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Composites Reinforced in
Three Dimensions by Using
Low Magnetic Fields
Randall M. Erb, Rafael Libanori, Nuria Rothfuchs, André R. Studart*

The orientation and distribution of reinforcing particles in artificial composites are key to
enable effective reinforcement of the material in mechanically loaded directions, but remain
poor if compared to the distinctive architectures present in natural structural composites such as
teeth, bone, and seashells. We show that micrometer-sized reinforcing particles coated with
minimal concentrations of superparamagnetic nanoparticles (0.01 to 1 volume percent) can be
controlled by using ultralow magnetic fields (1 to 10 milliteslas) to produce synthetic composites
with tuned three-dimensional orientation and distribution of reinforcements. A variety of
structures can be achieved with this simple method, leading to composites with tailored local
reinforcement, wear resistance, and shape memory effects.

The widespread use and increasing rel-
evance of composite materials are primar-
ily due to their higher strength-to-weight

ratio (specific strength) compared to metals, and
higher toughness (flaw tolerance) compared to
ceramics. Polymer-matrix composites are predom-
inantly assembled with ceramic, metal, or poly-
meric one-dimensional (1D) reinforcement such
as glass, steel, aramide (Kevlar), or carbon long
fibers. These fibers are typically tens of micro-
meters in diameter and increase the strength and
stiffness along the long axis of the reinforce-
ment because of the transfer of stress across the
reinforcement-polymer interfaces parallel with
the load. (1) However, 1D reinforcement makes
manufactured materials weak in the other two
dimensions,which canbepartially overcome through
laminating 1D layers at varied angles, weaving
fibers into 2D arrays, by using 2D reinforcement
particles such as platelets or synthesizing lamellar
structures (1–9).

Few 3D reinforcement solutions have been
proposed to reinforce artificial composites, in-
cluding the insertion of out-of-plane fibers by
mechanical punching (10); the formation of spe-
cial fiber arrays by using textile processes like

weaving, braiding, stitching, and knitting (11); and
the growth of aligned carbon nanotubes on the
surface of the reinforcing woven fibers (12, 13).
Three-dimensional reinforcement is also present
in composites containing randomly oriented short
fibers or platelets. However, these approaches
either lead to a decrease in in-plane mechanical
properties or do not allow for deliberate control
over the distribution and 3D orientation of high
concentrations of reinforcing nano- and micro-
particles. The lack of controlled reinforcement in
the third dimension makes manufactured compos-
ites susceptible to impact damage (2, 14), wear
(15), longitudinal microbuckling of fibers (16),
delamination (2), and long-term fatigue (13, 17).

Structural biological composites tackle this
problem by accurately controlling the orientation
of anisotropic nano- and micro-sized building
blocks so as to reinforce the material in specif-
ic directions to multidirectional external loads
(18–20). Examples include the spiral twisting
of mineralized collagen fibrils in bone (21); the
out-of-plane oriented calcite prisms and in-plane
oriented aragonite platelets in the outer and inner
layers of seashells, respectively (22); and the out-
of-plane oriented hydroxyapatite prisms and in-
plane oriented mineralized collagen fibrils in
tooth enamel and dentin, respectively (23). Cap-
turing some of the design principles underlying
the exquisite architecture of such biological
materials would allow us to overcome many of

the mechanical limitations of current artificial
composites.

We propose a strategy to obtain microstruc-
tured artificial composites exhibiting 3D archi-
tectures and enhancedmechanical behavior. The
approach relies on the application of external
magnetic fields and field gradients to align and
position anisotropic reinforcing microparticles
within the composite matrix. As typical rein-
forcing particles are often diamagnetic, requir-
ing extremely high magnetic fields for alignment
(~1 T) (24), we first coat them with superpara-
magnetic nanoparticles to make them more re-
sponsive to magnetic fields. Though a similar
method has been previously used (25) to align
carbon nanotubes with fields in the range 0.2
to 1 T, we have discovered through experiments
and theoretical energy models that using the right
geometry of reinforcement particles leads to an
ultrahigh magnetic response (UHMR). Indeed,
the magnetic field required to align the reinforce-
ment particles can be reduced to the value of
0.8 mT. This alignment field is only an order of
magnitude above Earth’s natural magnetic field
(~0.05 mT) and is orders of magnitude below the
magnetic field of rare-earth magnets (~200 mT),
common solenoids (~20 mT), and even standard
refrigerator magnets (~10 mT).

To determine the optimum particle size that
will show an UHMR effect, we theoretically pre-
dict the minimum magnetic field required for
alignment, Hmin, for different sizes, aspect ratios,
and geometries of reinforcing elements. The de-
pendence of Hmin on the size of nonmagnetic
platelets and rods coated with magnetic material
can be estimated by computing the difference in
magnetic (Um) and gravitational (Ug) energies
of the system as compared to the internal thermal
energy (kBT, where kB is the Boltzmann factor
and T is temperature) that serves to randomize
alignment. The magnetic energyUm is calculated
with an ellipsoidal shell model that reflects that
the slight amount of magnetic material lies only
in an outer layer coating the reinforcing element
(SOM text). The magnetic energy is dependent
upon the particle’s orientation with respect to the
magnetic field, y, and is smallest when the long
axis of the particle is parallel with the applied
magnetic field (y = 0°). Further, the gravitational
energy of a particle resting on a horizontal sur-
face is also dependent upon the orientation with
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respect to the surface, q, and is smallest when
the particle’s long axis is parallel with the sur-
face (q = 0°).

To estimate the minimum magnetic field re-
quired for alignment, we describe the system in
terms of a canonical partition function Z, with
the out-of-plane alignment as one of the possible
energy states. We consider the case of out-of-
plane magnetic fields, for which y = 90° –q. The
effect of the particle characteristics on Hmin is in-
vestigated by computing themagnetic field strength
that ensures that most UHMR particles in sus-
pension exhibit a reasonably good alignment—
i.e., angles within the range 75° to 90°. The prob-
ability P75–90 that 90% of the UHMRparticles are
within this range can be determined by dividing
the Boltzmann factor of this out-of-plane state by
the partition function as follows:

P75○−90○ ¼ ∫
90○

75○
e½UmðHmin,yÞ − UgðqÞ�=kBTdq

.
Z ¼ 0:9

where Z ¼ ∫
90○

0○
e½UmðHmin,yÞ − UgðqÞ�=kBTdq ð1Þ

Here, Z is the sum of the Boltzmann factors of all
possible states of orientation of the particles. The
equations used to calculate the potential energies
Um and Ug are available online (SOM text). To
simplify the analysis and obtain a first approx-
imation for Hmin, we neglect the contributions
of orientational and packing entropy to the free
energy of the system (26). This simplification is
partly justified in that packing entropy is only rel-
evant for particle concentrations higher than those
used in most of our experiments (14.2 vol %
platelets, SOM text).

Our model predictions indicate that the align-
ment of nonmagnetic platelets and rods of 5 and
10 mm in length, respectively, with modest sur-
face coatings of iron oxide nanoparticles (~0.5
vol %) requires fields that are orders of magnitude
lower than for particles with different geometries
(Fig. 1, A and C). Thermal and gravitational en-
ergies dominate for particles smaller and larger
than a few micrometers, respectively, which sub-
stantially increases the field required for alignment.

To verify the theoretical analysis, we apply
magnetic fields to surface-magnetized platelets
and rods with average size within the optimum
range required for alignment. The magnetized
surface coating is formed upon addition of the
reinforcing particles to an aqueous suspension
of 12-nm iron oxide nanoparticles with opposite-
ly charged surface at a specific pH. Under these
conditions, adsorption is driven through electro-
static interactions and is further enhanced by
short-range van der Waals attraction, eventually
becoming irreversible.We investigate both 7.5-mm-
long, 200-nm-thick alumina platelets (Alusion,
Antaria, Bentley, Australia) and 10-mm-long, 1-mm-
thick calcium sulfate hemihydrate rods that ex-
hibit, respectively, positive and negative surface
charge in water at pH = 7 (27). To coat such re-
inforcing elements, we add 1 vol % particles (plate-
lets or rods) in aqueous suspensions of 0.0052

vol % oppositely charged iron oxide nanoparti-
cle suspensions (anionic EMG-705 or cationic
EMG-605, Ferrotec, Germany) until complete
adsorption occurs (Fig. 1E).

The magnetic field required to align the
surface-magnetized platelets and rods agrees very
well with the theoretical estimates (Fig. 1, B and
D, and movie S1), confirming that it is possible
to orient reinforcing elements of a fewmicrome-
ters in length by using very low magnetic fields.
Changing the initial concentration of iron oxide
nanoparticles in the suspension controls the mag-
netization of the reinforcing particles. We have
found that the selection of anisotropic particles
within the optimum size range enables minimum
use of the iron oxide nanoparticles, down to
even a few hundred parts permillion (0.01 vol%)
of magnetic particles with respect to the rein-
forcing element. Such a concentration of mag-
netic particles requires a field of 30 mT (Fig. 1F).

This UHMR effect is favored by the 2D con-
finement of magnetic nanoparticles on the sur-

face of the reinforcing particles. The field required
for alignment of the hypothetical case in which
magnetic particles are homogeneously distrib-
uted throughout the entire volume of the reinforc-
ing element is 69% larger than if the magnetic
nanoparticles are only on the surface (SOM text).
The confinement of magnetic nanoparticles to
increase the magnetic response of anisotropic ob-
jects is in fact also used bymagnetotactic bacteria
to align themselves along Earth’s magnetic field
to find regions in the ocean with low oxygen
concentrations (28).

The ultrahighmagnetic response of the coated
anisotropic particles is of general interest in ap-
plications that require combined spatial and ori-
entational control of suspended particles (29).We
exploit this effect to orient reinforcing particles in
a polymer matrix and thus obtain artificial com-
posites exhibiting distinctive mechanical reinforc-
ing and shape memory effects.

Reinforced composites with controlled orienta-
tion of reinforcements are prepared by dispersing

Fig. 1. Ultrahigh magnetic response (UHMR) of surface-magnetized rods and platelets. The theoretical
minimum alignment field, Hmin, is plotted for (A) platelets (aspect ratio, s = 37) and (C) rods (s = 30) with
a surface coating of magnetic nanoparticles of 0.5 vol %. Specific gravity values of 3.98 and 2.5 g/cm3

were used in the calculations, consistent with the experimentally studied alumina platelets and calcium
sulfate rods, respectively. Iron oxide–coated (B) alumina platelets and (D) calcium sulfate hemihydrate
rods with optimum sizes exhibit an ultrahigh magnetic response, aligning with the extremely low mag-
netic fields predicted by the theory. (E) Example of 0.5 vol % (13% surface coverage) of iron oxide
nanoparticles on an alumina platelet that leads to alignment at 1 mT consistent with theory in (F).
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UHMR anisotropic particles in a fluid, aligning
and positioning them with a magnetic field, and
finally consolidating the fluid to fix the oriented
structure. Consolidation may occur through sol-
vent evaporation if the fluid is a polymer solution,
through temperature- or light-induced reactions if
the fluid is a monomeric solution, or by simply
cooling a molten polymeric matrix. We find that
the higher viscosity of some of the polymer so-
lutions and resins used for composite fabrica-
tion slows the orientation process but does not
change the minimum magnetic field required for
alignment.

Examples of composites obtained by applying
linear, uniform magnetic fields to fluid suspen-
sions containing magnetite-coated alumina plate-
lets, thermoplastic polyurethane elastomer (PU,
Elastollan C 64 D 53, BASF), and polyvinyl-
pyrrolidone (PVP, Sigma-Aldrich, molecular mass
360,000 g/mol) are shown in Fig. 2, A, B, F, and
G. In these examples, 2.4 g of platelets, 2.2 g of
polyurethane, and 0.75 g of polyvinylpirrolidone
were suspended or dissolved in 150 ml of di-
methylformamide (DMF, Sigma-Aldrich), and the
end composites contained 60 vol % PU, 20 vol%
PVP, and 20 vol % alumina. The orientation of
the UHMR particles in the consolidated ma-
trices directly reflects the direction of the mag-
netic field applied. Magnetic alignment and
fixation of the UHMR platelets were also pos-
sible by using epoxy and acrylate-based resins as
polymeric matrix.

In addition to homogeneously reinforced poly-
mers, multilayer composites are easily obtained
by laminating together layers of reinforced poly-
mer with specific orientations (Fig. 2, C and H).
The resulting composites exhibit an external lay-
er with out-of-plane oriented platelets and an in-
ternal layer with in-plane oriented platelets. This
should lead to a highly structured artificial com-
posite displaying the unusual and often-desired
combination of hardness and wear resistance in
the outer layer and strength and toughness in
the inner layer by using the same basic building
blocks. Single-batch synthesis composites with
this architecture can also be prepared simply by
mixing reinforcing particles with different mag-
netic nanoparticle coverage during processing and
then applying a combination of magnetic fields.
To demonstrate this, we added 4.025 g each of
platelets with 13% and 1% surface coverage of
iron oxide to 20 g polyurethane (RoPlasthan
2020R, resin-to-hardener weight ratio 3:1) and
poured themixture into a polyethylenemold. The
sample was then subjected to an 80-mT horizon-
tal field for 5 min followed by a 10-mT vertical
field for 10 min. The resulting structure shows
platelets in both configurations, depending upon
their surface coverage (Fig. 2, D and I). Further,
because of the low concentration of iron oxide
nanoparticles within the composite and the slight
permeability of water through the polyurethane
matrix, in this system it is even possible to com-
pletely removemagnetic iron oxide nanoparticles
for applications that forbid even this slight mag-

Fig. 2. In-plane and out-of plane alignment of
UHMR alumina platelets in polyurethane-based
composites. (A and B) Schematic and (F and G) top-view scanning electron micrographs (SEMs) of in-
plane and out-of-plane reinforced composites (20 vol % Al2O3 in polyurethane), made without and
with an out-of-plane magnetic field, respectively. (C) Schematic and (H) SEM of cross section of
laminated layers of in- and out-of-plane reinforced composites (20 vol% Al2O3 in polyurethane). (D)
Schematic and (I) SEM of cross section of mixed alignment with 5 vol % highly magnetized (1 wt %
Fe3O4/Al2O3) and 5 vol % weakly magnetized (0.1 wt % Fe3O4/Al2O3) alumina platelets in poly-
urethane produced with sequential magnetic field applications. Arrows indicate platelets in the second
orientation direction. (E) Schematic and (J) SEM of cross section of an alumina-polyurethane composite
formed under rotating magnetic field that allows for ultrahigh packing fractions. Inset shows top view
of composite.
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netic content. This can be accomplished by sub-
merging the consolidatedmaterial in a permeating
phosphoric acid aqueous solution to completely
dissolve the iron oxide nanoparticles without af-
fecting the orientation of reinforcing particles
(fig. S3) (27).

Although the alignment of platelets by using
linear, static magnetic fields allows for the prep-
aration of composites with unusual structures and
properties, the concentration of platelets aligned
in the out-of-plane direction is limited to about
20 vol% due to steric hindrance effects resulting
from the lack of orientational control over the
second axis of platelets. This issue can be circum-
vented by using rotating, linear magnetic fields.
A rotating field in the Y-Z plane will align the
reinforcement platelets along this plane due to
energy considerations, pinning two degrees of
orientational freedom (Fig. 2, E and J). This align-
ment is contingent upon the frequency of the
rotating field being high enough to prevent syn-
chronous rolling ofmisaligned platelets. Through
such biaxial alignment of the reinforcement
platelets, it is possible to reach very high con-

centrations of out-of-plane aligned platelets, even
50 vol %.

Control of the orientation of reinforcing par-
ticles enables tailoring of properties in specific
directions. We investigated the effect of the ori-
entation of reinforcing particles on the mechani-
cal behavior of homogeneously reinforced polymers
by measuring the tensile mechanical properties
of specimens containing reinforcement aligned
parallel or perpendicular to the applied load (Fig.
3A). The reinforced sample containing 20 vol %
parallel-aligned platelets exhibits on average 63%
and 86% higher yield strength as compared to the
pure matrix and the perpendicular-aligned plate-
lets, respectively. Likewise, the average elastic
modulus of the composites with parallel-oriented
platelets was 2.8-fold higher as compared to the
pure polyurethane matrix, whereas a moderate
increase is observed if comparedwith composites
having perpendicular-aligned platelets (table S1
and SOM text).

We use simple rules of mixtures (5) to obtain
a quantitative relation between the aligned ar-
chitecture and the resultingmechanical properties

of the composites. Assuming pull-out mode of
fracture, the yield strength, sc, of the composite is
given by

sc ¼ fp
tys
2

þ ð1 − fpÞsm ð2Þ

where ty is the shear strength of the lesser of ei-
ther the polymer matrix or the platelet/polymer
interface, s is the platelet aspect ratio, sm is
the yield tensile strength of the matrix, and fp
is the volume fraction of platelets. Taking sm =
28.6MPa (Fig. 3A), we find that the yield strength
of the composite with in-line reinforcement (sc =
46.8 MPa) can be accurately described by Eq. 2
if the value of ty is equal to 6.5 MPa. Such ty is
lower than the value of 14.3 MPa expected for
the shear strength of the polymer matrix (sm /2),
suggesting that fracture in this case is controlled
by the weaker platelet/polymer interface. This in-
dicates that further reinforcement with parallel-
aligned platelets is possible by optimizing the
platelet/polymer interfacial bonding in this system.

In addition to the tensile properties, hardness
valuesweremeasured for homogeneous composites

Fig. 3. Enhancedmechanical properties of composites containing aligned UHMR
platelets. (A) Representative increased tensile strength for polyurethane-
based polymers with 20 vol % Al2O3 platelets parallel with applied force (red)
versus perpendicular (blue) and nonreinforced (green) samples. (B) Increased
hardness for reinforced methacrylate resins with 10 vol % Al2O3 platelets
parallel to the applied load versus perpendicular and nonreinforced samples.
(C) Increased wear resistance for acrylate-based composite films of dental
resins with 1 vol % added out-of-plane aligned Al2O3 reinforcement. (D)

Localized stiffening in a polyurethane film by using magnetically induced
spatial gradients in the 3 vol % Al2O3 particle reinforcement. (E) Flexural
modulus and out-of-plane hardness of bilayer rectangular bars (30 mm by
5 mm by 3 mm) with different combinations of reinforcement orientation. The
schematic drawings show the cross sections of the tested structures, with the
bottom layer corresponding to the region subjected to tension in three-point
bending and the top layer corresponding to the region subjected to out-of-
plane hardness measurements.
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with 10 vol % UHMR platelets in methacrylate-
based composites. Samples with reinforcement
particles oriented parallel to the applied load
showed increased hardness compared to perpen-
dicular reinforcement and nonreinforced samples
(Fig. 3B). Composite films containing alumina
platelets aligned out-of-plane also exhibit out-
standing wear resistance. Wear was measured by
sliding a zirconia ball subjected to a normal load
of 1.98 N over acrylate-based composite films
with double deionized water as lubricating me-
dium (27). A commercial acrylate-based com-
posite dental resin (Clearfil AP-X, Kuraray, Japan)
with 85 wt % isotropic glass microparticles was
subjected to wear testing (Fig. 3C) and demon-
strated a total wear volume of 0.001 mm3. In-
stead, a nominal 1 vol% of UHMR platelets were
added to the resin in both the in-plane and out-of-
plane orientations. Orientation of only 1 vol% plate-
lets normal to the wear ball (out-of-plane) decreases
the maximumwear volume by 77% as compared

to the samples with in-plane oriented reinforce-
ment. Such wear volume is also 45% lower than
that observed in the pure commercial resin. Ob-
servation of the worn area of tested films suggests
that the out-of-plane oriented hard platelets re-
main strongly lockedwithin the surrounding poly-
mer matrix, effectively impeding the penetration
of the zirconia ball into the material during slid-
ing. In contrast, isotropic particles and in-plane
aligned platelets can be more easily removed from
the matrix by the shear stresses developed under
the sliding ball, leading to more pronounced
wear. In contrast to the tensile mechanical prop-
erties, a quantitative analysis of the effect of rein-
forcement orientation on the hardness and wear
of such anisotropic structures is less straightforward
due to the complicated stress states in these cases.

To illustrate the benefit of building compos-
ites with controlled 3D reinforcement, we produced
bilayer structures with tailored reinforcement ar-
chitectures by laminating together layers of 10

vol % alumina platelets in an epoxy resin (similar
to those in Fig. 2C) (27). The platelets in each
individual layer were aligned both in-plane or out-
of-plane by using rotating linear magnetic fields,
leading to the structures schematically shown in
Fig. 3E. Rectangular bars of the various created
structures were evaluated with regards to out-of-
plane hardness and flexure modulus under three-
point bending. Typically, structures containing
platelets aligned in-plane exhibit high flexuralmod-
ulus but low out-of-plane hardness. Conversely,
composites containing only out-of-plane oriented
platelets exhibit higher out-of-plane hardness but
lower flexural modulus. Instead, by creating a lam-
inate structure exhibiting out-of-plane alignment
in the upper layer and in-plane orientation in the
bottom layer, one can produce a composite with
both increased flexural modulus and increased
out-of-plane hardness. Despite the much lower
concentration of inorganic phase present in the
synthetic composites, a similar architecture is
found in seashells (22).

Exploiting various conventional magneto-
phoretic techniques with these UHMR reinforce-
ment particles allows for the facile synthesis of
even more elaborate composite architectures. For
example, this technique can be used to concen-
trate UHMR particles to specific regions of the
film before consolidation of the matrix. In this
case, a magnetic field gradient has to be estab-
lished to drive the UHMR particles to the region
of interest. This is exemplified in Fig. 4, A and D,
by a polyurethane/alumina composite exhibiting
out-of-plane aligned UHMR platelets that were
concentrated on the surface of the film. To demon-
strate that concentrated UMHR particles can lo-
cally reinforce the polymer matrix, we conducted
tensile tests on 2 mm by 12 mm by 0.1 mm
polyurethane samples with a 5-mm stripe of re-
inforced area produced with a hand-held rare-
earthmagnet (Fig. 3D). The highly heterogeneous
composite obtained exhibit distinct local elastic
moduli that can be estimated by using simple
rules of mixtures (SOM text). Local stiffening
of 180% was estimated by evaluating the elastic
modulus of the reinforced and nonreinforced
areas in independent tensile tests (Fig. 3D, SOM
text). A straightforward extension of this method
is to use spatial magnetic gradients to locally re-
inforce around weak points of a composite part,
as exemplified in Fig. 4, B and E, for a composite
with 5 vol % UHMR particles in poly(vinyl al-
cohol) containing a central hole (PVA, molecular
mass = 13,000 to 23,000 g/mol, Sigma Aldrich).

The possible reinforcement orientations that
can be achieved are in principle only limited by
the magnetic field patterns that can be created.
Indeed, ordinary refrigerator magnets that exhibit
multiple magnetic domain patterns can be used to
produce composites with reinforcing particles
that gradually change orientation across the film
(Fig. 4, C and G). Such tailored local orientation
of reinforcing elements is a key design principle
to control organ movements in wood cells and
wheat awns (30). The physical constraints im-

Fig. 4. Unusual 3D reinforcement architectures through advanced orientational and spatial magnetic
control. (A and B) Schematic and (D and E) SEMs of cross-section of a spatial gradient in UHMR particles
attracted preferentially to the composite edge or around a material weak point, respectively, due to a
magnetic field gradient. Composites are 5 vol % Al2O3 in (D) polyurethane and (E) PVA. (C) Schematic of
a standard refrigerator magnet’s domain structure leading to gradually varying UHMR particle alignment
as seen in (G) for a 5 vol% Al2O3 in PVA swellable composite. Such structures can locally swell to different
extents depending on the platelet orientation, leading to the reversible formation of topographical ripples
in the polymer (F).
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posed by the cellulose microfibrils specially ar-
ranged on the plant cell wall lead to complex
actuation behavior. Likewise, we demonstrate that
PVA hydrogel films containing reinforcing plate-
lets with gradually changing local orientation
can reversibly change their shape from straight to
well-defined wavy patterns upon drying or swell-
ing of the hydrogel matrix (Fig. 4F).

Given the possibility to precisely control the
position and orientation of reinforcing particles
within the matrix, themethod outlined here offers
a way to locally tailor the properties of composite
materials by using the same set of initial building
blocks. The myriad of unusual properties includ-
ing out-of-plane global or local increases in com-
posite stiffness, strength, hardness, wear resistance,
and the shape memory effect achieved by simply
controlling the orientation and position of rein-
forcing elements suggest the enormous potential
of this approach.
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Direct Kinetic Measurements
of Criegee Intermediate (CH2OO)
Formed by Reaction of CH2I with O2
Oliver Welz,1 John D. Savee,1 David L. Osborn,1 Subith S. Vasu,1 Carl J. Percival,2

Dudley E. Shallcross,3 Craig A. Taatjes1*

Ozonolysis is a major tropospheric removal mechanism for unsaturated hydrocarbons and proceeds via
“Criegee intermediates”—carbonyl oxides—that play a key role in tropospheric oxidation models.
However, until recently no gas-phase Criegee intermediate had been observed, and indirect
determinations of their reaction kinetics gave derived rate coefficients spanning orders of magnitude.
Here, we report direct photoionization mass spectrometric detection of formaldehyde oxide (CH2OO)
as a product of the reaction of CH2I with O2. This reaction enabled direct laboratory determinations of
CH2OO kinetics. Upper limits were extracted for reaction rate coefficients with NO and H2O. The CH2OO
reactions with SO2 and NO2 proved unexpectedly rapid and imply a substantially greater role of
carbonyl oxides in models of tropospheric sulfate and nitrate chemistry than previously assumed.

In 1949, Rudolf Criegee proposed that ozon-
olysis of alkenes proceeds via carbonyl oxide
biradicals, in an ozonolysis mechanism that

is now generally accepted (1). Because a large
fraction of the tropospheric oxidation of un-
saturated hydrocarbons is initiated by reaction

with ozone (2), these biradical “Criegee inter-
mediates” play a substantial role in the tropo-
spheric budgets of secondary organic aerosols
(SOAs), ozone, NOx, NOy, and HOx. For exam-
ple, the OH radical, key to the oxidizing capac-
ity of the troposphere, is formed by a sequence
of photochemical reactions involving ozone:

O3 + hn → O (1D) + O2 (1)

O (1D) + H2O → OH + OH (2)

These reactions depend on the presence of
sunlight and water vapor. However, field mea-

surements (3) have shown that OH levels in
winter and summer are very similar in UK ur-
ban environments (4), despite the fact that in
winter the efficiency of the reaction in Eq. 1 drops
by at least 50%. Harrison et al. (4) showed that
winter production of OH via ozonolysis of al-
kenes, dominated by Criegee radical chemistry,
makes up this difference. SOAs can also be ini-
tiated by Criegee intermediate reactions (5, 6).

Although decades of theoretical studies and
indirect experimental evidence support the im-
portance of Criegee radicals in the troposphere
[e.g., (7)], the quantitative effects of their chem-
istry remain uncertain (8) because it has been
impossible to make direct measurements of
Criegee reactions with key atmospheric spe-
cies. Until now, determination of rate constants
for Criegee reactions has been carried out by in-
vestigating changes in the products of ozonolysis
upon addition of different reagents or scavengers
(9, 10). Interpretation of such experiments re-
quires modeling the full complexity of ozon-
olysis, in which the production, stabilization,
and removal of Criegee intermediates are all
imperfectly understood. Although an internal-
ly consistent picture of Criegee chemistry has
been slowly emerging (11), absolute rate coef-
ficient estimates with key atmospheric species
continue to range over 4 to 5 orders of magni-
tude (12).

Recently the photoionization spectrum of the
simplest gas-phase Criegee intermediate, form-
aldehyde oxide (which we denote as CH2OO),
was measured in the chlorine atom–initiated oxi-
dation of dimethyl sulfoxide (DMSO) (13). In
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