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BIFUNCTIONAL ACTIVE SITES FOR 
ADSORPTION OF NOX 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation of US. Ser. No. 12/030, 
200 ?led Feb. 12, 2008 which claims priority under 35 U.S.C. 
§l 19(e) from US. Provisional application No. 60/ 900,822 
?led Feb. 12, 2007, and US. Provisional Application No. 
60/939,839 ?led May 23, 2007, the disclosures of which are 
incorporated herein by reference in their entireties for all 
purposes. 

BACKGROUND OF THE INVENTION 

Increased awareness of the detrimental health conse 
quences of NOx as well as tighter legislation have required 
improved adsorption and trapping systems for NOx.l This 
invention concerns improvements relating to NOx traps or 
materials for the speci?c adsorption of nitric oxide (NO) and 
nitrogen dioxide (N02) components in a gas mixture. Such 
systems are typically used in harm reduction for situations 
involving combustion processes, such as those that result in 
tobacco smoke. While gases arising from combustion pro 
cesses can contain many components such as aldehydes, cya 
nides, sulphides and oxide, it is dif?cult to remove NOx, and 
especially NO, due to intrinsically low reactivity. A desirable 
characteristic of a NOx adsorbent is that it removes virtually 
all NOx present in a gas mixture with rapid kinetics. An 
additional desirable trait is that it functions at low tempera 
turesiincluding room temperature and below. A furthermore 
desirable trait of such an adsorbent material is that it be 
tolerant to other molecules, particularly sulfur and sul?des, 
which are both known to act as poisons for metal-based NOx 
adsorption and catalysis sites. 

In the ?eld of tobacco-smoke ?lter technology, one of the 
major technological problems is the reduction of NO, which 
has been implicated to have a role in lung damage and a 
variety of diseases in smokers, including chronic obstructive 
pulmonary disease and emphysema.l’5 A desirable trait of a 
tobacco smoke ?lter is an active site (e. g., the oNO oxidation 
site) being essentially metal free or wholly organic. 
A different strategy for trapping NOx molecules that has 

shown recent promise is the use of hybrid organic-inorganic 
materials. This proposal addresses the development of novel 
materials capable of detecting or trapping NO and NO2 via 
selective adsorption on speci?c organic binding sites. These 
sites consist of immobilized molecular receptors on silica 
platforms, which interact with NO and NO2 at low concen 
trations in gas and liquid phases. 

Recent attention has focused on using organic functional 
groups, and speci?cally organic radicals, as active sites for 
NOx adsorption. NO2 is known to react with nitroxyl radical 
sites to synthesize an oxoammonium cation via reactions 
shown below.2’3 ’4 Two NO2 molecules are removed from the 
gas phase per nitroxyl radical site: one due to nitrite salt 
formation, and the other for nitrite oxidation to nitrate, which 
consumes NO2 as oxidant and forms NO in the gas phase as a 
by-product. The resulting oxoammonium nitrate salt is 
known to be non-hygroscopic, and thermally, mechanically, 
and oxidatively stable.3 

Nitroxyl radicals have been immobilized onto polymers 
and high surface area porous materials in the prior art in order 
to remove NOx from a gas mixture; however, only a fraction 
of NO can be removed from a gas mixture with these mate 
rials, typically less than 72%.5 
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Scheme 1. Sequential reaction of nitroxyl radical site with N02. 
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Nitronyl nitroxides are known to act as an oxidant in react 

ing with NO to form N02.6 Materials consisting of phys 
isorbed, non-covalently immobilized nitronyl nitroxides on 
the surface of silica have been used to previously convert NO 
to N02.7 A signi?cant limitation when using such materials is 
the very slow kinetics of NO oxidation, indeed too slow to be 
useful in a practical application, as it typically occurs over 
time scales of several hours at low NO concentration.7 It 
would be a distinct advantage to synthesize an immobilized 
nitronyl nitroxide-containing site that could react with NO 
almost instantaneously and at the limit of mass transport in 
bulk or mesoporous channelsitypically involving fractions 
of a second for typical particle sizes. 

NO 

nitronyl nitroxide 

_ N 

I @R . — N 
(I) . 
imino nitroxide 

A material that incorporated organic sites for adsorption or 
oxidation of NO, and/or organic sites for adsorption or reduc 
tion of NO2 (e.g., essentially simultaneous oxidation of NO 
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and storage of NOZ) would represent a signi?cant advance in 
the art. Quite surprisingly, the present invention provides 
such materials. 

BRIEF SUMMARY OF THE INVENTION 

The present invention provides materials that incorporate 
one or more organic sites for adsorption, reduction or oxida 
tion of an NOx species. A generally preferred active site is an 
organic site, thereby avoiding the toxicological problems 
inherent with metals. The organic site is generally immobi 
lized on a substrate, which may be an organic polymer or 
inorganic material. The immobilization can be through cova 
lent attachment of the organic site to the substrate, optionally 
through a linker or the organic site can be immobilized 
through a non-covalent interaction with the substrate (e.g., 
chemisorption, physisorption, host-guest, etc.). Exemplary 
organic sites include radicals, e.g., nitroxide radicals. The 
invention further provides systems and devices that incorpo 
rate one or more material of the invention and methods of 
using the materials, systems, devices and methods of the 
invention. Preferred materials of the invention are active for 
NOx storage at low temperatures, e.g., less than 2000 C. An 
additional advantage provided by materials of the present 
invention is sulfur tolerance, due to the fact that preferred 
organic NO oxidation and NO2 adsorption sites are sulfur 
resistant organic radicals, which is another advantage over 
conventional inorganic-type active sites for this purpose, 
since these are typically deactivated by the presence of sulfur 
(SO,C species). 

In one aspect, the present invention provides a robust mate 
rial for the selective adsorption of NO and NO2 in a gas 
mixture, which is i) essentially unaffected by the presence of 
one or more of CO, COZ, OZ, and HZO, ii) offers acceptable 
tolerance to the presence of SOX, and iii) has an active site 
ef?ciency that is greater than 80%, preferably greater than 
85%, more preferably greater than 90% and still more pref 
erably greater than 95% (this fraction of active sites are actu 
ally actively participating in the function of the adsorption 
system), and iv) is optionally a recyclable and reusable NOx 
storage system. Preferred materials can be regenerated via 
release of NO,C with a trigger (e.g., light, chemical, or heat), 
permitting recyclability. 

Underlying the functionality of the materials of one aspect 
of the invention is the combination, in a parallel or near 
parallel con?guration, of NO oxidation sites with NO2 
adsorption sites, wherein at least one of the types of sites is an 
organic radical and wherein the NO oxidation site can be 
either stoichiometric or catalytic. Such a con?guration can be 
achieved by immobilizing each type of site on the same mate 
rial or, alternatively, by mechanically mixing two materials, 
each of which consists of immobilized versions of one of the 
types of sites. The resulting materials remove NO and/or NO2 
from a gas or other ?uid phase. 

In contrast to prior systems, the present invention provides 
an ef?cient system for the oxidation of NO to NOX, and 
trapping of the NO,C produced. Referring to FIG. 2 of Boocock 
et al. (Anal. Chem., 49, 1977, p. 1674), the timescale of 
reaction of NO in an inert gas stream with PTIO immobilized 
non-covalently on silica gel was on the timescale of l 2 hours. 
The materials in the present invention in which the NO reac 
tive site is non-covalently bound react with NO much faster 
than this timescale. We are in a position to say with certainty 
that the slower timescale in the prior art may not be due solely 
to clumping of physisorbed species on silica as presumed 
previously to be the case. The slower timescale may also be 
the result of: i) a lower NO concentration of 0.66 ppm instead 
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4 
of our higher concentration of 2000 ppm, ii) degradation of 
nitronyl nitroxide sites by reaction with the NO2 synthesized 
from NO. Effect (i) is unlikely to solely be responsible for the 
difference because assuming linear dependence of rate on NO 
concentrationiit would mean that for our system we would 

have a predicted response time of more than 14 secondsi 
much slower than the ostensibly immediate response we 
observe. Effect (ii) is likely a factor because the NO2 trap 
consumes NO2 from the gas phase before it can degrade 
nitronyl nitroxide active sites. This degradation of nitronyl 
nitroxide sites is supported by data in more recent publica 
tions (see, e.g., J. Biol. Chem., 278, (51), 2003, pp 50949 
50955), which show that NO2 degrades nitronyl nitroxides to 
oxoammonium cations via chemical (side)reaction. 

Prior references do not disclose the use of nitronyl nitrox 
ide with NO2 trap active sites in a parallel con?guration. The 
latter has advantages in attaining theoretical yield of NO 
consumed per nitronyl nitroxide reacted, which is impossible 
to achieve without a NO2 trap in a parallel con?guration, as 
demonstrated in the examples, and may partly explain the fast 
response times over the prior art. Speci?cally, the high e?i 
ciencies of silica-anchored nitronyl nitroxide active sites in 
oxidizing NO to NO2 are the result of using an NO2 trap in a 
parallel con?guration, which prevents the NO2 product to 
inhibit other nitronyl nitroxide active sites because of rapid 
NO2 removal from the gas stream. 
An exemplary two-site material of the invention is a nitro 

nyl nitroxide-based active NO oxidation site and an organic 
radical NO2 storage site. An exemplary NO2 adsorption site is 
an organic radical, e.g., a nitroxide radical (e.g., TEMPO) 
site, although more commonly recognized adsorption sites 
are of use in the materials and methods of the invention as 
well. See, for example, Epling et al., Catalysis Reviews 46(2): 
163-245 (2004). 
Another strategy for trapping NOx molecules with mate 

rials of the present invention is the use of hybrid organic 
inorganic materials. The present invention provides novel 
materials capable of detecting or trapping NO and NO2 via 
selective adsorption on speci?c organic binding sites. These 
sites consist of immobilized molecular receptors on organic 
(e.g., polymeric) or inorganic (e.g., silica, alumina, zeolite) 
platforms, which interact with NO and NO2 in gas and liquid 
phases. Presently preferred hybrid materials have an ef? 
ciency of at least 80%, meaning that at least 80% of the 
binding sites are occupied with storing either NO or NO2 by 
interacting with these species. 

Exemplary approaches set forth herein share the common 
trait of involving radical-based molecular receptors or inter 
actions with either NO or NOZ. Exemplary materials provide 
reversible binding and release of NO and NO2 within func 
tional materials that rely on one or both of covalent and 
non-covalent adsorption mechanisms, with the eventual goal 
of permitting reusability of the material for NOx storage and 
release. 

In other exemplary embodiments, the radicals utilized to 
bind NO and NO2 include immobilized calixarene cation 
radicals for NO adsorption. Calixarene quinones as are able to 
achieve yields of calixarene cation radicals for NO adsorption 
while also retaining oxidative stability. 

In still further exemplary embodiments, the materials of 
the invention include immobilized thiyl radicals for NO 
adsorption. 
An exemplary nitroxide-based material includes a 

covalently anchored TEMPO on silica system for robust 
adsorption of NOZ, which functions according to the reaction 
sequence below: 



US 8,703,083 B2 

O 

N N02 
—> 

TEMPO 

(*3 0 9 
|| N02 

N02 
—> 

oxoammonium nitrite salt 

0 (9 

N NO3e 

oxoammonium nitrite salt 

In another embodiment, the invention provides a device 
that includes (a) a system of the invention and (b) a container 
for said system, wherein said container comprises a gas inlet 
port and a gas outlet port. In an exemplary embodiment, the 
device is communicates with a source of gas that includes 
NO. The source of gas at the device inlet is more enriched in 
NO content than the gas at the device outlet. 

Also provided is a method of oxidizing NO to NOZ. In 
some exemplary embodiments, the method includes contact 
ing NO with a nitronyl nitroxide under conditions appropriate 
to oxidize NO to NOZ, thereby oxidizing NO to NOX, while 
storing oxidized NO (e.g., NOZ) in a trap (e.g., a trap arranged 
in a parallel con?guration with the active oxidation site). The 
nitronyl nitroxide is preferably covalently attached to a solid 
support. In still further embodiments, the method includes 
contacting NO with oxoammonium nitrite or oxoammonium 
nitrate under conditions appropriate to oxidize NO to NOZ, 
thereby oxidizing NO to NOX, while storing oxidized NO 
(e.g., NOZ) in a trap (e.g., a trap arranged in a parallel con 
?guration with the active oxidation site). 

Other aspects, objects and advantages of the present inven 
tion will be apparent from the detailed description that fol 
lows. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1. Amount of NO exiting reactor as a function of time 
on stream during treatment of material MAK2 with NO in N2 
gas mixture. 

FIG. 2. Amount of NO, N02, and N2O exiting reactor as a 
function of time on stream during treatment of an intimate 
mechanical mixture of materials MAK2 and MTEMPO with 
NOx in He gas mixture. N2O was used as a non-interacting 
(inert) tracer for correcting for the dead volume present in the 
reactor system, and time t:0 was arbitrarily de?ned as the 
start of the NOx ?ow to the reactor. 

FIG. 3. Thermogravimetric analysis performed with a 
ramp rate of 5° C. per minute in air for the blank silica support 
(Selecto Silica Support), and nitronyl nitroxide-containing 
material MNNI. 

FIG. 4. Amount of NO and NO2 exiting reactor as a func 
tion of time on stream during treatment of an intimate 
mechanical mixture of materials MNNl and activated char 
coal with about 2000 ppm NO in He gas mixture (total gas 
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6 
?owrate of 60 cc/min). Time t:0 was arbitrarily de?ned as the 
start of the NO ?ow to the reactor. 

FIG. 5. Amount of NO and NO2 exiting reactor as a func 
tion of time on stream during treatment of an intimate 
mechanical mixture of materials MNNI and zeolite 5A with 
about 2000 ppm NO in He gas mixture (total gas ?owrate of 
60 cc/min). Time t:0 was arbitrarily de?ned as the start of the 
NO ?ow to the reactor. 

FIG. 6. Amount of NO and NO2 exiting reactor as a func 
tion of time on stream during treatment of a mechanical 
mixture of physisorbed PTIONC on silica and physisorbed 
TEMPONC on silica with about 2000 ppm NO in He gas 
mixture (total gas ?ow rate of 60 cc/min). Time t:0 was 
arbitrarily de?ned as the start of the NO ?ow to the reactor. 

FIG. 7. Amount of NO and NO2 exiting reactor as a func 
tion of time on stream during treatment of nitroxyl radical and 
nitronyl nitroxide sites that are non-covalently physisorbed 
on the same silica support with about 2000 ppm NO in He gas 
mixture (total gas ?owrate of 60 cc/min). Time t:0 was arbi 
trarily de?ned as the start of the NO ?ow to the reactor. 

FIG. 8. Amount of NO and NO2 exiting reactor as a func 
tion of time on stream during treatment of an mechanical 
mixture of silica supported physisorbed PTIO and thermally 
pretreated zeolite 5A with about 2000 ppm NO in He gas 
mixture (total gas ?ow rate of 60 mL/min). Time t:0 was 
arbitrarily de?ned as the start of the NO ?ow to the reactor. 

DETAILED DESCRIPTION OF THE INVENTION 

De?nitions 

Unless de?ned otherwise, all technical and scienti?c terms 
used herein generally have the same meaning as commonly 
understood by one of ordinary skill in the art to which this 
invention belongs. The techniques and procedures are gener 
ally performed according to conventional methods in the art 
and various general references, which are provided through 
out this document. The nomenclature used herein and the 
laboratory procedures in analytical chemistry, and organic 
synthetic described below are those well known and com 
monly employed in the art. Standard techniques, or modi? 
cations thereof, are used for chemical syntheses and chemical 
analyses. 
The terms “host” and “molecular host” refer, essentially 

interchangeably, to a molecule that surrounds or partially 
surrounds and attractively interacts with a molecular “guest.” 
When the “host” and “guest” interact the resulting species is 
referred to herein as a “complex.”An exemplary host of use in 
the materials of the invention include those hosts complexing 
NO or NOZ, e.g., a calixarene. 
Where substituent groups are speci?ed by their conven 

tional chemical formulae, written from left to right, they 
equally encompass the chemically identical substituents 
which would result from writing the structure from right to 
left, e.g., 4CHZOi is intended to also recite iOCH2i; 
iNHS(O)2i is also intended to represent. iS(O)2HNi, 
etc. 

The term “alkyl,” by itself or as part of another substituent, 
means, unless otherwise stated, a straight or branched chain, 
or cyclic hydrocarbon radical, or combination thereof, which 
may be fully saturated, mono- or polyunsaturated and can 
include di- and multivalent radicals, having the number of 
carbon atoms designated (i.e. Cl-C10 means one to ten car 
bons). Examples of saturated hydrocarbon radicals include, 
but are not limited to, groups such as methyl, ethyl, n-propyl, 
isopropyl, n-butyl, t-butyl, isobutyl, sec-butyl, cyclohexyl, 
(cyclohexyl)methyl, cyclopropylmethyl, homologs and iso 
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mers of, for example, n-pentyl, n-hexyl, n-heptyl, n-octyl, and 
the like. An unsaturated alkyl group is one having one or more 
double bonds or triple bonds. This term includes alkenyl and 
alkynyl moieties. Examples of unsaturated alkyl groups 
include, but are not limited to, vinyl, 2-propenyl, crotyl, 2-iso 
pentenyl, 2-(butadienyl), 2,4-pentadienyl, 3-(l,4-pentadi 
enyl), ethynyl, l- and 3-propynyl, 3-butynyl, and the higher 
homologs and isomers. The term “alkyl,” unless otherwise 
noted, is also meant to include those derivatives of alkyl 
de?ned in more detail below, such as “heteroalkyl.” Alkyl 
groups, which are limited to hydrocarbon groups are termed 
“homoalkyl”. 

The term “heteroalkyl,” by itself or in combination with 
another term, means, unless otherwise stated, a stable straight 
or branched chain, or cyclic hydrocarbon radical, or combi 
nations thereof, consisting of the stated number of carbon 
atoms and at least one heteroatom selected from the group 
consisting of O, N, Si and S, and wherein the nitrogen and 
sulfur atoms may optionally be oxidized and the nitrogen 
heteroatom may optionally be quatemized. The 
heteroatom(s) O, N and S and Si may be placed at any interior 
position of the heteroalkyl group or at the position at which 
the alkyl group is attached to the remainder of the molecule. 
Examples include, but are not limited to, 4CH24CH2i 
OiCH3, 4CH24CH2iNHiCH3, 4CH24CH2iN 
(CH3)4CH3, iCHziSiCH2iCH3, 4CH24CH2, 
iS(O)iCH3, 4CH24CH2iS(O)2iCH3, 4CH:CHi 
OiCH3, iSi(CH3)3, iCH2iCH:NiOCH3, and 
iCH:CHiN(CH3)4CH3. Up to two heteroatoms may be 
consecutive, such as, for example, iCHziNH4OCH3 and 
iCH24OiSi(CH3)3. Similarly, the term “heteroalkylene” 
by itself or as part of another substituent means a divalent 
radical derived from heteroalkyl, as exempli?ed, but not lim 
ited by, 4CH24CH2iS4CH24CH2i and 4CH2iSi 
CH24CH2iNH4CH2i. For heteroalkylene groups, het 
eroatoms can also occupy either or both of the chain termini 
(e.g., alkyleneoxy, alkylenedioxy, alkyleneamino, alkylene 
diamino, and the like). Still further, for alkylene and het 
eroalkylene linking groups, no orientation of the linking 
group is implied by the direction in which the formula of the 
linking group is written. For example, the formula 
iC(O)2R'i represents both 4C(O)2R'i and 
iR'C(O)2i. 

Substituents for the alkyl and heteroalkyl radicals (includ 
ing those groups often referred to as alkylene, alkenyl, het 
eroalkylene, heteroalkenyl, alkynyl, cycloalkyl, heterocy 
cloalkyl, cycloalkenyl, and heterocycloalkenyl) can be one or 
more of a variety of groups selected from, but not limited to: 
iOR', :0, :NR', :NiOR', iNR'R", iSR', -halogen, 
iSiR'R"R"', 4OC(O)R', 4C(O)R', iCOZR', 
iCONR'R", 4OC(O)NR'R", iNR"C(O)R', iNR'4C(O) 
NRIIRIII’ iNRIIC(O)2RI’ iNR4C(NRIRIIRHI):NRIHI’ 
iNRiC(NR'R"):NR"', iS(O)R', iS(O)2R', 
iS(O)2NR'R", iNRSOzR', 4CN and iNOZ in a number 
ranging from zero to (2m'+l), where m' is the total number of 
carbon atoms in such radical. R', R", R'" and R"" each pref 
erably independently refer to hydrogen, substituted or unsub 
stituted heteroalkyl, substituted or unsubstituted aryl, e.g., 
aryl substituted with 1-3 halogens, substituted or unsubsti 
tuted alkyl, alkoxy or thioalkoxy groups, or arylalkyl groups. 
When a compound of the invention includes more than one R 
group, for example, each of the R groups is independently 
selected as are each R', R", R'" and R"" groups when more 
than one of these groups is present. When R' and R" are 
attached to the same nitrogen atom, they can be combined 
with the nitrogen atom to form a 5-, 6-, or 7-membered ring. 
For example, iNR'R" is meant to include, but not be limited 
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8 
to, l-pyrrolidinyl and 4-morpholinyl. From the above discus 
sion of substituents, one of skill in the art will understand that 
the term “alkyl” is meant to include groups including carbon 
atoms bound to groups other than hydrogen groups, such as 
haloalkyl (e.g., 4CF3 and 4CH2CF3) and acyl (e.g., 4C(O) 
CH3, iC(O)CF3, 4C(O)CHZOCH3, and the like). 

Each of the above terms is meant to include both substi 
tuted and unsubstituted forms of the indicated radical. 
As used herein, the term “heteroatom” is meant to include 

oxygen (O), nitrogen (N), sulfur (S) and silicon (Si). 
“Binding functionality” as used herein means a moiety, 

which has an af?nity for a certain substance such as a “sub 
stance to be assayed,” that is, a moiety capable of interacting 
with a speci?c substance to immobilize it on an adsorbent 
material of the invention. Binding functionalities can be chro 
matographic or analyte speci?c. Chromatographic binding 
functionalities bind substances via charge-charge, hydro 
philic-hydrophilic, hydrophobic-hydrophobic, van der Waals 
interactions and combinations thereof. Analyte speci?c bind 
ing functionalities generally involve complementary 3-di 
mensional structures involving one or more of the above 
interactions. Examples of combinations of analyte speci?c 
interactions include, but are not limited to, antigens with 
corresponding antibody molecules, a nucleic acid sequence 
with its complementary sequence, effector molecules with 
receptor molecules, enzymes with inhibitors, sugar chain 
containing compounds with lectins, an antibody molecule 
with another antibody molecule speci?c for the former anti 
body, receptor molecules with corresponding antibody mol 
ecules and the like combinations. Other examples of the spe 
ci?c binding substances include a chemically biotin-modi?ed 
antibody molecule or polynucleotide with avidin, an avidin 
bound antibody molecule with biotin and the like combina 
tions. 

“Molecular binding partners” and “speci?c binding part 
ners” refer to pairs of molecules, typically pairs of biomol 
ecules that exhibit speci?c binding. Molecular binding part 
ners include, without limitation, receptor and ligand, 
antibody and antigen, biotin and avidin, and biotin and 
streptavidin. 
As used herein, the terms “polymer” and “polymers” 

include “copolymer” and “copolymers,” and are used inter 
changeably with the terms “oligomer” and “oligomers.” The 
polymers are selected from homo-polymers and co-poly 
mers. The polymers are optionally cross-linked polymers. 

“Attached,” as used herein encompasses interaction includ 
ing, but not limited to, covalent bonding, ionic bonding, 
chemisorption, physisorption, host-guest interactions and 
combinations thereof. 

“Independently selected” is used herein to indicate that the 
groups so described can be identical or different. 
Introduction 
The present invention provides a robust material for the 

selective adsorption of NO and NO2 in a gas mixture, which 
is preferably i) not deleteriously affected by the presence of 
one or more of CO, COZ, OZ, and HZO, ii) has an active site 
ef?ciency that exceeds 80% (this fraction of active sites are 
actually active for adsorption), iii) shows promise for future 
development as a recyclable and reusable NOx storage sys 
tem. As used herein, a material is not deleteriously affected by 
the presence of one or more of CO, CO2, OZ, and HZO if the 
adsorption of the NO and NO2 does not decrease more than 
20% of that observed in the absence of CO, CO2, OZ, and 
HZO, preferably not more than 15%, more preferably, not 
more than 10% and even more preferably, not more than 5%. 

As used herein, the “absence of CO, COZ, OZ, and HZO” 
refers to gas mixtures that include less than 10% of these 
contaminating gases, either individually or in combination. 
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Preferred embodiments of the present invention share the 
common trait of involving radical-based molecular receptors 
or interactions with either NO or N02. This invention couples 
nitroxyl radical-based active sites, comprising a nitroxide 
radical, with nitronyl nitroxide-based active sites, in a parallel 
con?guration. The resulting adsorption system functions in 
accordance with the scheme below. NOx is shuttled between 
NO and N02; the latter is ultimately adsorbed by nitroxyl 
radical sites. 

In a preferred embodiment, the nitroxyl radical and nitro 
nyl nitroxide active sites function in a con?guration that 
involves their intimate mechanical mixing, as products of one 
type of site can then be rapidly transferred to the other type of 
site for conversion and storage, avoiding degradative side 
reactions such as the decomposition of nitronyl nitroxide sites 
via side reactions with N02.6 Certain embodiments of the 
invention exploit the fact that the kinetics of nitroxyl radical 
reaction with NO2 are very rapid;8 these kinetics are likely to 
be important in explaining why nitroxyl radicals can act as an 
ef?cient NO2 adsorbent, even when there are often other, 
slower, side reactions possible in a system, such as degrada 
tion of nitronyl nitroxide sites via reaction with N02. 

20 

1 0 
plary systems of the invention oxidize NO to NO,C to at least 
90%, preferably at least 92%, preferably at least 94% more 
preferably at least 96% and still more preferably at least 98%. 

The Embodiments 

In a ?rst aspect, the invention provides an NOx adsorption 
system, which is a material that includes: (a) a member 

selected from an NO oxidation site, a NO adsorption site and 
combinations thereof, and (b) a member selected from an 

NO2 adsorption site, an NO2 reduction site and combinations 
thereof in which x is l or 2. In the materials of the invention, 

the NO oxidation and the NO2 reduction site are indepen 
dently selected from stoichiometric and catalytic sites. The 
adsorption sites are preferably bound to a substrate through a 

binding modality selected covalent and non-covalent attach 
ment. 

An exemplary NO oxidation site is a nitroxide, e.g., a 
nitronyl nitroxide, such as: 

Scheme 3. Nitronyl nitroxide sites acting in parallel with nitroxyl radical sites consume NO 
and NO; components of a gas mixture. 

oxoammonium 
nitrite 

oxoammonium 
. . <— 

nitrite 
<— 

generation of NO storage of NO; 
nitroxyl 
radical 

NO 

imino 
nitroxide 

nitronyl 
. . — 

mtrox1de NOZ generation of NO; 

1 NO is consumed by 2 nitronyl nitroxides + l nitroxyl radical 
1 N02 is consumed by l nitronyl nitroxide + l nitroxyl radical 

An exemplary material of the invention includes nitronyl 
nitroxide sites anchored on a solid support (either covalently 
or non-covalently) for rapid NO oxidation to N02. Although 
non-covalently immobilized nitronyl nitroxide sites are gen 
erally known, to date these systems have been characterized 
by unreasonably slow reaction times for NO oxidation, which 
are insuf?cient to allow for a practical adsorption system 
because most gas will pass through unreacted considering 
practical contact times and allow no possibility to store oxi 

dized NO (e.g., NOX, e.g., N02).7 The present invention cir 
cumvents the shortcomings of previous systems by offering a 
novel type of arrangement of nitronyl nitroxide active sites 
and NOx storage sites (e.g., parallel). This arrangement 
essentially prevents the inactivation of nitroxide sites in the 
presence of oxidized NO (N Ox). It has been discovered, sur 
prisingly, that these types of covalently attached nitronyl 
nitroxide active sites, while being electronically conjugated 
to the silica surface and being in proximity to interact with 
silica, still actively oxidize NO to NO2 almost instanta 
neouslyipreferably, at the mass transport rate limit. Such a 
high level of activity is unexpected because the properties of 
nitronyl nitroxides, including rate of reaction with NO, 
depend critically on the functional groups with which the site 
is in electronic conjugation with.6 The present invention pro 
vides material having a combination of covalently immobi 
lized nitroxyl radical and nitronyl nitroxide active sites func 
tioning in a parallel con?guration for the ef?cient removal of 
nearly 100% of NO and NO2 from a gas mixture. In an 
exemplary embodiment, the oxidation of NO to NOx occurs 
at essentially the theoretical limit of such oxidation. Exem 

35 

40 

45 

50 

55 

60 

65 

(I) 
O 

l R1 

0 N R3 

0/ R4 

whereinA is selected from aryl and heteroaryl; and R1, R2, R3 
and R are members selected from substituted or unsubstituted 
alkyl, substituted or unsubstituted heteroalkyl, substituted or 
unsubstituted aryl, substituted or unsubstituted heteroaryl 
and substituted or unsubstituted heteroarylalkyl. 

In yet another exemplary embodiment, A is a member 
selected from substituted or unsubstituted phenyl. In a still 
further exemplary embodiment, R1, R2, R3, and R4 are mem 
bers independently selected from C l-C6 unsubstituted alkyl. 

Another exemplary NO oxidation site is a nitrite salt or 
nitrate salt of an oxoammonium cation, e.g. an oxoammo 
nium nitrite or an oxoammonium nitrate. 

In exemplary materials of the invention, one or more of the 
sites described above is immobilized by covalent attachment 
or chemisorption or physisorption or host-guest immobiliza 
tion to a solid support. The solid supports are selected from 
organic and inorganic materials. 

Exemplary solid support materials include, but are not 
limited to, inorganic crystals, inorganic glasses, inorganic 
oxides, zeolites, layered (delaminated zeolitic) materials, 
metals, organic polymers, activated charcoal, carbons and 
combinations thereof. Inorganic glasses and crystals of use in 
the substrate include, but are not limited to, LiF, NaF, NaCl, 



US 8,703,083 B2 
1 1 

KBr, KI, CaF2, MgFZ, HgF2, BN, AsS3, ZnS, Si3N4, AIN and 
the like. The crystals and glasses can be prepared by art 
standard techniques. See, for example, Goodman, CRYSTAL 
GROWTH THEORY AND TECHNIQUES, Plenum Press, New York 
1974. Alternatively, the crystals can be purchased commer 
cially (e.g., Fischer Scienti?c). Inorganic oxides of use in the 
present invention include, but are not limited to, CszO, 
Mg(OH)2, TiOZ, ZrOZ, CeOz, Y203, Cr203, Fe203, NiO, 
ZnO, TaZOS, A1203, SiO2 (e.g., mesoporous silica), quartz, 
In203, SnOZ, PbOZ, GeOz, aluminosilicates, aluminophos 
phates, silicoaluminophosphates, zincosilicates, and the like. 
Metals of use in the substrates of the invention include, but are 
not limited to, gold, silver, platinum, palladium, nickel, cop 
per, rhodium, iridium and alloys and composites of these 
metals. In one embodiment, a higher surface area Si support 
such as MCM-4l and SBA-15 families of mesoporous Si 
materials is used. 

Organic polymers that form useful substrates include, for 
example, polyalkenes (e.g., polyethylene, polyisobutene, 
polybutadiene), polyacrylics (e.g., polyacrylate, polymethyl 
methacrylate, polycyanoacrylate), polyvinyls (e.g., polyvinyl 
alcohol, polyvinyl acetate, polyvinyl butyral, polyvinyl chlo 
ride), polystyrenes, polycarbonates, polyesters, polyure 
thanes, polyamides, polyimides, polysulfone, polysiloxanes, 
polyheterocycles, cellulose derivative (e.g., methyl cellulose, 
cellulose acetate, nitrocellulose), polysilanes, ?uorinated 
polymers, epoxies, polyethers and phenolic resins. 

In a preferred embodiment, the solid support material is 
substantially non-reactive with NOx species, thus preventing 
non-speci?c interaction or reaction between the solid support 
and the NOx species. In another exemplary embodiment, the 
solid support is coated with a material that prevents reactions 
between the solid support and the NOx species. Non-reactive 
coatings for solid supports are generally known in the art. An 
exemplary coating is poly(ethylene glycol). The proper coat 
ing agent for a particular application will be apparent to one of 
skill in the art. 
The active site(s) or materials of the invention is attached to 

the surface of the solid support by a variety of means. The 
interaction between the active site and the surface, which 
anchors the active site to the surface can be a covalent, elec 
trostatic, ionic, hydrogen bonding, hydrophobic-hydropho 
bic, hydrophilic-hydrophilic or host-guest interaction. When 
the interaction is non-covalent, it is referred to herein with 
terms such as, but not limited to, “physical adhesion,” “phy 
sisorbing,” “ physisorption,” or “chemisorp 
tion.” 

The following section is generally applicable to each sys 
tem, materials and device of the invention. In certain embodi 
ments, the device incorporates a linker arm between the sub 
strate and the active site. The layer of linker arms is of any 
composition and con?guration useful to immobilize the 
active site. The linker arms are bound to and immobilized on 
the solid support. The linker arms also have one or more 
groups that interact with the active site. 

In a preferred embodiment, the active site is covalently 
bound to the solid support by providing the solid support with 
surface moieties that chemically couple with a reactive group 
on of the active site, e.g., free isocyanates, alcohols, thiols or 
amines. Thus, for example, the solid support can have be glass 
or can include a glass (silicon dioxide) coating that provides 
hydroxyl groups for reaction with a silane reagent. Alterna 
tively, the surface can have attached amino alkyl silane groups 
which provide amine groups for reaction with an active site 
precursor. 

In another embodiment, the active site is attached to the 
surface through a linker arm, which is attached to both the 

chemisorbing, 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

12 
surface and the active site. The linker arms can be selected 
from organic materials and mixed organic/ inorganic materi 
als (e. g., synthetic polymers, as well as small molecule linkers 
(e.g., alkyl, heteroalkyl, etc.)). A fully assembled linker can 
be coupled to the solid support. Alternatively, the linker arms 
can be assembled on the substrate by coupling together linker 
arm components using a functional group on the substrate as 
the origin of linker arm synthesis. The point of attachment to 
either the substrate or active site is preferably at a terminus of 
the linker arm, but can also be an internal site. The linker arm 
can be a linear molecular moiety or it can be branched. The 
linker arms on a substrate may be independent or they may be 
crosslinked with one another. 

Exemplary synthetic linker species useful in the chips of 
the present invention include both organic and inorganic 
polymers and may be formed from any compound, which will 
support the immobilization of the functionalized ?lm. For 
example, synthetic polymer ion-exchange resins such as poly 
(phenol-formaldehyde), polyacrylic-, or polymethacrylic 
acid or nitrile, amine-epichlorohydrin copolymers, graft 
polymers of styrene on polyethylene or polypropylene, poly 
(2-chloromethyl-l ,3-butadiene), poly(vinylaromatic) resins 
such as those derived from styrene, (x-methylstyrene, chlo 
rostyrene, chloromethylstyrene, vinyltoluene, vinylnaphtha 
lene or vinylpyridine, corresponding esters of methacrylic 
acid, styrene, vinyltoluene, vinylnaphthalene, and similar 
unsaturated monomers, monovinylidene monomers includ 
ing the monovinylidine ring-containing nitrogen heterocyclic 
compounds and copolymers of the above monomers are suit 
able. 

Additional polymers include polyester (e. g., poly(lactide), 
poly(caprolactone), poly(glycolide), poly(o-valerolactone), 
and copolymers containing two or more distinct repeating 
units found in these named polyesters), poly(ethylene-co 
vinylacetate), poly(siloxane), poly(butyrolactone), and poly 
(urethane). Reactive Functional Groups 
The active sites are preferably anchored to the substrate (or 

linker arm) through the reaction of complementary reactive 
groups on the solid support, active site precursor and, option 
ally, the linker arms. Exemplary reactive functional groups 
include: 

(a) carboxyl groups and various derivatives thereof includ 
ing, but not limited to, N-hydroxysuccinimide esters, 
N-hydroxybenztriazole esters, acid halides, acyl imida 
zoles, thioesters, p-nitrophenyl esters, alkyl, alkenyl, 
alkynyl and aromatic esters; 

(b) hydroxyl groups, which can be converted to esters, 
ethers, aldehydes, etc.; 

(c) haloalkyl groups wherein the halide can be later dis 
placed with a nucleophilic group such as, for example, 
an amine, a carboxylate anion, thiol anion, carbanion, or 
an alkoxide ion, thereby resulting in the covalent attach 
ment of a new group at the site of the halogen atom; 

(d) dienophile groups, which are capable of participating in 
Diels-Alder reactions such as, for example, maleimido 
groups; 

(e) aldehyde or ketone groups such that sub sequent deriva 
tization is possible via formation of carbonyl derivatives 
such as, for example, imines, hydrazones, semicarba 
zones or oximes, or via such mechanisms as Grignard 
addition or alkyllithium addition; 

(f) sulfonyl halide groups for subsequent reaction with 
amines, for example, to form sulfonamides; 

(g) thiol groups, which can be converted to disul?des or 
reacted with acyl halides; 

(h) amine or sulfhydryl groups, which can be, for example, 
acylated or alkylated; 
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(i) alkenes, Which can undergo, for example, cycloaddi 
tions, acylation, Michael addition, etc; and 

(j) epoxides, Which can react With nucleophiles, for 
example, amines and hydroxyl compounds. 

The reactive functional groups can be chosen such that they 
do not participate in, or interfere With reactions in Which they 
are not intended to participate. Alternatively, the reactive 
functional group can be protected from participating in the 
reaction by the presence of a protecting group. Those of skill 
in the art Will understand how to protect a particular func 
tional group from interfering With a chosen set of reaction 
conditions. For examples of useful protecting groups, See, 
Greene et al., PROTECTIVE GROUPS IN ORGANIC SYNTHESIS, John 
Wiley & Sons, NeW York, 1991. 

One skilled in the art Will readily appreciate that many of 
these linkages may be produced in a variety of ways andusing 
a variety of conditions. For the preparation of esters, see, e.g., 
March supra at 1157; for thioesters, see, March, supra at 
362-363, 491, 720-722, 829, 941, and 1172; for carbonates, 
see, March, supra at 346-347; for carbamates, see, March, 
supra at 1156-57; for amides, see, March supra at 1152; for 
ureas and thioureas, see, March supra at 1 174; for acetals and 
ketals, see, Greene et al. supra 178-210 and March supra at 
1146; for acyloxyalkyl derivatives, see, PRODRUGS: TOPICAL 
AND OCULAR DRUG DELIVERY, K. B. Sloan, ed., Marcel Dekker, 
Inc., NeW York, 1992; for enol esters, see, March supra at 
1160; for N-sulfonylimidates, see, Bundgaard et al., J. Med. 
Chem, 31:2066 (1988); for anhydrides, see, March supra at 
355-56, 636-37, 990-91, and 1154; for N-acylamides, see, 
March supra at 379; for N-Mannich bases, see, March supra 
at 800-O2, and 828; for hydroxymethyl ketone esters, see, 
Petracek et al. Annals NYAcad. Sci, 507:353-54 (1987); for 
disul?des, see, March supra at 1160; and for phosphonate 
esters and phosphonamidates, see, e.g., copending applica 
tion Ser. No. 07/943,805, Which is expressly incorporated 
herein by reference. 

Those of skill in the art understand that the reactive func 
tional groups discussed herein represent only a subset of 
functional groups that are useful in assembling the materials 
of the invention. Moreover, those of skill understand that the 
reactive functional groups are also of use as groups to non 

covalently bind the NO and/or NO2 absorption site to the 
substrate. 

In the case of a representative substrate, Which is coated 
With a glass-like material, presenting a surface With reactive 
SiiOH bonds, the anchor moiety Will generally include a 
?rst functional group of reactivity complementary to the 
bonds at the surface of the glass, and a second reactive func 
tionality that forms a covalent bond With a reactive function 
ality of complementary reactivity on the active site precursor. 
As discussed above, in an exemplary embodiment the com 
plex includes an active site having a nitroxide or nitronyl 
nitroxide moiety. 

Regarding the ?rst functional group, a number of siloxane 
functionaliZing reagents can form bonds to the substrate. 
Exemplary reagents include, but are not limited to: 

1. hydroxyalkyl siloxanes (silylate surface, functionalize 
With diborane, and H202 to oxidize the alcohol) 
a. allyl trichlorosilaneQQ3-hydroxypropyl, 

b. 7-oct-1-enyl trichlorchlorosilaneQ—>8-hydroxyoc 
tyl; 
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14 
2. diol(dihydroxyalkyl) siloxanes (silylate surface and 

hydrolyze to diol) 
a. (glycidyl trimethoxysilaneQQ(2,3 -dihydroxypropy 

10Xy)PrOPy1; 
3. aminoalkyl siloxanes (amines requiring no intermediate 

functionaliZing step) 
a. 3 -aminopropyl trimethoxysilaneQaminopropyl; 

4. dimeric secondary aminoalkyl siloxanes 

a. bis(3-trimethoxysilylpropyl)amine—>bis(silyloxyl 
propyl)amine; and 

5. unsaturated species (e.g., acryloyl, methacryloyl, styryl, 
etc.). 

Exemplary anchor reagents according to motif 4, above, 
include styrylethyltrimethoxysilane, styrylethylmeth 
yldimethoxysilane, styrylethyldimethylmethoxysilane, 
styrylethyltrichlorosilane, 
lane, styrylethyldimethylmethoxysilane, (3-acryloxypropyl) 

styrylethylmethyldimethoxysi - 

trimethoxysilane, (3-acryloxypropyl)methyldimethoxysi 
lane, (3 -acryloxypropyl)dimethylmethoxysilane, 
(3 -acryloxypropyl)trichlorosilane, (3 -acryloxypropyl)meth 
yldichloro silane, (3 -acryloxypropyl)dimethylchloro silane, 
(3 -methacryloxypropyl)trimethoxysilane, (3 -methacrylox 
ypropyl)methyldimethoxysilane, (3-methacryloxypropyl) 
dimethylmethoxysilane, (3 -methacryloxypropyl)trichloro si - 

lane, (3 -methacryloxypropyl)methyldichloro silane, 
(3 -methacryloxypropyl)dimethylchloro silane and combina 
tions thereof. 

In an exemplary embodiment, an anchor reagent having a 
polymerizable moiety set forth above is coupled to a active 
site precursor that is derivatized With a polymerizable moiety 
of complementary reactivity. 

In an exemplary embodiment, in Which an active site is a 

nitronyl nitroxide, it is anchored to the solid support through 
the use of a corresponding silane reagent. Exemplary nitronyl 
nitroxide silane reagents (“active site precursors) include: 

° i/ ° 1/ 
O O 

O O O 0 O 

\Si/ / \ | 
EtO OEt OEt 
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Anexemplary immobilized nitronyl nitroxide of use in the Exemplary nitroxide radical silane reagents (“active site 
materials of the invention has the formula: precursors”) include: 

5 

0 (II) (5 6 
+ 10 

N N N N N Si—X4@—</ :ERZ 
“A” o /N R3 

0 R4 15 
O O 

o o o 0 0 

wherein X is a member selected from O, S, NH, substituted or 20 \Si/ unsubstituted alkyl and substituted or unsubstituted het EtO OEt (|)Et 

eroalkyl. 
In another embodiment, the invention provides a material 

comprising a moiety according to Formula I or II. An exem- 25 

plary material according to this format further includes an 

immobilized nitroxide radical that traps NOX, e.g., NO2 spe- In an exemplary embodiment, the invention provides a 
cies. system such as that set forth beloW: 

Total NO,C Storage System: 

Nitronyl Nitroxide Site 

+ N02 
_> 

O. N /N O O , N / N 

TEMPO Site 

? l 
N N 
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-continued 

+ NO 

O .— N / N O.— N / N 

NO? Nog9 
ii ii 

@ N (9 N 

No2 
<— 

NO: Each NO consumes single nitronyl nitroxide site + 0.5 TEMPO site 
NOZ: Each NOZ consumes single TEMPO site + 0.5 nitronyl nitroxide site 

Though the material of the invention is exempli?ed by a 
silica-immobilized system in which both active sites are 

anchored to the same solid support, those of skill will appre 
ciate that the active sites can be anchored to different solid 

supports, wherein each solid support has the same or different 
composition. 

In yet another embodiment in which the active site is a thiyl 
radical, precursors for attaching these species to a SiO2 solid 
support and a method of preparing these precursors is set forth 
below: 

Si I. t—BuLi/THF —65° C. 
—> 

2. BIZ 

commercially available 

0\ I I/O 

1 33011 
> 60% 
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-continued 

thiourea/DMF 
—> 

> 50 
TARGET COMPOUND 

In another embodiment, the invention makes use of host 
guest chemistry to sequester NOx species. An exemplary host 
is a substituted or unsubstituted calixarene, e.g, 1,3-dialter 

nate-OCIZOCH, 1,3-dialtemate-OC3OC3 and cone 
OCl2OC12. It is generally preferred that the host be activated 
for absorption of NOx species. An exemplary strategy 
included activating the calixarene with triethyloxonium 
hexachloroantimonate. 

In still another exemplary embodiment, the invention uti 
lizes a thiyl radical immobilized on a solid support. The thiyl 
radicals are preferably derived from rigid thiols that cannot 
readily interact with their surroundings, thereby producing 
stable thiyl radicals. In one embodiment, adjacent thiyls are 
separated by a rigid structure such as a calixarene. An 
example of such a system is set forth below. 
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Cal ixarene 
C avity 
Upp er 
Material 
Layer 

20 

O 

_O _ Si _0 _ii Functionalized Silica Surface 

surface of silica 

<- — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — -> 

Organically Modi?ed Silica Lower Material Layer 
Calixarene—Silica Interface 

This scheme illustrates the use of a anchored calixarene as 25 (see for example J. Chem Soc., Perkin Trans 11 2001, 1139 
a mechanical barrier for preventing two thiols from approach 
ing each other on the surface of the solid support, e.g., silica. 
The thiyl radicals in this material are prevented from extin 
guishing each other and forming disul?des. The thiol isola 
tion strategy above relies on mechanically blocking disul?de 
formation by preventing two thiols to approach each other 
with the use of the calixarene as a barrier. An alternative 

strategy is to make a thiol so rigid that it will be impossible to 
form disul?desieven if two sul?des are located close to each 
other. 
When the material of the invention includes more than one 

type of active site, the active sites can be on the same solid 
support or on different solids supports. For example, n in one 
embodiment, a member selected from an NO oxidation site, a 
NO adsorption site and combinations thereof are bound to a 
?rst solid support, and a member selected from an NO2 
adsorption site, an NO2 reduction site and combinations 
thereof are bound to a second solid support. 

Exemplary dual active site systems and their reactions with 
NOx species are set forth below: 

TEMPO 
1 H101 N02 , on —> 1.5 mol NO 
1 mol NO silica 

0 mol N02 Calixarene 
0 mol NO ‘ 9-H 

silica 

The complementary roles played by TEMPO on silica and 
calixarene on silica materials can be used to selectively 
remove NO and NO2 from a gas stream. Note that in this case 
because NO does not react with TEMPO while NO2 does 
react with calixarene (can nitrate), it is desirable to ?rst 
remove all NO2 using TEMPO on silica, followed by NO 
using calixarene on silica materials. Though there are other 
active sites available besides calixarenes that react with NO 
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1144; Nitric Oxide: Biology and Chemistry 2001, 116-127), 
the systems disclosed in these references cannot be regener 
ated, and moreover, the reactions are non-selective and form 
several products. Because of the latter, it is not even possible 
to attempt to address the question of reaction reversibility and 
regeneration. 

In a preferred embodiment, the material includes an active 
site that synthesizes NO2 from NO. The ef?uent from this 
process is fed into a nitroxide radical on a solid support (e. g., 
TEMPO on silica material), to further adsorb the synthesized 
NO. One such active site that shows excellent potential for 
this type of a transformation is PTIO (2-phenyl-4,4,5,5-tet 
ramethylimidazoline 3-oxide 1-oxyl) active site. PTIO reacts 
with NO to produce PTI and NO2 (see reaction 1 on p 1673 of 
Analytical Chemistry 1977, 49, 1673-1676; see equation 1 on 
p 1871 of Analytical Chemistry 1978, 50, 1871-1873; The 
Journal of Biological Chemistry 2003, 278, 50949-50955; 
Biochemistry 1993, 32, 827-832) according to the reaction 
below: 

O 

2 :1 I \ NO as g 

N 

O 

PTIO 

PTI 

This reaction is relatively insensitive to the presence of 
excess N02, and tolerance for $02, H28, and ozone has 
already been reported (see p 1676 of Analytical Chemistry 
1977,49, 1673-1676). Because ofits tolerance to NOZ, a solid 
























