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way) was measured (24) and was <0.1%. More-
over, in the case of externally induced strain, the
direction of mechanical deformations would be
related to the contact geometry, not to the crys-
tallographic orientation, and would vary from
sample to sample. Instead, we find the same fea-
ture in four different devices, which would re-
quire a rather narrow range of parameters (size
and orientation of the principal axes of strain
tensor) to be repeated precisely in different sam-
ples. We also have considered whether our re-
sults can be explained in terms of a spontaneous
gap opening in the bilayer spectrum (35). In this
case, the transport at the neutrality point (with
or without magnetic field) would be dominated
by a network of one-dimensional channels be-
tween the domains of gaps with alternating signs.
This would result in a minimum conductivity
value that depends strongly on the strain prehis-
tory, in contrast to values reproducibly observed
in our experiments. Also, this model would not
likely produce a drop in the resistance at n = 0,
as observed in our experiments. These differ-
ences suggest that the observed reconstruction
of the spectrum is the result of an intrinsic mod-
ification of the electronic system; in particu-
lar, it can be caused by the recently predicted
“nematic” phase transition (9, 10) in bilayer
graphene.
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A Synthetic Nickel Electrocatalyst
with a Turnover Frequency Above
100,000 s−1 for H2 Production
Monte L. Helm,1,2* Michael P. Stewart,1 R. Morris Bullock,1†
M. Rakowski DuBois,1 Daniel L. DuBois1†

Reduction of acids to molecular hydrogen as a means of storing energy is catalyzed by
platinum, but its low abundance and high cost are problematic. Precisely controlled delivery
of protons is critical in hydrogenase enzymes in nature that catalyze hydrogen (H2) production
using earth-abundant metals (iron and nickel). Here, we report that a synthetic nickel complex,
[Ni(PPh2N

Ph)2](BF4)2, (P
Ph
2N

Ph = 1,3,6-triphenyl-1-aza-3,6-diphosphacycloheptane), catalyzes
the production of H2 using protonated dimethylformamide as the proton source, with turnover
frequencies of 33,000 per second (s−1) in dry acetonitrile and 106,000 s−1 in the presence of
1.2 M of water, at a potential of –1.13 volt (versus the ferrocenium/ferrocene couple). The
mechanistic implications of these remarkably fast catalysts point to a key role of pendant
amines that function as proton relays.

Electrocatalysts that efficiently convert the
energy from electricity into chemical bonds
in fuels (such as hydrogen), or the re-

verse, converting chemical energy to electrical
energy, will play a vital role in future energy
storage and energy delivery systems. Hydrogen-
ase enzymes (1, 2) efficiently catalyze both the
production and the oxidation of hydrogen using
earth-abundant metals (nickel and iron). Detailed
information about catalytic reactions of enzymes
has been obtained from protein film voltammetry
(3), but enzymes are difficult to obtain in suf-

ficient amounts to adapt for commercial appli-
cations, and their stability is often limited outside
of their native environment (4). Platinum is an
excellent catalyst for hydrogen oxidation and pro-
duction, but the scarcity and high cost of precious
metals pose serious limitations to widespread
use. These considerations have led to efforts
to design molecular catalysts that employ earth-
abundant metals. Synthetic complexes of nickel
(5–8), cobalt (9–12), iron (13–15), or molybde-
num (16, 17) have been developed recently as
electrocatalysts for the production of hydrogen.

In nature, [FeFe] hydrogenase enzymes cat-
alyze the formation of H2 from water, with re-
ported rate constants as high as 9000 s−1 at 30°C
(18). Crystallographic and spectroscopic studies
have led to the proposal of the structure of the
active site of the [FeFe] hydrogenase enzyme
shown in structure 1 of Fig. 1 (1). The amine base
positioned near the iron center has been proposed
to function as a proton relay that facilitates the
formation or cleavage of the H-H bond. Sub-
stantial progress on the preparation of structural
mimics of the active site (13, 14, 19) provides
insight into mechanistic features of the catalytic
reaction. For example, Rauchfuss and co-workers
have recently demonstrated that a pendant amine
in a structural model closely related to 1 plays
a key role in the production of H2 (20). Efforts
in our laboratory have focused on developing
mononuclear complexes of Fe, Co, and Ni that
contain an amine base in the second coordina-
tion sphere, adjacent to a vacant coordination site
or a hydride ligand on the metal center (21–23).
Some of these complexes are very effective elec-
trocatalysts for H2 formation or H2 oxidation,
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and they provide functional models for the pro-
ton relay functions of the hydrogenase enzymes.
For example, a series of [Ni(PPh2N

C6H4X
2)2]

2+ cat-
alysts with structure 2 have been studied. Under
optimized conditions, [Ni(PPh2N

C6H4Br
2)2]

2+, with
bromophenyl substituents on the amine ligand,
catalyzed the formation of H2 with turnover fre-
quencies as high as 1040 s−1 and an overpoten-
tial of ~290 mV (7).

Mechanistic (5, 7) and theoretical (24) studies
of the [Ni(PR2N

R′
2)2]

2+ catalysts suggest that
the transition state for H2 production has struc-
ture 3 shown in Fig. 1, in which the formation
of the H-H bond occurs in a heterolytic man-
ner, with the pendant amine acting as a proton
donor and the nickel functioning as a hydride
donor. The formation of transition state 3 in-
volves the reduction of the starting complex 2
by two electrons and the addition of two protons.
Previous nuclear magnetic resonance spectroscop-
ic studies on reduction and protonation of closely
related analogs of 2 have shown that intermedi-
ates formed before transition state 3 are isomeric
Ni(0) complexes in which an amine in each lig-
and is protonated. The double protonation reac-
tion of Ni0(PPh2N

Bn
2)2 (where Bn is benzyl) forms

structure 4 as the kinetic product (Fig. 2) (25).
The kinetic product isomerizes to form an equi-
librium mixture of structures 4, 5, and 6 by an
intermolecular process that involves deprotonation
by a base in solution and reprotonation at an
endo position. This process is assisted by water.
Only isomer 6 can readily convert to transition
state 3 by a simple intramolecular proton trans-
fer from nitrogen to nickel, and therefore only
isomer 6 is active in the catalytic cycle. These
studies led us to propose that only a fraction
of the doubly protonated Ni(0) intermediates
formed during hydrogen production are in the
catalytically active form, isomer 6, and that sig-
nificantly higher catalytic rates might be achieved
if the stabilized exo-protonated structures could
be avoided. We also proposed that the observed
enhancement of turnover frequencies by water
is a result of its role in converting the exo-
protonated isomers 4 and 5 to the endo-endo
isomer 6 (7).

Here, we report the synthesis of [Ni(PPh2N
Ph)2]

(BF4)2, 7, which was isolated as orange crystals
in 75% yield from the reaction shown in Scheme 1
(26). The new complex contains two seven-
membered cyclic diphosphine ligands, PPh2N

Ph

(where PPh2N
Ph = 1,3,6-triphenyl-1-aza-3,6-

diphosphacycloheptane). Because this ligand has
just one pendant amine, it precludes the possi-
bility of forming nonproductive pinched iso-
mers analogous to 4 and 5 upon reduction and
protonation of 7. Although the reduced form
of 7 can be protonated either endo or exo with
respect to Ni, stabilization by a second N•••H
interaction in an exo-exo form (e.g., as in 4) is
not possible. The molecular structure of 7 de-
termined by x-ray diffraction (Fig. 3) is a dis-
torted square planar complex with all four Ni-P
bond distances nearly equal at 2.21 to 2.22 Å.

Complexation of both phosphorus atoms in each
PPh2N

Ph ligand in 7 forms one five-membered
chelate ring and a six-membered ring that in-
corporates the pendant amine. In contrast, both
of the eight-membered cyclic ligands in 2 form
two six-membered chelate rings upon binding to
the metal. As a result, the P-Ni-P bond angle
(79.83°) for each of the two diphosphine ligands
in 7 is smaller than the 82° to 84° typically ob-
served for the P-Ni-P bonds in derivatives of 2
(5, 7). This smaller bite angle leads to a de-
crease in the steric interactions between the
phenyl substituents on adjacent phosphorus
atoms of the two ligands in 7. As a result, 7
is much more planar than the corresponding
derivatives of 2. For [Ni(PPh2N

C6H4Me
2)2]

2+, the
dihedral angle between the two planes defined
by the Ni atom and the two phosphorus at-
oms of each diphosphine ligand is 24.16°
(7), whereas for 7, it is 0.0°. Thus, the re-
placement of two eight-membered cyclic lig-
ands with two seven-membered cyclic ligands
in these nickel complexes has significant struc-
tural consequences.

The cyclic voltammogram of an acetonitrile
solution of [Ni(PPh2N

Ph)2]
2+, 7, shows one re-

versible reduction wave assigned to overlap-
ping Ni(II/I)/Ni(I/0) couples at –1.13 V versus
the ferrocenium/ferrocene couple (simulated as
two one-electron waves at –1.09 and –1.16 V).
(See Supporting Online Material for a cyclic
voltammogram of 7, fig. S3, and a detailed anal-
ysis.) Figure 4 shows successive cyclic vol-
tammograms of 7 recorded in acetonitrile with
increasing concentrations of protonated dimeth-
ylformamide {[(DMF)H]OTf, pKa = 6.1 in ace-
tonitrile} (27). A catalytic wave for the reduction
of protons is observed with a half-wave potential
of –1.13 V in the presence of 0.20 M acid,

corresponding to an overpotential of ~625 mV
determined using the method of Evans (28).
The catalytic production of H2 was confirmed
by a gas chromatographic analysis of the gas
produced during a controlled potential elec-
trolysis experiment (–1.4 V, current efficiency
99 T 5% for H2 production, 11 turnovers with
no observable decomposition). At high acid
concentrations relative to the catalyst, Eq. 1 can
be used to calculate pseudo first-order rate
constants, kobs, for H2 evolution.

icat
ip

¼ 2

0:446

ffiffiffiffiffiffiffiffiffiffiffiffiffi
RTkobs
Fu

r
ð1Þ

In this equation, icat is the catalytic current, ip
is the peak current measured in the absence of
acid, 2 is the number of electrons involved in
the catalytic reaction, kobs is the observed first-
order rate constant, R is the universal gas con-
stant, T is the temperature in Kelvin, F is Faraday’s
constant, u is the scan rate, and 0.446 is a con-
stant determined by numerical solution of the
diffusion equations (29). The value of kobs in-
creases linearly with acid concentration (fig. S9),
indicating a first-order dependence of the cat-
alytic rate on acid concentration. At the high-
est acid concentration studied (0.43 M), a value
of icat/ip = 38 was measured, corresponding to a
turnover frequency of 33,000 s−1 at 22°C.

At 0.43 M [(DMF)H]OTf, cyclic voltammet-
ry and ultraviolet-visible absorption spectra in-
dicated that less than 5% decomposition of the
catalyst occurred over the 0.5 hours required
for the catalytic studies. However, higher acid
concentrations could not be used to determine
reliable turnover frequencies because of catalyst
decomposition under more strongly acidic con-
ditions. The catalyst is stable in the presence of
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Fig. 1. Proposed structure of the [FeFe] hydrogenase active site (1) based on crystallographic data
(1); synthetic Ni complex (2) that catalyzes H2 formation, with pendant amines that function as
proton relays (7); proposed transition state (24) (3) for production of hydrogen catalyzed by 2.
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H2O, and the addition of H2O (1.2 M) to the mix-
ture results in a further enhancement of the cat-
alytic current beyond the maximum icat achieved
with acid alone, resulting in a value of icat/ip =
74, corresponding to a turnover frequency of

106,000 s−1. Simulations of the voltammograms
obtained under catalytic conditions are in agree-
ment with the experimentally measured icat/ip =
74 (fig. S10 and table S3). The additional rate
enhancement in the presence of water is attri-

buted to the ability of water to enhance the rate
of conversion of exo to endo isomers.

The turnover frequencies measured for 7 sub-
stantially exceed the highest turnover frequen-
cy reported for the formation of H2 catalyzed
by the [FeFe] hydrogenase enzyme, 9000 s−1

at 30°C (18). This comparison, however, must
be tempered by the recognition that the over-
potential of the natural hydrogenase is thought
to be less than 100 mV, significantly lower than
the overpotential for 7. The exceptionally high
turnover frequency observed for 7 is about two
orders of magnitude larger than that observed
for 2 under comparable conditions (590 s−1 with
an overpotential of 300 mV, increasing to 720 s−1

when water is added) (7). Most important, our re-
sults clearly indicate that properly designed pen-
dant amine bases in the second coordination sphere
that function as proton relays are capable of pro-
moting extremely fast H-H bond formation and
proton transfer from solution to the metal center.

The observed first-order dependence on acid
is consistent with a one- or two-electron reduc-
tion of 7, followed by rate-determining proton-
ation of the reduced complex. In contrast, 2
exhibits catalytic rates that are second-order in
acid at concentrations below ~0.1 M and inde-
pendent of acid above ~0.2 M concentrations
(7). Although the overall catalytic mechanisms
for 2 and 7 are likely quite similar, changing the
rate-determining step has significant effects on
the observed catalytic rates. For derivatives of 2,
the overall catalytic rate is predominantly con-
trolled by two factors, the formation of endo-
endo isomers such as 6 and H2 elimination via
transition state 3. For 7, the endo-protonation
of a reduced intermediate is the rate-determining
event. This implies that the rate of H2 elimina-
tion via transition state 3 must be faster for 7
than for 2. This is likely the result of a more
hydridic Ni-H bond for 7, which has been shown
to correlate with more negative Ni(II/I) reduc-
tion potentials in these [Ni(diphosphine)2]

2+ com-
plexes (30). The more negative Ni(II/I) potential
for 7 (–1.13 V) compared with that of 2 (–0.84 V)
is expected on the basis of their structural dif-
ferences (greater planarity of 7), and this mod-
ification contributes to the significantly larger
overpotential for H2 production observed for 7.

In conclusion, the observation of an extreme-
ly high turnover frequency for 7 clearly demon-
strates that its positioned proton relays support
high rates for all of the individual catalytic steps,
that is, inter- and intramolecular proton transfer,
electron transfer (or proton-coupled electron trans-
fer steps), and heterolytic formation of H2. These
results highlight the substantial promise that de-
signed molecular catalysts hold for the electrocat-
alytic production of hydrogen. The high sensitivity
of catalytic rates to the incorporation and ar-
rangement of pendant amines in the ligand sug-
gests a potentially broader role that proton relays
may play in other important multi-proton, multi-
electron catalytic reactions, such as the reduction
of oxygen and oxidation of water.

P
P

P

N

Ph

Ph

2 + [Ni(CH3CN)6](BF4)2 Ni
P

P

P
Ph

Ph N Ph

Ph
N

2+

(BF4)2

Ph

Ph

Ph

7

Scheme 1.

Fig. 3. Solid-state molecular structure of
[Ni(PPh2N

Ph)2](BF4)2∙2CH3CN, 7. The BF4
–

counterions, CH3CN solvent molecules,
and H atoms have been omitted for clar-
ity. Thermal ellipsoids are shown at the
50% probability level.

Fig. 4. Successive cyclic voltammograms of 1.0 mM 7 in CH3CN (0.10 M [Bu4N][PF6]) at increasing
concentrations of [(DMF)H]OTf, followed by addition of small aliquots of H2O. Conditions: 1 mm
glassy-carbon working electrode; 22°C; scan rate 10 V/s.
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The Persistently Variable
“Background” Stratospheric Aerosol
Layer and Global Climate Change
S. Solomon,1,2* J. S. Daniel,1 R. R. Neely III,1,2,5,6 J.-P. Vernier,3,4 E. G. Dutton,5 L. W. Thomason3

Recent measurements demonstrate that the “background” stratospheric aerosol layer is
persistently variable rather than constant, even in the absence of major volcanic eruptions.
Several independent data sets show that stratospheric aerosols have increased in abundance
since 2000. Near-global satellite aerosol data imply a negative radiative forcing due to
stratospheric aerosol changes over this period of about –0.1 watt per square meter, reducing
the recent global warming that would otherwise have occurred. Observations from earlier
periods are limited but suggest an additional negative radiative forcing of about –0.1 watt
per square meter from 1960 to 1990. Climate model projections neglecting these changes
would continue to overestimate the radiative forcing and global warming in coming decades if
these aerosols remain present at current values or increase.

Understanding climate changes on time
scales of years, decades, centuries, or
more requires determining the effects

of all external drivers of radiative forcing of Earth’s
climate, including anthropogenic greenhouse gases
and aerosols, natural aerosols, and solar forcing,
as well as natural internal variability. Much de-
bate has focused on whether the rate of global

warming of the past decade or so is consistent
with global climate model estimates (1), requir-
ing careful examination of all radiative forcing
terms. Most of the global warming of the past
half-century has been driven by continuing in-
creases in anthropogenic greenhouse gases (2),
but natural aerosols from particular “colossal”
volcanic eruptions [see the index of volcanic
activity definitions in (3)] have significantly cooled
the global climate at times, including, for exam-
ple, the “year without a summer” experienced
after the eruption of the Tambora volcano in
1815 and notable cooling after the Pinatubo erup-
tion in 1991 (4, 5). As used here, “colossal” or
“major” refers to specific volcanic eruptions that
have been generally recognized not only as ex-
tremely large but also as having injected a great
deal of gaseous sulfur directly into the tropical
stratosphere. Tropical eruptions are thought to be
especially important for climate change because
the injected material can be transported into the

stratospheres of both hemispheres and affect the
entire globe for many months.

The cooling effect of volcanic eruptions mainly
arises not from the injected ash but from SO2

injected by plumes that are able to reach beyond
the tropical tropopause into the stratosphere,
whereupon the SO2 oxidizes and temporarily
increases the burden of stratospheric particles.
Stratospheric aerosols are composed largely of
dilute sulfuric acid droplets that effectively re-
flect some incoming solar energy back to space.
The radiative cooling due to increases in these
particles is linked to the associated optical depth
increases. Observations show that the volcanic
particles from the colossal eruptions of El Chichón
and Pinatubo in 1982 and 1991, respectively, de-
cayed from the stratosphere with e-folding times
(the time interval in which an exponentially
decaying quantity decreases by a factor of e) of
about a year (5).

Early measurements of the stratospheric aero-
sol layer around 1960 by Junge et al. (6) were
carried out at a time when no colossal eruptions
had occurred in many years. These data are
subject to large instrumental uncertainty, but
suggested an apparent “background” stratospher-
ic aerosol layer, with aerosol burdens too small
to measurably influence the global climate
system. Crutzen (7) proposed that the dominant
source of the background stratospheric aerosol
layer was carbonyl sulfide (OCS), because other
sulfur sources were thought to be too reactive or
too soluble in rainwater to reach the stratosphere
in significant amounts. But observations of the
amount of background stratospheric aerosol
since at least the 1970s using improved instru-
mentation reveal abundances that are far too
large to be due mainly to OCS (8). Some studies
have suggested that an important source of the
background stratospheric aerosol layer may be
anthropogenic sulfur (SO2 from coal burning,
biomass burning, etc.) that can be transported
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