first few mole-
cular layers with no collision; therefore, C-H cleavage by
hyperthermal H, is highly effective.

To present the new method, we first use our ab initio mole-
cular dynamics simulations to lay down the basic physics and
chemistry of collision-induced dissociation of C-H bonds by
hyperthermal H,. We then compare this unconventional reac-
tion design with other relevant and known methods for col-
lision-induced dissociation of C-H. After establishing the
novel chemistry, we show the practicality of the method by
explaining our design of a novel process and apparatus for
inexpensively generating a high flux of hyperthermal H,. The
scalability of the process and equipment for practical pro-
duction is also examined. Finally, we show several practical
examples to illustrate how this method can be exploited to
cross-link organic matter with molecular control-precision.

2. Methods and materials

2.1. Basic physics and chemistry of cleaving C-H bonds with
hyperthermal H,

The basic concept of preferentially cleaving C-H bonds with
hyperthermal®® H, is depicted in Fig. 1 and validated with our
ab initio molecular dynamics simulations shown in Fig. 2, with
the relevant molecular motions shown in Video S1 and other
detailed descriptions included in the ESIL.{ In essence, the
underlying physics and novelty in this reaction design is col-
lision-induced dissociation of C-H without breaking other
bonds. This is an unconventional reaction pathway which does
not require thermal energy to overcome the reaction barrier,
yet offers high reactivity and high chemical selectivity. With
the help of molecular-dynamic modeling, we found that when
hyperthermal H, with ~20 eV in kinetic energy collides with
C,Hg, a hydrogen atom can be excised from C,Hg through a
mechanism close to direct recoiling'®'” (Fig. 1 and 2). In
summary, the computational results for the H,—C,Hs col-
lision confirm the following details of collision-induced dis-
sociation of C-H by hyperthermal H,:
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Fig. 2 Computational results of ab initio molecular dynamics showing cleavage of the C—H bond of C,Hg by 19 eV H, with the molecular axis of H,
perpendicularly aligned with that of a H-C bond of C,Hg (note: the respective views of Hy4 and Hy; of C,Hg are blocked by Hys and Hysg).

* When H, (comprising Hyg and Hy,, in Fig. 2, at 19 eV in
translational energy) hits Hy; of C,He with the molecular axis
of the H, projectile perpendicular to the bond axis of H-C of
C,Hg, as shown in Fig. 2, Hy; receives enough kinematic
energy-transfer from the H, projectile to overcome the chemi-
cal potential of the Hy;—-Cy; bond and thereby leaves Cy;. The
recoiled Hy; is held for a few femto-seconds by the Cy,
bonding site of C,Hs, before its departure from the recoiled
C,H;, as shown in Video S1 of the ESIf. The analysis of the
reaction dynamics of Hy; clearly shows a recoil-like mechan-
ism of collision-induced dissociation. On the other hand, the
analysis also shows the nature of many-body interactions, as
the reaction dynamics involves all atoms and their highly cor-
related motions. More precisely speaking, the recoil-like
mechanism is different from the ideal binary H,—H collision
during which a hard sphere with an atomic mass of 2 hits
another hard sphere with an atomic mass of 1. For example,
our molecular dynamics analysis shows that the H, projectile
retains 8 eV in translational energy after its head-on collision
of Hy; of C,He. In comparison, in the framework of the ideal
binary hard-sphere collision of H,—H, the projectile H, after a
head-on collision should only retain 2 eV in translational
energy. The discrepancy mainly arises from the fact that Hy; of
C,H, is not an unconstrained H atom but a chemical constitu-
ent of C,Hg in the form of a covalent H-C bond. In this analy-
sis context, we note the interesting fact that the collision of
Ne—Cu with Ne impacting a copper crystal at 20 eV is known'®
to behave like a binary hard-sphere collision. Hence, ab initio
molecular dynamics simulations play an important role in our
work on designing and engineering hyperthermal H, induced
C-H cleavage, as well as clarifying its scientific contents.

® QOur simulations also show that while the scattered H,
retains 8 eV in translational energy, the recoiled C,Hs gains a
translational energy of ~3 eV. In comparison, the recoiled Hy;

1318 | Green Chem., 2014, 16, 1316-1325

carries less than 1 eV in translational energy. Most of the loss
of the initial impact energy (19-8-3-1 eV = ~8 eV) is consumed
by the bond-cleavage energy and the internal energy of the
recoiled C,H;.

* A small amount (<1 eV) of the initial impact energy is con-
verted to vibrational energy of the scattered H,. Similarly, in
the context of transferring translational energy to vibrational
energy during collision, a previous study'* shows that in the
event of H'—H, collision at 20 eV, the relative probability of
exciting H, from the vibrational state of 0—1 is merely 8.5%,
and that of 0—2 is 3.6%. Hence, the associated energy loss
during collision does not play a dominant role in our present
work. This supports the effectiveness of hyperthermal H,
being an effective recoiling agent under the conditions of our
method.

In the present study, we have examined over 50 different
collision trajectories and confirmed that hyperthermal H,
induced C-H cleavage indeed follows a recoil-like mechanism
constrained mainly by collision kinematics. In addition, when
the projectile hits the carbon atom of C,Hs, the ethane target
remains intact for H, projectiles with kinetic energies below
39 eV (Fig. S1f), supporting our hypothesis that there exists
an ineffective energy transfer regime in H,—C collisions.
The threshold energy for C-C cleavage was found to be 40 eV.
This leads to a practical and wide kinetic energy window of
20-40 eV for preferential C-H cleavage with good energy
efficiency.

The main working principle of our proposed method is the
mass matching of the projectile (H,) and the desirable collid-
ing atomic-site (H of a C-H bond). As expected, we indeed
found from our computational and experimental results that
when H, is replaced by any heavier projectile such as He, the
selectivity for preferentially breaking C-H bonds is lost. This
is because heavier projectiles can no longer effectively
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http://dx.doi.org/10.1039/c3gc41460d

Published on 21 November 2013. Downloaded by University of Western Ontario on 28/02/2014 13:31:30.

Green Chemistry

differentiate hydrogen atoms from other target atoms by their
mass and the mass-dependent kinematics (as detailed in
the ESI).T

Although the computational results shown in Fig. 2 suggest
a threshold H, energy of ~20 eV for cleaving C-H in C,Hs, the
threshold is expected to drop when the C-H bond is part of a
saturated hydrocarbon segment of a macroscopic solid. It is
because only a negligible amount of the incident energy is lost
to the translational kinetic energy of the solid. In contrast,
such transfer does occur in an isolated C,Hs molecule, as
shown above. Additional discussion and estimation of both
(C-H and C-C) thresholds is included in the ESL

2.2. Comparative analysis of the novelty of using
hyperthermal H, to cleave C-H

The use of hyperthermal H, as the projectile of choice in our
experiments is novel in several aspects. First, although the
recoiling mechanism has been adopted in direct recoiling
spectrometry in which helium and other inert gases with a
typical kinetic energy of 1-100 keV are used to knock off atoms
from a sample for chemical compositional analysis,'® target
atoms are recoiled indiscriminately without any chemical
selectivity. For example, Rodriguez et al. used 4-6 keV Ar' as a
projectile to recoil H, C, S, Ga, and As atoms from an alkyl-
thiol target on Au(111) in order to reveal the adsorption
dynamics of the system.'” In comparison, we have successfully
used our hyperthermal H, collision method to preferentially
cleave C-H bonds of an alkyl self-assembled-monolayer and to
cross-link these molecules either as nano-clusters or as a two-
dimensional molecular layer without losing any of the con-
stituent atoms other than hydrogen.

The novelty of the hyperthermal H, collision method is also
evident when compared to the collision-induced dissociation
mechanisms discovered earlier by Ceyer'® regarding the break-
ing of C-H bonds of CH, physisorbed on Ni(111). Ceyer
showed that when CH, physisorbed on Ni(111) is hit by a
hyperthermal argon atom, the projectile transfers some energy
to CH, and is backscattered, with a mechanism similar to
binary hard-sphere collision. The subsequent forward motion
of the CH, leads to its deformation and induces the conversion
from physisorption to dissociative chemisorption. Ceyer also
showed that by replacing argon with krypton, which is much
heavier than CH,, the krypton atom after a collision is not
backscattered but moves forward with CH,. This leads to ham-
mering CH, into the Ni substrate and results in dissociative
chemisorption. Although both cases yield C-H cleavage, they
are fundamentally different from our method in that Ceyer’s
mechanisms of C-H cleavage do not yield the recoiling of a
hydrogen atom by the incident projectile. In fact, if the Ceyer’s
mechanisms are applied to organic molecules more complex
than CH,, C-H cleavage will be accompanied by the cleavage
of other bonds and preferential C-H cleavage cannot be
accomplished. In fact, our molecular dynamics simulations
indeed show such problems when inert gas atoms such as He
and Ar are used to collide with organic molecules. In all cases,
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undesirable side reactions of other bond cleavages and yield-
reduction of C-H cleavage are observed.

The present method of using hyperthermal H, as an agent
of C-H cleavage is a breakthrough from our previous work,*°
where we employed H' to break C-H bonds. In these previous
studies we took advantage of the availability of a low energy
mass-separated ion beam system in our research laboratory to
precisely control the kinetic energy of H' ranging from 2.0 +
0.6 eV to 100.0 + 0.6 eV in order to prove collision-induced
selective C-H cleavage and its energy dependence. Although
the scientific results nicely support the reaction model shown
in Fig. 1, this ion-beam method is not practical because most
organic materials are electrically insulating and have surface
charging problems when exposed to ionized species such as
H'. Further, the generation and transport of a high flux of
hyperthermal H' is technically challenging because low-energy
ions travel relatively slowly and are subject to strong space-
charge repulsion. This results in beam-spreading which
seriously limits the flux density and the reaction throughput;
this means that although a set of collision-induced dis-
sociation experiments can be carried out, the experimental
time is impractically long. In addition, H' is chemically
reactive and may drive undesirable side-reactions, including
halogen abstraction and carbonyl reduction. By replacing H'
with the chemically more inert and neutral H,, we resolve
these shortcomings of H'.

2.3. Engineering design of a high flux of hyperthermal H,

To take full advantage of the novel chemistry of selectively
cleaving C-H with hyperthermal H,, we must first overcome
the relevant technical difficulties in generating a high flux of
hyperthermal H,. In this context, the known method of gener-
ating a supersonic molecular beam®**' typically gives
hyperthermal H, with a kinetic energy and beam current too
low for practical selective C-H cleavage. The method of neutra-
lizing a hyperthermal H," beam®” is also impractical because
of its flux limitation due to space-charge-induced spreading of
a low energy ion beam as explained earlier. Although collision
processes involving H, have been studied for many
decades,>>#710:14716:2026 thege studies have never explored
methods for the generation of a high flux of hyperthermal H,
to treat a practically large sample-area. More specifically, the
instrumentation goal in our work on making hyperthermal H,
induced C-H cleavage practical is to build an inexpensive
apparatus to generate a flux density of 10'® em™ of H, at
~20 eV per second uniformly covering a sample area of
100 cm”. With such an apparatus, surface engineering of a
large sample of 100 cm? with our new method of hyperthermal
H, induced C-H cleavage is fast and can be completed within
a few seconds. Industrial applications can be further exploited
by adding a roll-to-roll sample-feedthrough to the apparatus,
to take advantage of the fast rate of the new C-H cleavage
method.

In Fig. 3 we show the basic apparatus design in compliance
with the above instrumentation specifications. Briefly, an
intense beam of hydrogen ions is extracted from an electron

Green Chem., 2014, 16, 1316-1325 | 1319
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Fig. 3 Schematic diagram of the HHIC reactor.

cyclotron resonance microwave plasma®’ which is widely used
in industry for plasma-assisted deposition and etching.
The ions are accelerated to an appropriate kinetic energy
(300-400 eV) with an applied electric field and fed into a long
drift tube (about 50 cm in length) filled with H, to a pressure
around 1 mTorr (0.13 Pa). At the pressure of 1 mTorr, each H,
molecule will likely collide with another H, molecule every
time it travels 10 cm. Under this condition, every hydrogen ion
coming out from the ion source will collide with an H, mole-
cule in the drift tube, transfer its energy effectively to its col-
lision partner due to mass matching, and initiate a cascade of
collisions in the drift tube. The cascade collisions in the drift
tube generate and deliver a high flux of hyperthermal H, at the
end of the drift tube where a sample is placed. Additional grid
electrodes on top of the sample holder are used, with appropri-
ate voltage biases, to repel ions and electrons present near the
end exit of the drift tube.

To explore the technical details of this design, we used a
Monte Carlo (MC) technique to simulate the cascade of col-
lisions. Fig. 4a provides snap-shots from such MC simulations
(details are shown in the ESI,T with collision motions shown
in video S2). The MC simulations predicted yields of
hyperthermal H, projectiles as a function of the H, pressure in
the drift zone and the energy of H, at the drift-zone exit, which
are shown in Fig. 4b. The results indicate that there is an
optimal pressure where the yield reaches a maximum. For
example, the best yield of H, projectiles capable of breaking
C-H bonds can be found near a H, pressure of ~1 mTorr
(0.13 Pa) for 400 eV H' entering a drift zone of 50 cm in
length.

2.4. Experimental processes of hyperthermal hydrogen
induced cross-linking

The prototype apparatus shown in Fig. 3 was used to study
selective C-H cleavage and subsequent molecular cross-linking
by carbon radical recombination. This combined process is
referred to as hyperthermal hydrogen induced cross-linking
(HHIC). When a microwave power of 300 W was used, an
HHIC sample treatment typically took less than a minute for a
sample treatment area of ~500 cm? The cascade collision
process for generating a high flux of hyperthermal H, was
facilitated by extracting the ions from the ECR H, plasma with

1320 | Green Chem., 2014, 16, 1316-1325

View Article Online

Green Chemistry

a)
t=0s
®
t =100 s
® o
© o °
t =500 s
b) Number of hyperthermal H, per incident ion
=E>5eV
F et -<-E>19eV
% --E > 40eV
£
IS
QL
ks
o}
Q
[S
3 2+
=
°
2
>oL TR Rmaas
0.1 1 10

Pressure (mTorr)

Fig. 4 (a) Monte Carlo simulations of time evolution of a gas-phase
(293 K, 1 mTorr) cascade of collisions in a drift zone (blue tube) initiated
by 400 eV H* projectile. The H, projectiles with energies E > 5 eV are
shown in red, those with E < 5 eV are shown in green, and the back-
ground gas particles not participating in the collision cascade are not
shown; (b) the yield of H, projectiles per incident particle.

a voltage of 200-400 V. With a microwave power of 300 W, the
total ion extraction current was ~0.1-0.2 A; hence, the power
consumption for ion extraction was <100 W. The energy con-
sumption increases when the microwave power is raised to
generate a higher ion flux, but this also leads to a higher flux
of hyperthermal H, and thus a reduction of the HHIC treat-
ment time. Such a high throughput condition can be realized
by rushing samples through the reactor with a roll-to-roll
sample feeder.

2.5. Energy consumption of the HHIC process

The fast throughput condition is desirable in reducing the
overall HHIC energy consumption per unit-area of sample-
treatment because in addition to microwave energy consump-
tion and other throughput-dependent energy consumption
factors, the HHIC process also has throughput-independent
power consumption and this fixed-overhead consumption
makes the average energy consumption per unit-area sample

This journal is © The Royal Society of Chemistry 2014
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treatment high when the throughput is slow. The following
energy cost factors are fixed-overhead consumption: electro-
magnet to generate a local magnet field of 0.0875 T for the
maintenance of the ECR condition; and the vacuum operation
tools to keep a hydrogen pressure of 1 mTorr. On the whole,
when such a high throughput condition is adopted, the HHIC
process complies well with the principles of green engineering:
(a) it operates at room temperature; (b) reaction activation
barrier of C-H cleavage is overcome by depositing energy pre-
ferentially to the C-H bonds; (c) only H, is used to facilitate
the process and it is not consumed by the cross-linking reac-
tion; and (d) the process is engineered to prevent side-
reactions.

3. Results and discussion
3.1. Experimental validation of HHIC

To validate the cross-linking effects of HHIC, we deposited a
thin layer of dotriacontane (n-CzHee) onto freshly cleaved
mica and used the surface sensitive technique of X-ray photo-
electron spectroscopy (XPS) to monitor the layer thickness. In
this experiment, when the exposure of the layer to hyperther-
mal H, was not sufficient, the layer was removed by a simple
heptane rinse due to inadequate cross-linking. With an
increased exposure to hyperthermal H,, the degree of cross-
linking was raised which reduced the layer solubility and led
to an efficient retention of the layer thickness. Using the thick-
ness as a metric allowed us to study the dependence of the
degree of cross-linking on the hydrogen ion extraction energy.
The dependence is summarized in Fig. 5. As expected, the

HHIC efficiency from thickness changes

100 |
80 |
oS
~ 60|
=
o
=
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_9 40 |
()
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-e-washed
0 1 1 1 1 1 1
400 300 200 100 50 0

Hydrogen ion extraction energy (eV)

Fig. 5 Effectiveness of C—H cleavage of n-Cs,Hggs as a function of
hydrogen ion extraction energy, showing a drastic reduction of cross-
linking efficiency for projectiles having insufficient energy to cleave
C-H bonds. Shown is the retention of sample thickness after HHIC
(labelled "HHIC") and after washing (labelled “washed").
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HHIC effectiveness drops when the hydrogen ion extraction
energy is too low, as not enough H, projectiles having
sufficient energy to break C-H bonds are produced.

The efficiency of HHIC, in reference to the throughput of
the cross-linking reaction, is another important figure of
merit. From the computational results like those shown in
Fig. 4b, we estimate that the typical total fluence (number of
particles per unit area) of useful hyperthermal H, arriving at
the sample surface is ~7 x 10" cm™>. Assuming that at least 2
C-H bonds per C3;,Hgs molecule must be cleaved in order to
cross-link all C3,Hge units into an insoluble film, we estimate
that the rate constant of C-H cleavage by HHIC is at least
~10""" ¢cm® per molecule per second (details are given in the
ESIf). This is approximately 9 orders of magnitude more
effective than C-H cleavage by hydrogen abstraction using
atomic hydrogen.”*® Moreover, cross-linking a 10 nm thin film
of dotriacontane via HHIC, i.e. rendering it insoluble, takes
only a few seconds. Hence, the reaction throughput is high
enough for HHIC to be used in a roll-to-roll production of
molecular films.

3.2. Practical applications of the HHIC technology

Three examples are shown in Fig. 6-8 and other relevant appli-
cations recently reported in the literature are cited to illustrate
the feasibility and versatility of the HHIC technology.

3.2.1. Engineering mechanical strength. In engineering
functional polymers and organic materials, an increase in
surface mechanical strengths without changing the bulk
elastic properties can lead to an enhancement of the dura-
bility, reliability and life-time of many products. In principle,
this engineering requirement can be satisfied by increasing
the density of C-C cross-links in the near-surface region of the
polymer or organic substrate. But, accomplishing this without
comprising other physical and chemical properties of the bulk
substrate is not trivial. Here, we demonstrate that with the

Stiffness of HHIC treated butyl rubber

181

12+

Young's Modulus (MPa)

0 1L 1 1 1
10 100 1000 10000 x10™
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Fig. 6 Engineering of surface mechanical properties of butyl rubber.
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Fig. 8 A.C. impedance spectra of a lithium-ion cell assembled by
sandwiching (a) pristine separator and (b) PEO-coated separator treated
by HHIC after chloroform washing for 12 h; the inset shows the micro-
structure of the separator which remained intact before and after the
HHIC treatment.

HHIC technique, we can drastically increase the Young’s
modulus at the surface of an elastomer. In this trial demon-
stration, we used butyl rubber as a model elastomer substrate
and treated it with HHIC under different treatment conditions.
After each HHIC treatment, we employed spectroscopic ana-
lyses such as FTIR and XPS to confirm the retention of the
hydrocarbon nature of the surface chemistry with no addition
of any chemical functional groups. Young’s modulus in the
surface region of about 10 nm in depth was measured with an
atomic force microscope. Fig. 6 summarizes the changes in

1322 | Green Chem., 2014, 16, 1316-1325

View Article Online

Green Chemistry

surface Young’s modulus as a function of hyperthermal H,
fluence. In essence, a brief HHIC treatment of 30 seconds for
the generation of hyperthermal H, with a moderate microwave
power of 300 W using the HHIC apparatus design shown
in Fig. 3 is sufficient to cause a 20-fold increase in surface
mechanical strength. A scale-up version of this design
can thus be used to produce such surface-engineered
elastomer sheets with an inexpensive and fast throughput rate
of production. Such facile and drastic changes of surface
mechanical properties of a polymer with a simple collision-
induced dissociation reaction like HHIC have never been
reported.

3.2.2. Examples of engineering pure surface functionality.
In this set of examples, we demonstrate the merit of HHIC in
engineering surface chemistry. The quest focuses specifically
on premium surface engineering products which require a set
of precisely controlled chemical functional groups and cannot
tolerate any significant amounts of chemical contaminants. In
this demonstration trial, we chose to use polypropylene to
model any simple and inexpensive saturated polymer substrate
which is known to be a difficult substrate for chemical
grafting.

In the first example, we chose to anchor and cross-link a
hydrophilic molecular layer of poly(acrylic acid) (PAA) onto the
hydrophobic polypropylene substrate. This surface engineering
task was planned to show that simple spin-casting a PAA solu-
tion on polypropylene, with a subsequent brief HHIC process
to cross-link the deposited PAA, can form a stable molecular
layer with the highest density of carboxylic acid functional
group among all known materials (one COOH per two carbon
atoms on a hydrocarbon chain). Fig. 7a shows the XPS evi-
dence that virtually no acrylic acid groups were damaged by
this HHIC process. By comparison, only ~73% of the acrylic
acid groups were preserved and some contaminating oxygen-
containing functionalities were introduced when the best
plasma polymerization process to date was used to cross-link
PAA.>® The stability of the HHIC-cross-linked PAA layer was
also confirmed by its insolubility in common solvents which
are effective in dissolving untreated PAA. This example demon-
strates the important and unique merit of the HHIC process:
virtually perfect preservation of desirable chemical functional-
ity in the process of cross-linking the hydrocarbon backbones,
a merit which guarantees the features of green chemistry
including high product yield, no side products, and low chemi-
cals consumption and wastes. This merit is also a key to
opening the lock blocking the demands of cross-linking/graft-
ing results offering a set of pure chemical functionality, par-
ticularly for premium electronic or biomedical applications. In
addition to this merit, Fig. 7b displays selective area patterning
accomplished through shadow-masking in conjunction with
the HHIC treatment yielding cross-linked and insoluble PAA.
The pattern transfer is applicable to the production of novel
chemical, biomedical, and electronic sensors and other elec-
tronic devices such as field-effect transistors.

The second example of HHIC’s applicability in engineering
pure chemical functionality is about improving a lithium-ion
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battery by modifying its separator membrane which is placed
in the electrolyte of the battery to separate the anode and
cathode. In the current field, polypropylene membranes with
the microstructure shown in the inset of Fig. 8 are the most
commonly used separators. Our hypothesis is that we can raise
the electrolyte wettability and reduce the internal resistance of
the battery by grafting polyethylene oxide (PEO) to polypropy-
lene with HHIC. Briefly, our HHIC experiment indeed yielded
the stable anchoring of PEO onto the polypropylene separator
membrane with no change of the membrane microstructure
shown in Fig. 8. The PEO functionality was confirmed with
FTIR and XPS. Before the HHIC treatment, the pristine separa-
tor had a water contact angle of 108° and the contact angle
corresponding to the electrolyte solvent (mixture of EC and
DMC) was 59° after the HHIC treatment, the respective
contact angles were reduced to 27° and 34°. The results show
that indeed the HHIC treatment of grafting and cross-linking
PEO on a polypropylene separator can improve its wetting
ability.

In order to evaluate the surface modification effect of the
separator on the electrochemical properties, we prepared half-
cells having the structure of LiCoO,/separator/lithium metal
and characterized them with standard AC impedance
spectroscopy. The results are summarized in Fig. 8. Briefly, the
overlapping semicircles correspond to the charge accumu-
lation process and charge transfer process, both of which are
critically affected by the impedance of the electrolyte-separator
interface. From these data, the changes in the interface impe-
dance can be tracked and measured. As shown in Fig. 8, the
interface impedance of the pristine separator was 100 Q and
the impedance dropped to 40 Q when the separator was modi-
fied with cross-linked PEO by HHIC. This trial has already
been expanded into an engineering project to optimize the

Table 1 Green chemistry contents of HHIC
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charging/discharging properties and reliability of lithium-ion
batteries.

In addition to these original data demonstrating the appli-
cability of HHIC, some other HHIC’s applications®**" were
reported recently. For example, HHIC was also used to co-
valently bond PEO onto a butyl rubber substrate.*® Most
importantly, this work shows that the outstanding PEO nature
of anti-protein adsorption was transfused to the butyl rubber
substrate. The adsorption of fibrinogen, a common protein,
was drastically reduced by the PEO HHIC treatment, as con-
firmed by fluorescent microscopy which is sensitive to the
detection of fibrinogen.*’ In another recently known appli-
cation of HHIC, physisorbed poly(2-(dimethylamino)ethyl
methacrylate) (PDMAEMA) onto a substrate having C-H bonds
with no undesirable change of the original chemical function-
ality,®* which is similar to the fixation of PAA with no damage
of its carboxylic functionality. The cross-linked PDMAEMA was
then quaternized to form the final product—an antimicrobial
film. In comparison to the conventional method of surface-
initiated atom transfer radical polymerization for accomplishing
the same antimicrobial effect,®® this HHIC-based method®* con-
sumes much less chemical reagents and is much less costly.

4. Conclusion

In conclusion, we have demonstrated an effective way to use
hyperthermal H, to cleave C-H bonds selectively. Obeying the
basic principle of kinematic energy-transfer, the light-mass
projectile differentiates its colliding partners by their atomic
mass. Like the scalpel of a skilful surgeon, it only excises
hydrogen from a C-H bond while leaving other bonds intact.
This novel method allowed us to perform a wide range of

Principle of green chemistry

Green chemistry contents of HHIC

Energy should be minimized

Cleaving a C-H bond always requires energy. In HHIC, a clever way is

developed for depositing energy specifically to the H atom of a C-H bond to
cleave the bond. More importantly, the method minimizes the deposition of
energy to other atoms in the chemical process system. In comparison, most
current methods for cleaving C-H bonds deposit energy indiscriminatingly
to all components in the chemical process system. Hence, HHIC is relatively
energy efficient.

Synthetic method should be conducted at room temperature

Waste should be prevented

Chemical products should be designed to preserve efficacy of
function

Synthetic methods should be designed to maximize the
incorporation of all materials used in the process into the
final product

Use of auxiliary substances (solvents, separation agents, etc.)
should be made unnecessary

Unnecessary derivatization should be avoided

This journal is © The Royal Society of Chemistry 2014

Most current methods for cleaving C-H bonds require a processing
temperature higher than room temperature. HHIC is conducted at room
temperature.

HHIC aims at preferential cleavage of C-H with no undesirable bond
cleavages. This approach prevents waste and formation of side-products.

In HHIC, molecules are cross-linked with the preservation of their
functional chemical groups.

HHIC has a very high reaction probability and yet low probability of side-
reactions. As such, it is designed to maximize the incorporation of all
materials used in the process into the final product.

HHIC does not require any auxiliary substances.

Unlike many C-H cleaving and cross-linking methods, HHIC does not
require any derivatization steps.

Green Chem., 2014, 16, 1316-1325 | 1323


http://dx.doi.org/10.1039/c3gc41460d

Published on 21 November 2013. Downloaded by University of Western Ontario on 28/02/2014 13:31:30.

Paper

practical applications in the fields of chemistry, molecular
engineering, and organic electronics for which no other single
technique could have produced similar results. Furthermore,
the manufacturing cost is low because the reactor is relatively
simple and consumes no reactive gases other than a small
amount of H,, and the effective generation of a high flux of
hyperthermal H, allows the processing of large samples at a
high throughput of a few seconds per sample with no thermal
energy requirement. On the whole, the novel process gives a
near-perfect example of reaction design using the principles of
green chemistry, as shown in Table 1.
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