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Nanocrystalline Metal Oxides as Destructive Adsorbents for
Organophosphorus Compounds at Ambient Temperatures
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Abstract: Nanocrystals of magnesium
oxide react with organophosphorus
compounds at room temperature by
dissociative chemisorption, which we
term “destructive adsorption”. This
process involves cleavage of P—O and
P—F bonds (but not P—C bonds) and
immobilization of the resultant molec-
ular fragments. These ultrafine powders
have unusual crystalline shapes and
possess high surface concentrations of
reactive edge/corner and defect sites,
and thereby display higher surface re-

than typical polycrystalline material.
This high surface reactivity coupled with
high surface area allows their use for
effective decontamination of chemical
warfare agents and related toxic sub-
stances. Herein data is presented for
paraoxon, diisopropylfluorophosphate
(DFP), and (CH;CH,0),P(O)CH,-
SCHs; (DEPTMP). Solid-state NMR
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and IR spectroscopy indicate that all
OR and F groups dissociate; this leaves
bound —PO,, —F, and —OR groups for
paraoxon, DFP, and DEPTMP, respec-
tively. For paraoxon, it was shown that
one monolayer reacts. For DEPTMP,
the OR groups dissociate, but not the
P-CH,SC¢H; group. The nanocrystal-
line MgO reacts much faster and in
higher capacity than typical activated
carbon samples, which physisorb but do
not destructively adsorb these phospho-
rous compounds.

activity, normalized for surface area,

Introduction

Nanocrystalline materials exhibit a wide array of unusual
properties, and can be considered as new materials that bridge
molecular and condensed matter.'!:. One of the unusual
features is enhanced surface chemical reactivity (normalized
for surface area) toward incoming adsorbates.?! For example,
4 nm MgO crystals adsorb more than three times as much SO,
or CO, per nm? than more conventional material, and many
times more than commercially available common MgO.Pl
Similarly, nano-MgO, CaO, and Al,O; adsorb polar organics
such as aldehydes, alcohols, ketones, and other polar organics
in very high capacities, and substantially outperform the
activated carbon samples that are normally employed for such
purposes.! Indeed, nanocrystalline oxides in powder or
porous pellet forms make up a family of very powerful
adsorbents.P!

Herein we report studies aimed at determining if these
ionic, nontoxic materials would be capable of destructive
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adsorption of organophosphorus reagents at room temper-
ature or below.*?] Previous work at elevated temperature
(>300°C) has shown that organophosphorous compounds are
effectively mineralized by these nanomaterials;[®] while NMR
studies of nanocrystalline MgO, CaO, and Al,O; interacting at
room temperature with VX, HD, and GD (chemical warfare
agents) have been promising and indicate that the products
are nontoxic.”

Experimental Section

Commercial oxides were purchased from Fisher Scientific or Aldrich.
Conventionally prepared (CP) oxides such as CP-MgO were prepared as
previously described, as were aerogel oxides such as AP-MgO (nano-
crystalline materials).[®l These preparation methods involved a final heat
treatment under vacuum at 500 °C. The oxides were stored under nitrogen,
but can be handled in air during experimental manipulations. Paraoxon and
DFP were purchased from Aldrich, and DEPTMP was purchased from
Lancaster; all three were used as received. Activated carbon samples were
purchased from Aldrich.

Samples for FTIR analysis were prepared by grinding a sample of the
vacuum-dried solid (1 to 3 mg) with anhydrous KBr (100 mg). Pellets were
made with a standard pellet press. IR spectra of neat liquids were obtained
by spreading a thin film of the liquid between a pair of salt plates. 3'P NMR
spectra were obtained by using a Tecmag 270 MHz spectrometer equipped
with a Doty Scientific 7 mm high-speed CP-MAS probe, and by using direct
excitation and high power proton decoupling.!'”l The observation frequency
for 3'P was 109.55 MHz. Samples were packed in a sapphire rotor with kel-
F end caps and typically spun at 4700 Hz. Chemical shifts were referenced
to external 85 % H;PO, (6 =0 ppm). *C MAS NMR spectra were obtained
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on a Chemagnetics CMX-300 model 300 MHz spectrometer with an
observation frequency of 75 MHz. Samples were spun at 8000 Hz.
Chemical shifts were referenced to external TMS (0 =0 ppm)

Room-temperature destructive adsorption of paraoxon [(CH;CH,0),.
P(0)OCH,NO,] and DEPTMP [(CH,CH,0),P(O)CH,SC(H;]: Adsorb-
ents examined in this study included aerogel-prepared magnesium oxide
(AP-MgO), conventionally prepared magnesium oxide (CP-MgO), com-
mercially available magnesium oxide (CM-MgO), activated carbons from
norite (AC-NO), Darco (AC-DA), coconut shell (AC-CO), and Amber-
sorb(R)572 (AM).

Adsorbent (100 or 200 mg) was placed in a 250 mL round-bottom flask
equipped with a magnetic stirrer, and pentane (100 or 200 mL) was added.
The solution was purged with nitrogen to remove any oxygen, and then the
organophosphorus compound (4.5 or 9 uL) was added and its disappear-
ance was monitored by UV/Vis spectroscopy (about 5 x 10~"M detection
limit). The data were taken after 2, 5, 10, 15, and 20 minutes, then every
20 minutes up to 2 h. After overnight reaction, the solid was separated,
vacuum dried, and studied by transmission IR and NMR spectroscopy.

In some cases the spent oxides and activated carbon were extracted with
toluene, CH,Cl,, or CH;OH. For example, an excess of toluene was added
and the samples were sonicated for 20 minutes to ensure proper extraction.
After that time, the GC-MS spectra of the extracts were taken on a
Hewlett — Packard GC-MS. In the case of AP-MgO, no paraoxon or other
organic residue was extracted, whereas in the activated carbon cases,
paraoxon was obtained in significant amounts.

Room temperature destructive adsorption of DFP, [(Me,CHO),P(O)F]:
Adsorbents examined in this study included AP-MgO, CP-MgO, and CM-
MgO. The adsorbents were evacuated at room temperature for ~15-
30 min (~10~*Torr) prior to adsorption. In a typical experiment, the
adsorbent (100 mg) was weighed into a vapor-phase IR cell that could be
connected to a vacuum line. After this treatment, a background spectrum
was recorded. Subsequently, DFP was introduced (9 uL, = 5wt % ) into the
sample cell and the IR spectrum of the vapor phase was recorded after 1 h.
In order to assess the structure of the adsorbed species, reaction with DFP
was carried out as described below, and the DFP adsorbed on the solid was
isolated and analyzed.

In a representative experiment, a 250 mL single necked flask with a serum
cap, a stir bar, and a magnetic stirrer was charged with dry pentane
(200 mL). The solid adsorbent (200 mg) and DFP (9 puL, ~5wt%) were
added sequentially to the flask. After an hour at room temperature the
stirring was stopped, the solvent was decanted, and the solid was dried
overnight under vacuum, and analyzed by IR and solid state NMR.

Results

Paraoxon: An array of samples was studied for their ability to
destructively adsorb paraoxon. The best adsorbent was nano-
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crystalline magnesium oxide. The results are given in Figure 1,
which shows the disappearance of paraoxon upon exposure to
various MgO samples including AP-MgO nanocrystals, CP-
MgO microcrystals, and polycrystalline CM-MgO with pen-
tane as the solvent medium.

The AP-MgO nanoparticles outperform all other magnesia
samples tested. The paraoxon was completely adsorbed on the
AP-MgO sample before the first reading could be measured
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Figure 1. Adsorption of paraoxon (4.5 uL) on magnesium oxide (0.1 g)
dispersed in pentane, monitored by UV/Vis spectroscopy (267 nm band).
AP samples are nanocrystalline (surface area 400 m?>g~!, crystallite size =
4 nm); CP sample (150 m?>g~!, 8 nm); CM sample (30 m*g~!, >20 nm).

at 2 minutes after exposure. This behavior has been repeated
in many test trials and is due to the material’s reactive nature
and very high surface area of 400-600 m?g!; for the studies
reported herein, a sample of 400 m?g~' was used. The
conventionally prepared MgO samples (150 m?g~!) also
adsorbed paraoxon relatively efficiently, while commercially
available MgO samples (30 m?>g~!) were not at all effective. In
addition, noncoated and coated nanoscale oxides and hydrox-
ides of calcium (aerogel and conventionally prepared),
aluminum, and zinc oxide were used. The results were also
very promising, although none was as effective as AP-MgO
(results not shown). It was also noted that when AP-MgO
samples were directly compared with each other, higher
surface area samples performed better, as would be expected.

While evidence of actual destruction of the mimic com-
pound was observed for many of these reactive adsorbents, we
were able to confirm that destructive adsorption does not take
place with activated carbon, a well-known highly adsorbent
material. Activated carbon adsorbs paraoxon; but, in contrast
to AP-MgO, it could be removed by toluene extraction. An
unexpected outcome of the research was that activated carbon
actually has a lower adsorption capacity than the AP-MgO
material on an equivalent gram basis. When 100 mg of each
adsorbent was used, only 4.5 pLL of paraoxon was completely
adsorbed on the activated carbon surface whereas the AP-
MgO adsorbed/destroyed 15 pL of paraoxon. The comparison
between activated carbon and AP-MgO is illustrated in
Figure 2. In Figure 3a is shown the 3P MAS NMR spectrum
of the AP-MgO/paraoxon solid. Five peaks with the center
peak at 6 =0.85 ppm are observed. The outer peaks are due to
spinning side bonds.

FTIR studies of the solid AP-MgO/paraoxon sample were
carried out, and peak assignments were made based on
literature.’! After the adsorption on AP-MgQO, a band for OH
groups appeared in the IR spectrum; this is probably due in
part to adventitious water adsorption during IR sample
preparation and handling (KBr pellets were used, as de-
scribed in the Experimental Section). However, ethoxide
dissociation could also have formed some surface OH and
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Figure 2. Adsorption of paraoxon on AP-MgO (0.1 g) compared with
activated carbon (0.1 g) dispersed in pentane, monitored by UV/Vis
spectroscopy (267 nm band).
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Figure 3. 3P MAS NMR spectra of solid AP-MgO with adsorbed para-
oxon.

C,H,. The bands due to ring stretching (1594 cm~!, 1494 cm!)
as well as N—O asymmetric stretching at 1525 cm~! broadened
and shifted toward lower wavenumbers. A new broad band at
1307 cm~! might be attributed to a symmetric stretch of N—O
in ArNO,. The P=O stretching at 1283 cm™! in the neat
paraoxon spectrum appears to be almost completely gone,
giving way to a very small feature at 1216 cm~.. A very strong
band at 1032 cm™' assigned to C-O-(P) stretching in P-O-Et
almost completely disappeared; this indicates the dissociation
of the ethoxy group from the paraoxon. The interpretation of
the spectrum of paraoxon after adsorption on activated
carbon is much more difficult, since the spectral features are
very broad.

DEPTMP: The UV spectrum of DEPTMP in pentane
contains two absorption bands centered around 209 and

o]
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256 nm. A series of concentrations allowed construction of a
calibration curve, and by using a one-hour exposure time
(time elapsed after MgO nanoparticle powder addition) it was
determined that AP-MgO, was clearly superior to CP-MgO,
CM-MgO, and a series of activated carbon samples and
Ambersorb (Table 1).

Table 1. Percentage of DEPTMP adsorbed in one hour for a series of
adsorbents.

Adsorbent Adsorbed® [%]
AP-MgO 96
CP-MgO 74
CM-MgO 17
AC-DAD 24
AC-NO 35
AC-CO 28
AM 59

[a] Average of 3 or 4 determinations. [b] Use of crushed AC-DA resulted in
47 % adsorbed.

For IR studies, AP-MgO was treated with excess DEPTMP
in pentane. After one hour the solid was collected and washed
repeatedly with pentane until UV spectra indicated that no
more DEPTMP was being removed. The solid was analyzed
by FTIR. Although the peaks were broad, alkyl and aryl C-H
bands (3100-2800 cm™!) did not change much upon adsorp-
tion. The 7p_o band shifted from 1250 cm~! to 1206 cm~,
while a band remaining at 1048 cm~' could be due to v p Or
Vc.o-mg- Although this band did not shift, there is evidence in
the literature that the C—O stretch of some phosphonates does
not change much upon adsorption and hydrolysis by inorganic
OXideS.[ﬁ’ 11a, 12-14]

Figure 4 shows the 3P MAS NMR spectrum of AP-MgO-
adsorbed DEPTMP (5wt %). It displays two major peaks
centered around =242 and 15.7 ppm and a set of two
smaller peaks, which are attributed to spinning side bands (the
3P NMR shift for neat DEPTMP in CDCl; is 6 =23.4 ppm).
From a literature survey!'”l we found that for derivatives of the
type (EtO),PO(R), where R = CH;, Et, or Bu, P NMR delta
values ranged from ¢ = 29.6 to 32.6 ppm. Thus, it appears that
the signals observed in the DEPTMP/AP-MgO sample are
probably due to an adsorbed species that contains a more

By
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Figure 4. P MAS NMR spectra of solid AP-MgO with adsorbed

DEPTMP.
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shielded phosphorus nucleus. We assign these two peaks to
the mono- and dihydrolyzed species (cleavage of P—OEt
bonds, but not cleavage of the P-CH, bonds). This assignment
is based on the fact that alkoxy groups in paraoxon, DFP, and
GDI" are readily hydrolyzed. Furthermore, in the work by
Wagner et al.’4 the mono- and dihydrolyzed species are at
0=18.5 and 25.7 ppm, respectively, which are close to the
peaks we observed for the hydrolyzed DEPTMP. Also, upon
aging the AP-MgO/DEPTMP sample the peaks at 6 =24.2
(major) and 15.7 (minor) changed slightly to 6 =25.0 and 17.9,
respectively. The minor peak also grew; this suggests that it
represents the dihydrolyzed species.

DFP: Experiments with DFP were carried out by exposing
the reagents to MgO samples under vacuum and analyzing the
vapor above the solid by IR spectroscopy. These studies
showed that all of the DFP sample was adsorbed from the
vapor phase by AP-MgO, whereas CP-MgO and CM-MgO
did not completely adsorb the

ﬁ sample. Thus, qualitatively, AP-

MgO was a superior adsorbent.

FTIR spectra of the solid

after treatment with DFP
DFP showed the appearance of 7.y
(3700-3000 cm™'). The alkyl
C—H stretching region (3100-2800 cm~') did not change
much upon adsorption. However, the 7,_ band shifted from
1298 to 1260 cm™' and was rather weak. The ¥ o) band did
not shift much (1016 cm™'), and characteristic absorptions
(1177, 1141, 1110 cm™!) due to “rocking vibrations” of the
methyl groups of the isopropyl units were still observed
without appreciable shift compared with neat DFP. New
prominent bands appeared in the 1100-990 cm™! region: an
intense peak at 1079 cm~! and a broad absorption at 992 cm~1.
We assigned these new bands to a bridged “POO” species.
The existence of such structures has been proposed before for
other adsorbed organophosphorus agents, such as DMMP/
AP-MgO, Sarin/Al,O;, Sarin/MgO and DMMP/ALO;
(DMMP = dimethoxymethyl phosphate).[!!-14]

The 3P NMR spectrum (Figure 5) showed one set of peaks
(with spinning side bands) centered at 6 = — 0.76 ppm, shifted
from 8 = 11.2 ppm for neat DFP."*] This large upfield shift and
its symmetrical nature indicate a highly shielded phosphorus
nucleus, such as PO/~ Indeed, phosphoric acid yields a
similar spectrum, and so it appears that DFP was completely
hydrolyzed (destructively adsorbed) by AP-MgO. Further-
more, the spectrum is essentially identical, but for a small
shift, to that observed for paraoxon (6 =0.85 ppm) described

(CH3),CHO—P —F
(CHg),CHO

T v ] v 1) M T M 1
200 100 0 -100 -200
8
Figure 5. P MAS NMR spectra of solid AP-MgO with adsorbed DFP.

earlier. Thus, phosphoric acid, DFP, and paraoxon yield
identical NMR peaks except for very small ppm shifts.

We interpret these IR and NMR results as indicating that
DFP rapidly adsorbs on the AP-MgO through a bridge
“POQO” structure with loss of the P—F bond, followed by
slower destructive adsorption of the P-O-C bonds.

Discussion

The adsorption ability of nanocrystalline ionic metal oxides, in
particular MgO, can be attributed to morphological fea-
tures—a high proportion of edge/corner sites are available
due to their polyhedral shapes. Both Lewis base and Lewis
acid sites at edges/corners would be stronger due to coor-
dinative unsaturation. Indeed, models suggest that at least
20% of surface ions are positioned on edge/corners.[!?]
Furthermore, according to magnetic susceptibility studies,
other types of surface defects such as ion vacancies and
electron-deficient and electron-rich sites exist.['"]

However, while the residual surface OH groups are
certainly relevant,[” 'l their importance cannot be determined
from the data presented here. Further work is planned with
the goal of elucidating the importance of certain types of
surface OH groups (isolated vs. hydrogen bonded).

Amount and rate of adsorption: It is of interest to determine if
AP-MgO has a high capacity for adsorption corrected for
surface area, and estimate rate enhancements more quanti-
tatively, compared with more normal forms of MgO and with
activated carbon samples.

By using data from Figures 1 and 2, Table 2 was generated.
It gives estimates of the rate of paraoxon adsorption in moles

Table 2. Initial rates (first 20 minutes) of paraoxon adsorption from pentane by various adsorbents.

Sample Surface Area Paraoxon Adsorbent Adsorbed Rate [mol per mol

[m2g!] [mol] [mol] [%] adsorbent min~! m~2](*]
AP-MgO 400 3.6x10°° 2.5%x1073 92 1.7 x 1075 (7.5 x 102m~'s71)
CP-MgO 150 1.6 x 103 2.5%x1073 92 1.9 x 10
CM-MgO 30 1.6 x 105 2.5%x1073 0 ~0
act. carbon 900 3.6x107° 8.3 %1073 23 0.05 x 105

[a] At t=0, absorbance taken as 3.0 from Figure 2 and 2.5 from Figure 1. [b] The number in parentheses is a value for homogeneous base hydrolysis of

paraoxon.['$: %]

Chem. Eur. J. 2002, 8, No. 11
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of paraoxon per minute per mole of adsorbent per m?, so these
values are corrected for surface area. The results indicate that
AP-MgO and CP-MgO are comparable in initial rate of
adsorption and that both have a much higher rate than
activated carbon. This is an interesting finding since it is
known that the surface morphologies of AP-MgO (polyhe-
dral, large surface concentration of edges/corners, defects)
and CP-MgO (hexagonal platelets) are quite different and
sometimes exhibit intrinsically different chemistry.['7)

Figures 1 and 2 are also useful regarding capacity of
adsorption. For AP-MgO (100 mg) we note that about 15 pL.
of paraoxon saturate the surface. This is equivalent to about
0.015 g, 5.5 x 107> moles, or 33 x 10" molecules, which are
adsorbed onto 40m? (40 x 10¥ nm?)/0.1g of MgO, or
0.85 molecules per nm? The area taken up by a paraoxon
molecule that has dissociated into phenoxide and bridging
phosphate moiety can be calculated. It can be estimated that a
phenolic ion is about 7.4 Ain length and occupies an area of
0.74 x 0.74 =0.55 nm?. Similarly, a bridging [(EtO),PO],q
fragment (which probably exists as surface-bound PO, and
OEt groups) would be 6.7 A in length, that is, 0.67 x 0.67 =
0.45 nm?. Thus, these adsorbed fragments would occupy
approximately 1.0 nm? So the experimentally adsorbed
amount of 0.85 molecules per nm? is very close to a mono-
layer. These calculations translate into moles of AP-MgO to
moles of paraoxon=45:1, and mass of MgO to mass of
paraoxon = 6.5:1. Structure 1 shown in Figure 6 is a likely
formulation of the surface-bound structures. (It is likely that
some of the bound —OEt dissociated to —OH plus C,H,, a
rather facile process on basic surfaces). The existence of a p-
nitrophenoxide anion is assumed since, upon adsorption, the
solid turns from white to bright yellow, the color of that anion
in solution.

In comparison, with activated carbon a similar calculation
indicates that at most 7 pL of paraoxon is taken up on
90 m?>g~!, or 15 x 10'® molecules per 90 x 10'® nm?; this equals
0.17 molecules per nm>—well below a monolayer.

Another difference between the high surface area MgO
sample and carbon samples is that the paraoxon is dissocia-
tively chemisorbed onto MgO whereas, on carbon, physisorp-
tion takes place. This idea is supported by the NMR and IR
data, and the fact that exhaustive extraction of the spent
adsorbent with toluene, CH,Cl,, and CH;OH did not yield an
extractable material in the case of AP-MgO, but with
activated carbon intact paraoxon was recovered. Further-
more, similar results were obtained when these absorbents
were treated with paraoxon in the dry state (no pentane
solvent), followed by extraction. So paraoxon and DFP
appear to be completely dissociatively chemisorbed (all OR
or F groups removed). However, in the case of DEPTMP, the
CH,SC¢H; group apparently does not dissociate from the
phosphorus group. It appears from the 3P MAS NMR
that two structures are likely that represent an initial
dissociation of one OR group, and then slowly the other
OR group (Figure 6, structures 3a and b). Indeed, as
described in the Results section, the spectra changed over
time, and the peak in the d =17.9 ppm region grew; this is the
most shielded and probably represents the dihydrolyzed
species (structure 3b).

2606 ——
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Figure 6. Proposed surface structures for the adsorbed species on AP-
MgO; 1 paraoxon, 2 DFP, 3a and b DEPTMP.

Proposed surface structures: The NMR, IR, and solvent
extraction data strongly suggest that destructive adsorption
takes place. In the case of paraoxon and DFP, the 3P MAS
NMR spectra were almost identical and at a shift position
nearly the same as for the standard H;PO,. These spectra
have a single sharp resonance with spinning side bands. This
suggests that a PO, species is involved, which in turn suggests
that all the bound OR groups were dissociated. In Figure 6 we
have given general schemes for what the surface species
may be.

For the AP-MgO/paraoxon adduct, *C CP-MAS spectra
were also obtained. This sample exhibited two major sets of
peaks centered at 0 =13.6 and 60.5 ppm, and these can be
assigned to the CH; and CH, groups of adsorbed OEt. In
addition, a set of four peaks in the region of 6 =119-180 ppm
can be assigned to the aromatic carbons of the -O-C{H,NO,
species, which gives the yellow color of this sample.
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