connecting fluid channels (continuous-phase
flow resistance 7) between two data-carrying
channels (continuous-phase flow resistance R,
with 7 > R). A single bubble traversing the ladder
is slowed down by flow through the alternate
path. When both bubbles are present simulta-
neously, there is a net flow from the channel with
the leading bubble to the one with the lagging
bubble, creating a relative velocity gradient until
the bubbles are synchronized (fig. S3).

Because bubble logic chips have no moving
parts, they can be fabricated in a wide variety of
materials, including silicon and glass, that are
compatible with reaction chemistries unsuitable
for PDMS channels. Moreover, because they op-
erate at low Reynolds and capillary numbers,
further reduction in size is feasible with faster
switching times. The device mechanisms do not
depend on non-Newtonian fluid properties;
hence, matching dimensionless flow parameters
will allow bubble logic circuits to be designed
using different fluids, such as water droplets in oil
or oil droplets in water.

The universal logic gates, toggle flip-flop,
ripple counter, synchronizer, ring oscillator, and
electro—bubble modulator presented here exhibit
nonlinearity, bistability, gain, synchronization,
cascading, feedback, and programmability. Hav-
ing shown the required properties of a scalable
logic family, they can be used to create complex
microfluidic circuits capable of performing
arbitrary fluid process control and computation
in an integrated fashion. Such circuits may re-

duce the size, cost, and complexity of current
microfluidic systems, thereby enabling the de-
velopment of very-large-scale microfluidic reac-
tors for use in areas including combinatorial
chemistry and drug discovery. These bubble
logic processors, where a bit of information can
also carry a chemical payload, merge chemistry
with computation.
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Chemical and Spectroscopic Evidence
for an FeV-Oxo Complex

Filipe Tiago de Oliveira,™* Arani Chanda,** Deboshri Banerjee,* Xiaopeng Shan,? Sujit Mondal,*
Lawrence Que Jr.,%+ Emile L. Bominaar,*t Eckard Miinck,*t Terrence J. Collinst

Iron(V)-oxo species have been proposed as key reactive intermediates in the catalysis of oxygen-
activating enzymes and synthetic catalysts. Here, we report the synthesis of [Fe(TAML)(0)]™ in
nearly quantitative yield, where TAML is a macrocyclic tetraamide ligand. Mass spectrometry,
Méossbauer, electron paramagnetic resonance, and x-ray absorption spectroscopies, as well as
reactivity studies and density functional theory calculations show that this long-lived (hours at
—60°C) intermediate is a spin S = 1/2 iron(V)-oxo complex. Iron-TAML systems have proven to be
efficient catalysts in the decomposition of numerous pollutants by hydrogen peroxide, and the
species we characterized is a likely reactive intermediate in these reactions.

igh-valent iron-oxo intermediates are
Hused in biological systems to carry out

challenging oxidations in many scenar-
ios (/-3). It has long been known that heme-
based systems, biological as well as synthetic, do
not attain the iron(V) state. Rather, the so-called
“Compound I” intermediate involves the
Fe'Y(oxo)(porphyrin-radical-cation), Fe™(O)(P™),
which is well established in peroxidases and
catalases and presumed with considerable justi-
fication to be the reactive oxidizing species of
the cytochrome P450s (7). Recently, Newcomb
and co-workers reported laser flash photolysis

experiments of an iron-corrole complex (4) and
cytochrome P450 mutant CYP 119 (5), in which
optically detected transients were tentatively as-
signed to F e"-oxo species. Que and co-workers,
on the basis of '%0 labeling experiments, have
postulated that an HO-Fe"-oxo oxidant is an
intermediate in the large family of Rieske dioxy-
genase enzymes (3). Iron(V) complexes are
exceedingly rare, but recently, Wieghardt and
co-workers reported spectroscopic evidence for
a non-heme S = 1/2 iron(V)-nitrido complex
produced by photolysis of an azidoiron(III) pre-
cursor (6).

Tetraamido macrocyclic ligands (TAMLs)
can stabilize a variety of high-valent iron com-
plexes, including a high-spin (S = 2) iron(IV)
complex, intermediate-spin (S = 1) iron(IV)
complexes, oxo-bridged diiron(IV) dimers, and
an S =1 iron(III)(TAML-radical-cation) complex
[all reviewed in (7)]. The structurally character-
ized oxo-bridged complex, [(Fe"VYB*),(u-0x0)* ",
2, (B*,a TAML, is shown in Fig. 1) was obtained
by reacting the monomeric iron(Ill) precursor,
[Fe""B*(H,0)], 1, with air (8). Fe-TAML ac-
tivation of peroxide has been shown to be useful
in numerous applications (9, /0). The deproton-
ated TAML (a tetraanion) presents the iron with
four exceptionally strong amido-N oc-donors.
Therefore, it has been reasonable to expect (17)
that this macrocyclic ligand would be capable of
stabilizing an oxo-iron(V) complex when an
Fe™(TAML) complex is treated with an oxygen-
atom transfer agent such as peroxide. A variety
of iron(IV) complexes have been synthesized by
reacting iron(Il) precursors with oxygen donors
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in organic solvents such that the reaction can be
monitored optically at temperatures as low as
—80°C (12, 13). A similar approach was applied
here to Fe™ precursors to monitor short-lived in-
termediates in the reactions of TAML complexes.
We report the synthesis of a d iron(V)-oxo com-
plex, in nearly quantitative yield, and its charac-
terization with optical, electron paramagnetic
resonance (EPR), Mossbauer, and x-ray absorp-
tion spectroscopies, as well as electrospray ion-
ization mass spectrometry (ESI-MS), reactivity
studies, and density functional theory (DFT).

The reaction of [PPhy][Fe™B*(H,0)] (1, 1 to
2 mM) with 2 to 5 equivalents (equiv) of m-
chloroperbenzoic acid (mCPBA) at —60°C in n-
butyronitrile (/4) produces within about 10 s the
diiron(IV) dimer, 2 (Fig. 1, dotted line). The
reaction then proceeds through an as-yet unchar-
acterized EPR-silent Fe(IV) intermediate (a
Mossbauer spectrum is shown in fig. S3) to yield,
within 15 min after the addition of mCPBA, a
deep green species, 3. Complex 3 (Fig. 1, solid
line) exhibits distinct absorption maxima at
445 nm (where the extinction coefficient, €, is
5400 M' ecm™!, calibrated by reference to
Madssbauer spectra) and 630 nm (e = 4200
M em ™). At—60°C, 3 decays by 10% in 90 min,
but it is stable for at least one month at 77 K.
Complex 3 was also obtained in acetonitrile at
—40°C, but at this temperature it decays by 10%
in about 5 min, probably by attacking the solvent
(11). In the course of our studies, we learned that
3 can be obtained quantitatively with 1 equiv of
mCPBA when small amounts of potential ligands
such as water, pyridine, and benzoic acid were
present. The spectral features of 3 were inde-
pendent of the presence of these potential ligands.

ESI-MS examination of n-butyronitrile solu-
tions of 3 revealed one prominent ion at a mass-
to-charge ratio (m/z) of 442.2, the mass and
isotopic distribution pattern of which correspond
to a formulation of [FeYB*(O)] [see supporting
online material (SOM) text and fig. S1]. Only
one other peak was observed, at m/z=581.1, and
it corresponded to a decay product of 3, namely
[Fe'VB*(m-chlorobenzoate)] . Introduction of
H,'%0 into the solvent media yielded up to 35%
of [FeVB*('80)|” (m/z = 444.2) after 30 min of
incubation; presently, we do not know at what
stage of the reaction the '®0 exchange occurs.

In the 28 K EPR spectrum of 3 (Fig. 2A, solid
line), prepared at —60°C in the glass-forming
solvent, n-butyronitrile, the major feature belongs
to an §= 1/2 species with g values of about 1.99,
1.97, and 1.74. [g values are the eigenvalues of
tensor g, which couples the electronic spin, S, to
the applied magnetic field, B (Eq. 1).] The
dashed line represents a spectral simulation,
drawn to correspond to an S =1/2 spin con-
centration of 0.92(5) (estimated error from
spectral simulation in the least significant digit)
spins per Fe molecule. A minor species, present
in all samples, with g; =g, =2.06 and g3 ~2.00
to 2.02 contributes about 3% of the total spin
concentration.

We studied samples of 3 with Mdssbauer
spectroscopy between 4.2 and 140 K in applied
magnetic fields up to 8.0 T. Three representative
spectra of a sample prepared at —60°C are shown
in Fig. 2B; additional spectra are displayed in
fig. S2. The majority species contributes nearly
95% of the absorption, and thus we associate it
with the majority S = 1/2 species observed by
EPR. The Mossbauer spectra of 3 were simu-
lated with the S = 1/2 spin Hamiltonian

H=pS-g-B+S-AI— gupnBI+
OV, /12)3L> - 15/4+n(I> - 1] (1)

In Eq. 1, B is the Bohr magneton; S is the
electron spin operator; g is the g tensor; B is the
applied magnetic field; A is the >’Fe magnetic
hyperfine tensor; I is the nuclear spin operator;
gnBy is the nuclear gyromagnetic ratio; /,, /,, and
L are the Cartesian components of I; and the last
term describes the interaction between the nuclear
quadrupole moment Q and the electric field
gradient (EFG) tensor [principal components
Viso Voys Vars AEg = (eQV,,/2)+/1 +1? /3 with
n= (Vxx - Vyy)/VZZ]

At 4.2 K, the electronic spin of 3 relaxes
slowly on the time scale of Mdssbauer spectros-
copy (about 1077 s), and thus we observed para-
magnetic hyperfine structure. At 140 K, the spin
system approaches the fast relaxation limit, and
the magnetic hyperfine interactions were essen-
tially averaged out. The spectrum i of Fig. 2B
exhibits a doublet (solid line) with quadrupole
splitting AE, = 4.25 mm/s and isomer shift § =
—0.46(2) mm/s (relative to Fe metal at 298 K);
8 =-0.42(3) mm/s at 4.2 K. This § value is con-
siderably lower than the lowest & observed for any
Fe-TAML complex, specifically 8 = —0.18 mm/s
(at4.2 K) for an S=1 iron(IV) complex (table S5).
Because 3 has a half-integral electronic spin, we
assigned this species to a low-spin d® [FeVB*(0)]~
complex, in accord with the mass spectroscopic
data. The solid lines in Fig. 2B are spectral simu-

OH,
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Fig. 1. Electronic absorption spectra of 1 (dashed
line) and of 2 (dotted line) and 3 (solid line) as they
formed during a reaction in n-butyronitrile at —60°C
by the addition of 3 equiv of mCPBA. The inset
shows the iron(ll)-aqua complex 1, [Fe"B*(H,0)]",
where the free-base H,B* tetraamide is 3,3,6,6,9,9-
hexamethyl-3,4,8,9-tetrahydro-1H-1,4,8,11-
benzotetraazacyclotridecine-2,5,7,10(6H,11H)-
tetraone.
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lations based on Eq. 1 according to the param-
eters listed in Table 1. The theoretical curves in ii
and iii in Fig. 2B represent 95% of the total Fe in
the sample, in excellent agreement with the EPR
data [0.92(5)] spins per Fe molecule].

Structural evidence for the nature of 3 derives
from x-ray absorption spectroscopic studies at
the Fe K edge. (The Fe K edge corresponds to
the transition of the iron 1 s electron to the con-
tinuum of electron states.) A sample in frozen
CH;CN solvent, 70% pure in 3, exhibits a K
edge at 7125.3 eV, an energy value 1.4 eV higher
than that associated with its iron(Ill) precursor
1 and thus consistent with the higher oxidation
state of 3. The 1s — 3d pre-edge transition found
for the sample of 3 is quite intense, with an area
of 48 units compared with 17 units for 1 (Fig.
3A). Taking into account that only 70% of the
sample is 3 [the remainder being Fe(IV)], a pre-
edge area of at least 60 units can be estimated for
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Fig. 2. (A) X-band EPR spectrum of about 2 mM
7Fe-enriched 3 in n-butyronitrile. Conditions: T =
28 K; frequency, 9.66 GHz, microwave power, 0.02
mW; modulation, 1 mT. The dashed line is a spectral
simulation for the majority species, 3, using the
following parameters: g, = 1.985, g, = 1.966, g, =
1.735, with g values assumed to have a Gaussian
distribution with o5 = 0.02, o, = 0.03, and o, =
0.05, using a packet width of 1 mT. The y axis of the
EPR spectrum is expressed in arbitrary units. (B)
Massbauer spectra of about 2 mM >7Fe-enriched
[Fe'B*(0)]", 3, in n-butyronitrile recorded at 140 K
(i) and 4.2 K (ii and iii) in magnetic fields indicated;
incident y beam perpendicular (i) and parallel (i
and iii) to the applied field. The solid lines are
spectral simulations based on Eq. 1 using the
parameters of Table 1; as drawn they represent
95% of the total absorption. Arrows (in i and ii)
indicate a decay product (3% of Fe) of 3 with AE, =
3.4 mm/s and & = 0.08 mm/s.
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pure 3. This value is distinctly larger than those
observed for known S = 1 six-coordinate oxo-
iron(IV) species (25 to 38 units) (/2).

Direct evidence for an iron-oxo unit is ob-
tained from an analysis of the extended x-ray
absorption fine structure (EXAFS) region of the
x-ray absorption spectrum (Fig. 3B). The best fit
obtained considers three shells: 0.7 O scatterer
(fixed on the basis of the Mdssbauer analysis
of this sample) at 1.58 A, four N/O scatterers at
1.87 A, and five C scatterers at 2.82 A (see SOM
text for details of the fitting protocol). Whereas

the scatterers at 1.87 and 2.82 A are consistent
with low Z atoms from the macrocyclic ligand
as found in the EXAFS fits for 1, the 1.58 A scat-
terer is unique for 3 and assigned to the oxo atom
of an Fe-O unit. Thus, 3 can be formulated as
[FeYB*(O)]” by a combination of evidence from
electrospray mass spectrometry, EPR, Mdssbauer
analysis, and x-ray absorption spectroscopy.
Consistent with the above formulation, 3 dis-
plays the signature reactivity features of a strongly
oxidizing iron-oxo complex. Thus, reaction of ex-
cess triphenylphosphine (10 equiv) with preformed

Table 1. Mossbauer, EPR, and DFT parameters of [Fe'B*(0)]~. Numbers in parentheses indicate the
estimated errors in the least significant digits. Because DFT calculations generally produce contact
terms that are too small (isotropic), the A values were obtained by adding the calculated spin-
dipolar contribution to the experimental A;s, = (A + Ay + A,)/3 and then adding a correction for the

orbital contribution as described in the SOM text.

I Gy 92 Ay, Ay, A)IgyBn(T) AEo(mm/s) n &(mm/s)
Exp 1.99, 1.97, 1.74 —-49.3(10), —1.5(15), —16.3(15) +4.25(10) 0.65(10) -0.42(3)*
DFT - -43.6, -9.5, -15.0 +4.51 0.72 -0.39

*At 4.2 K relative to Fe metal at 298 K.
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Fig. 3. (A) X-ray absorption near-edge spectra (Fe K edge) of 3 (solid line) and 1 (dashed line).
The inset shows the magnified 1s — 3d transition features. (B) Fourier transforms of the Fe K edge
EXAFS data (k3x(k)) (dots) and the fit (solid line) for 3 with 0.7 O scatterer at 1.58 A, four N/O
scatterers at 1.87 A, and five C scatterers at 2.82 A. The inset shows Fourier-filtered EXAFS spectra
(kK*y'(k)) (dots) and the fit (solid line). Fourier transform range k = 2 to 14.9 A~ back-transform
range: r' = 0.70 to 3.00 A. The fitting protocol is detailed in SOM text.

Fig. 4. Geometry-optimized
structure of 3 as obtained
from DFT calculations (green,
iron; red, oxygen; blue, ni-
trogen; and gray, carbon).
For clarity, hydrogen atoms
are not shown. Electronic
d-orbital diagram of the Fe"
center is shown, as derived
from DFT. Selected bond
lengths: Fe—-0, 1.60 A; Fe-N,
1.86 A (two nitrogens along
x direction) and 1.91 A (two
nitrogens along y direc-
tion); the Fe is 0.5 A above
the plane defined by the
four amide nitrogens.
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REPORTS I

3 [1 mM in 500:1 volume by volume acetoni-
trile to water, with the use of 1 equiv of mCPBA at
—40°C] quantitatively produced triphenylphos-
phine oxide (1 mM OPPhs), regenerating 1. When
this reaction was carried out in the presence of
H,'®0 (0.2% by volume), incorporation of '*0
in the oxidized product was observed by gas
chromatography—mass spectrometry studies. As
described in the SOM text (table S3), oxidation
proceeded readily with other substrates under sim-
ilar conditions, also showing 'O incorporation
when H,'®0 was present. Thioanisole was oxidized
quantitatively to the corresponding sulfoxide.
Substoichiometric reactions with styrene and cyclo-
octene produced the corresponding epoxides;
reaction with ethylbenzene gave a mixture of
1-phenylethanol and acetophenone. In these cases
where 3 did not revert completely to iron(III), a
mixture of lower-valent iron complexes was
produced, including the diiron(IV) dimer, 2.
Oxidation of 9,10-dihydroanthracene proceeded
quantitatively to anthracene and 2.

DFT calculations using Gaussian with the
functional B3LYP and basis set 6-311G clearly
favor the low-spin (S = 1/2) [FeVB*(0)]”
configuration as the ground state of 3. A
geometry-optimized structure together with an
orbital diagram is shown in Fig. 4. The calculated
Fe-O bond length of 1.60 A is in excellent
agreement with our EXAFS results. This distance
is 0.04 to 0.1 A shorter than those reported for
Fe™V=0 complexes (/3). The contraction of the
Fe-O bond reflects an increase in the formal bond
order from 2 in Fe'V=0 to 2.5. The Fe atom is
displaced out of the 4-N plane by 0.5 A. DFT
calculations showed the lowest excited S = 3/2
state to be an Fe™-TAML cation radical state,
[Fe"V(B*)™(0)], at 1900 cm ' rather than the
metal-based state obtained by a spin flip tran-
sition from xy to xz (15).

One-electron oxidations of iron-oxo-
porphyrinates are generally ligand based rather
than metal based as in 3 (/6). A major factor
contributing to this difference is the stronger o-
donor capacity of the deprotonated amide nitro-
gens of a TAML tetraanion compared with the
pyrroles of the porphyrin dianion. Hence, the
TAML injects more electronic charge into the 3d
shell than does a porphyrin, thereby raising the
energy of the redox-active metal orbital and
protecting the iron(V) against electron transfer
from the phenyl moiety.

The values calculated for 6, AEp, n, and 4, y,,
(Table 1) provide strong support to our iron(V)
assignment. The isomeric shift calculated for
[FeVB*(O)], & = —0.39 mm/s, is in excellent
agreement with the data and is substantially
lower than that calculated for [Fe'Y(B*)™(0)]",
8 = —0.15 mm/s (calculated & values for Fe-
TAML complexes agree within 0.02 to 0.03 mm/s
with the experimental values; see table S5). The
removal of a 3d electron (reducing the shielding
of the nuclear charge) and the shortening of the
Fe-O bond distance (enhancing the covalent 4s
population) each increase the electron density at

www.sciencemag.org SCIENCE VOL 315 9 FEBRUARY 2007

Downloaded from http://science.sciencemag.org/ on January 20, 2017

837


http://science.sciencemag.org/

REPORTS

838

the Fe nucleus, thus decreasing 8. In contrast, the
removal of an electron from the redox-active
ligand orbital has a minor effect on 3 (e.g., 6 =
—0.15 mm/s for [Fe"V(B*)"(0)]” compared
with & = —0.12 mm/s for [Fe'V(B¥)(0)]*) (table
S5). Inspection of the DFT results shows that
the Fe-O bond of 3 has nearly the same co-
valency as the Fe-O bonds in Fe'=0 complexes
(12, 17, 18). The calculated unpaired spin density
on the oxo group of 3 is 0.22, which is less than
expected (=0.4) by comparison with Fe™=0 com-
plexes (=0.8); the difference can be traced to a
spin polarization of the bonding (p + dy,) orbital.
The exchange potential generated by the d‘;z
electron places the virtual df, level below the
d?_ level. As a consequence, the transfer of elec-
tron density from p? to d?, is greater than from p?
to dEz, resulting in a negative spin density in py,
which, combined with the positive spin density for
py (~0.4), yields a net spin density of less than 0.4.

The z axis of Eq. 1 parallels the Fe-O bond
within 5°. The unpaired electron in the d, orbital
produces a large negative x component of the
spin-dipolar part of the A tensor, A qy/gnBn =
(—24.4, +8.7, +15.7) T, and together with the
isotropic contact term gives the larger 4 value
along x. Owing to the large energy gaps between
the narrowly spaced (dy, dy,) pair and the other
3d levels, spin-orbit coupling acts primarily
between d,, and dy, and produces (i) an effective
g value g, = 2(1 — C/A) (g and g, are not af-
fected) and (ii) an orbital contribution to the mag-

netic hyperfine interaction, 4y ,1,S,, where Ay, =
P(g,—2)~—13 T. Substitution of ¢, =260 cm™" and
Appr = 2000 cm™! gives the observed value g, =
1.74 and 4;,=—-13 T (19).

Complex 3 thus appears to have a low-spin d*
configuration in contrast to a recently described
isoelectronic manganese(IV)-oxo complex (20),
which is high spin, S = 3/2, by EPR criteria. Our
particular interest in TAML-catalyzed reactions
pertains to their proven potential in green chem-
istry. The present work provides an opportunity to
elucidate elementary steps in the catalytic cycles of
TAML activators by taking advantage of the high
purity of 3, with its various prominent spectro-
scopic signatures, as a stoichiometric reagent.
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Small Phytoplankton and Carbon
Export from the Surface Ocean

Tammi L. Richardson™* and George A. Jackson®

Autotrophic picoplankton dominate primary production over large oceanic regions but are believed
to contribute relatively little to carbon export from surface layers. Using analyses of data from
the equatorial Pacific Ocean and Arabian Sea, we show that the relative direct and indirect
contribution of picoplankton to export is proportional to their total net primary production, despite
their small size. We suggest that all primary producers, not just the large cells, can contribute

to export from the surface layer of the ocean at rates proportional to their production rates.

arbon export from the oceanic surface
‘ layer is controlled by biological trans-

formations that occur within the pelagic
food web (Z, 2). Autotrophic picoplankton (<2 pm
in diameter) often dominate primary production
in these regions but are believed to contribute
relatively little to carbon export from surface lay-
ers because of their small sizes, slow sinking
rates, and rapid utilization in the microbial loop.
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Large, rapidly sinking phytoplankton, such as
diatoms, are believed to control carbon flux
from upper ocean layers, and their contribu-
tions to export are believed to be dispropor-
tionately larger than their contributions to total
primary production (7). Here we ask whether the
contributions of picoplankton to carbon fluxes
from the surface ocean are, in fact, dispropor-
tionately low.

Using results from inverse and network
analyses of U.S. Joint Global Ocean Flux Study
(JGOFS) data from the equatorial Pacific (EqPac)
and Arabian Sea, we show that the relative
contributions of various phytoplankton size
classes to carbon export are proportional to their
contributions to total net primary production
(NPP) (3) (Fig. 1). Potential export pathways

include direct routes, such as aggregation and
incorporation into settling detritus, and indirect
export through the consumption of picoplankton
aggregates by organisms at higher trophic levels.
The network analysis used in these studies (4)
estimates the total particulate organic carbon
(POC) flux that originated from each input
source, here the NPP of each phytoplankton size
class. In the EqPac, for example, picoplankton
contributed 70% or more of the total NPP mea-
sured during JGOFS EqPac time series cruises
and were responsible for 87% of POC export via
detritus and 76% of carbon exported through the
mesozooplankton (5). Mesozooplankton con-
sumed both picoplankton-derived detritus and
picoplankton-fed micrograzers. Similarly, at a
northern station in the Arabian Sea during the
Northeast Monsoon, picoplankton NPP was 86%
of the total and was the source for 97 and 75% of
the total carbon exported from the euphotic zone
via the POC and mesozooplankton pathways,
respectively (6). The relative contributions of the
picoplankton to carbon export decreased where
they produced relatively less of the total NPP but
were nonetheless substantial (Fig. 1 and Table 1).

We believe that the contributions of pico-
plankton to carbon flux from oceanic surface
layers have been overlooked because of assump-
tions that are made about cell size, sinking
dynamics, and the trophic pathways of pico-
plankton through ecosystems. The seminal paper
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