cial shear stress provides the necessary
boundary condition for viscoelastic defor-
mation rather than the thermodynamic
work of adhesion.

According to this simple picture of ener-
gy dissipation at the crack tip, the shear
stress at the FC surface turns out to be about
four to six times that of the HC surface (see
Fig. 1). Interestingly, similar ratios of shear
stresses were observed in the direct measure-
ment (9) of the interfacial friction of several
materials against FC and HC monolayers.

The ratio /G in Eq. 4 is the slow re-
sponse time_ (21) of the adhesive, which is
~2to 3s. The value of a is ~10 to 15 (22).
If we use the shear stresses (1 to 100 kPa) of
rubber sliders (9, 10, 23) against rigid walls
as the approximate values of o, G, is esti-
mated to be in the range of 4 to 400 N/m for
u = 100 pm/s. The experimentally ob-
served peel forces fall well within this range.
This kind of quantitative comparison, how-
ever, should not be taken too far, because
the equations for the viscous energy dissi-
pation (Egs. 3 and 4) are strictly valid for
low contact angles (or high o), that is, Fig.
3C. Furthermore, our model does not in-
clude extensional deformation of the adhe-
sive. Nevertheless, this simple calculation
shows that the local viscous energy dissipa-
tion at the crack tip can be quite substan-
tial, and its magnitude decreases as the in-
terfacial slippage increases.
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Direct Evaluation of Electronic Coupling
Mediated by Hydrogen Bonds: Implications
for Biological Electron Transfer

Peter J. F. de Rege, Scott A. Williams,* Michael J. Therien¥

Three supramolecular bischromophoric systems featuring zinc(ll) and iron(lll) porphyrins
have been synthesized to evaluate the relative magnitudes of electronic coupling provided
by hydrogen, o, and  bonds. Laser flash excitation generates the highly reducing singlet
excited state of the (porphinato)zinc chromophore that can subsequently be electron
transfer quenched by the (porphinato)iron(lll) chloride moiety. Measurement of the pho-
toinduced electron transfer rate constants enables a direct comparison of how well these
three types of chemical interactions facilitate electron tunneling. In contrast to generally
accepted theory, electronic coupling modulated by a hydrogen-bond interface is greater
than that provided by an analogous interface composed entirely of carbon-carbon o
bonds. These results bear considerably on the analysis of through-protein electron trans-
fer rate data as well as on the power of theory to predict the path traversed by the tunneling
electron in a biological matrix; moreover, they underscore the cardinal role played by
hydrogen bonds in biological electron transfer processes.

Ascertaining how the structural complex-
ities of proteins and membranes impact
long-range donor-acceptor (D-A) interac-
tions has long been a primary focus for both
theory and experiment in the field of bio-
logical electron transfer (ET) (I). Beratan
and Onuchic recognized that the anisotro-
pic nature of the protein medium likely
gave rise to significant variations in how
well distinct regimes of polypeptide second-
ary and ‘tertiary structure effected the prop-
agation of a tunneling electron wave func-
tion (2). These theoretical studies led to the
development of algorithms to estimate the
magnitude of electronic coupling between
redox sites in a biological matrix as well as
predict the pathway traversed by the tun-
neling electron (3). This “pathway model”
for biological electron transport relies on
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the premise that covalent bonds, hydrogen
(H) bonds, and van der Waals contacts
between atoms all modulate electronic cou-
pling differently; hence, the extent of the
decay of the tunneling electron wave func-
tion (that is, the electronic coupling be-
tween D and A) depends critically on the
number of each of these chemical interac-
tions that defines a physical ET pathway
connecting D to A.

Since the first through-protein ET ex-
periments demonstrating that the pathway
model correctly predicted a specific
H-bonding interaction to be critical in es-
tablishing long-range D-A electronic cou-
pling (4), this method of theoretical analy-
sis has provided (i) insight into the nature
of the groups of atoms that comprise the
important ET pathways in biological sys-
tems and (ii) a basis for rationalizing the
magnitude of experimental ET rate con-
stants for redox reactions involving the cy-
tochromes (5), azurin (6), catalase (7), pro-
tein-protein complexes (8), the photosyn-
thetic reaction center (9), as well as peptide
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and nucleic acid oligomers (10).

Although indirect evidence shows that
H bonds play crucial roles in facilitating
through-protein electronic coupling (5-10)
and recent work in well-defined chemical
systems indicates that H-bonded interfaces
are certainly competent to be an integral
component of the medium in long-range
biological ET reactions (11, 12), the effect
H-bonded interactions have on the tunnel-
ing barrier has not yet been evaluated. En-
hancing the predictive power of ET theory
with respect to biological charge transfer
processes requires more sophisticated elec-
tronic models of the biological media; to this
end, we have synthesized three ET model
systems in which the tunneling barrier be-
tween D and A is varied systematically.

The C—C single bond and the C=C dou-
ble bond were chosen as electronic coupling
benchmarks for the H bond; the ET model
systems we constructed to effect these com-
parisons are shown in Fig. 1. The supramo-
lecular complexes 1(Zn', Fe'll), 2(Zn"l,
Fe'), and 3(Zn", Fel'!) feature (porphina-
to)zinc donors and (porphinato)iron(III)
chloride acceptors separated by a virtually
constant distance, thus establishing uniform
driving force and reorganization energy for
the ET reaction (13). These systems fix the
number of bonds in the medium, keeping
the steps in the ET reaction identical. The
locations of the electronic perturbations to
the tunneling medium are well separated
from both D and A, ensuring that such
modifications impact only the tunneling
barrier and not the reactant-product elec-
tronic states or the nature of the initial D-A
coupling onto the bridge (medium). The
bridges that connect D to A are rigid, guar-
anteeing a constant D-A distance. Steric
interactions between the aryl ring ortho
and porphyrin § hydrogen atoms are sub-
stantial, fixing the D-A (porphyrin) orien-
tation with respect to the bridge (14). The
[3.3.0] bicyclic structure is specifically cis
and conformationally inflexible. Table 1
describes how each of the bridging moieties
in these ET models affects D-A orientation
and distance.

The D-A assembly 1(Zn", Fe!!) forms in
aprotic solvent through the complementary
association of the two benzoic acid—deriva-
tized porphyrins, 4(Zn"Y) and 4(Fe™™) (15-
17). Photoexcitation of 4(Zn') at 560 nm
produces the highly reducing singlet excited
state of the molecule (!ZnP*); in the absence
of any added 4(Fe'), this species has an
intrinsic fluorescent lifetime of 1.42 ns. In the
presence of 4(Fe'), 1(Zn", Fe'!) is pro-
duced, the concentration of which is directly
dependent on the amount of 4(Fe!!) that
was added to the 4(Zn'!) solution. Photoex-
citation of solutions of 4(Zn') and 4(Fe!)
provides a decay pathway for !ZnP* in addi-
tion to intrinsic decay because any electron-
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ically excited (porphinato)zinc chromo-
phores that are integrated into the supra-
molecular complex 1(Zn'', Fe™) can be ET
quenched by the H bond-associated (porphi-
nato)iron(III) chloride complex; extensive
previous studies show that photoinduced ET
from 'ZnP* to (porphinato)iron(IIl) com-
plexes is a primary decay process for !ZnP* in
model compounds that incorporate these do-
nors and acceptors (18, 19).

Scheme 1 shows the kinetic processes rel-

"znP* PR
\kET
King ZnP: PFe!!
20p pret

)/kCR
Scheme 1.

evant to systems 1(Zn'!, Fe'l"), 2(Zn', Fe!l),
and 3(Zn', Fe'") upon photoexcitation (20).
The 'kgr rate constants were determined
by time-correlated single-photon counting
(TCSPC) spectroscopy (21, 22) (Fig. 2). For
1(Zn", Fe'') (Fig. 2A), kg was determined
by analysis of the fluorescence decay kinetic
profiles of 35 uwM 4(Zn") solutions as a func-
tion of [4(Fe™)] (brackets denote concentra-
tion) (0 to 600 wM) (23, 24). When
[4(Fe)] was nonzero, the observed fluores-
cence decay was best fit as a biexponential,
with kinetic components corresponding to
non-H-bond-associated 4(Zn'") as well as
1(Zn", Fe'") [Eq. 1, where t is the time after
excitation, | is the fluorescent intensity, k;, is
the intrinsic decay rate constant of the 'ZnP*
in the absence of ET quenching (7.04 X 108
s7!), kg is the photoinduced ET rate con-
stant, and X4(zam) and X (zat ey are the mole
fractions of 4(Zn™) and 1(Zn", Fe') present
in solution].

I(t)/l(o) = X4(Zn“)exp[—kintt]
+ Xizatremexpl— (Ckgr + k)t (1)

For every 4(Fe™) concentration examined,

the decay profiles were cleanly biexponen-
tial and could be analyzed in terms of the
same two exponential lifetimes, 1.42 ns
(1/k,,) and 114 ps [1/(*kgp + k,,)]. The
mole fraction of material undergoing fluo-
rescence decay at 114 ps increased with
increasing [4(Fe!'")], as expected, because
increasing [4(Fe'™")] results in a decrease in
[4(Zn™)] with a concomitant increase in
[1(Zn", Fe)]. Analysis of these concen-
tration-dependent kinetics data (Fig. 3A)
gives an association constant K . = 440
M~ for 1(Zn"'}, Fe''"). This value is similar
in magnitude to that obtained indepen-
dently by infrared (IR) spectroscopy (Fig.
3B) (15, 25). Consistent with the criteria
used in other model systems to evaluate ET
rate constants mediated by H-bonded inter-
faces (11, 12), this experimental system
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displays the following properties: (i) No
evidence of ET processes other than those
in preassociated H-bonded complexes is
present, as the 114-ps time constant re-
mained independent of [4(Fe™)]; (ii) when
4(Fe') was replaced by [5,10,15,20-tet-
rakis(3',4’,5'-trimethoxyphenyl)porphina-
toliron(III) chloride, a complex incapable
of H bonding with 4(Zn™), only the intrin-
sic decay process was observed; (iii) because
the electronic absorption spectra of mix-
tures of 4(Fe'") and 4(Zn"™) appeared as a
superposition of the composite monomer
spectra without any B-band shifts or broad-
ening, no strong electronic (or excitonic)
interaction occurs between the chro-
mophores, as would be expected if w-stack-
ing interactions (aggregation) were signifi-
cant under these experimental conditions;
and (iv) addition of a solvent capable of
disrupting H-bonding interactions between
4(Zn") and 4(Fe), such as methanol,
caused the shorter-lived component in the
decay profile to disappear. These facts along
with the kinetic data presented enable us to
confidently evaluate the 'kyp rate constant
for the H-bonded supramolecular system
1(Zn'%, Fe'!) (Table 2).

The two covalently linked ET model sys-
tems were synthesized from appropriately
halogenated (porphinato)zinc precursors
through metal-mediated cross-coupling (26—
28). Table 2 contrasts the ET rate constants
obtained for 2(Zn!, Fe'™") and 3(Zn", Fe!l)
(Fig. 2B) with that for 1(Zn", Fe'!). The
photoinduced ET rate data for 1(Zn", Fe!™l),
2(Zn"Y, Fe'), and 3(Zn', Fe') show that
the magnitude of 'kgr for 1(Zn', Fe'™), a
supramolecular system featuring weak H-
bonding interactions as a key component
of the D-to-A ET pathway, exceeds that
for 2(Zn", Fe') and is comparable to that
observed for 3(Zn!l, Fe!l), despite having
a slightly less exoergic ET reaction than
the two covalent ET model systems. Be-
fore discussing the role played by the na-
ture of the types of bonds in the bridge in
governing the magnitudes of kgt in su-
pramolecules 1(Zn™,Fe"), 2(Zn", Fe!ll),
and 3(Zn', Fe'), the impact that small
deviations in bridge structure and minor
differences in reaction driving force have
on the photoinduced ET rate constant
must be addressed (29, 30).

According to classical and semiclassical
ET theory, the ET rate constant kg can be
expressed as

kET = UNKEKN (2)

where vy, is a nuclear frequency factor, kg
is an electronic term that describes the
D-A electronic coupling (tunneling barri-
er height), and ky is related to the free-
energy change AG® of the reaction (31).
The ET driving force in 1(Zn', Fe') is
0.17 eV less exoergic than those for



: REPORTS

Fig. 1. ET model com-
pounds used in this
study.

2(Zn", Fel'') and 3(Zn", Fel) (Table 2).
Given the relation between ky, and driv-

ing force (AG®)
Ky = exp[—(AG® + N)Y/4AKT]  (3)

(k is Boltzmann’s constant, T is temperature,
and A is the total reorganization energy) and
the fact that Hoffman has demonstrated that
the reorganization energy for ET reactions
between excited-state (porphinato)zinc and
(porphinato)iron(III) chloride likely exceeds
the reaction exoergicities listed in Table 2,
primarily because of the-changes at the (por-
phinato)iron(III) site (ligand loss, motion of
the Fe with respect to the porphyrin plane,
and changes in the porphyrin geometry) that
occur concomitant with ET, we expect that
'k should increase with increasing reaction
exoergicity for model complexes 1(Zn'l,
Fe'M), 2(Zn", Fe'), and 3(Zn", Fel) be-

10,000 . A

Counts

5,000+

Counts

Time (ns)

Fig. 2. Fluorescence decay profiles obtained by
TCSPC. Excitation wavelength Ao, = 560 nm,
emission wavelength \.,, = 640 nm, solvent =
CH,Cl,. (A) Sample fluorescence data used to
determine the photoinduced ET rate constant in
1(Zn", Fe"): () instrument response; (i) [4(Zn")]
= 35 pM and [4(Fe")] = 0 wM; (jii) [4(Zn")] = 35
pMand [4(Fe")] = 500 pM. x? (global) = 1.05. (B)
Fluorescence data used to determine photoin-
duced ET rate constant in 2(Zn", Fe") and
3(2Zn", Fe™): (i) instrument response; (i) [2(Zn",
Fe')] = 15 pM (x2= 1.14); (iii) [3(Zn", Fe")] = 15
uM; (x2 = 1.28).

Rp 4(Fe")
R

cause —AG®° < \ for these systems (32). If
driving-force effects dominated the ET ki-
netics in these systems, 1(Zn", Fe') would
have the smallest value of 'kgr, but this is
not the case.

For 1(Zn',Fe'), 2(Zn'LFe), and
3(Zn", Fe'"), the rigid media that link D to
A differ in their orbital hybridization, so the
three ET frameworks are nonisostructural
(Table 1), which could affect both kg and
vy Such medium structural differences sig-
nificantly modulate ET rate constants (for a
constant number of bonds separating D
from A) when D-A orientation or through-
space distance is drastically altered (33, 34);
in the three ET model systems under con-
sideration here, D-A orientation is not an
important variable because it is determined
by steric interactions between the bridge
phenyl rings and the porphyrin macro-
cycles, which are identical. Moreover, the
differences in the bridge curvature are rela-
tively minor as evinced by the near-con-
stant spatial separation of D and A in
1(Zn", Fe'l), 2(Zn", Fe'), and 3(Zn",
Fe™); thus, any differences in 'kgy in these
systems must derive from variances in Kg,
and not vy or Ky

The value of kg is proportional to the
square of the electronic coupling matrix
element H;, and H,,, can be expressed as a
function of the electronic coupling matrix
element at D-A contact (H,,°) multiplied
by the product of a series of decay factors

R = OMe

that correspond to the types of chemical
interactions that define the steps in an ET
pathway (2). Thus, for an ET pathway com-
posed of both saturated and unsaturated
covalent bonds, C* and CY, as well as hy-
drogen bonds, H, the electronic coupling
matrix element can be represented by

Ni N; Nk
Hy=Hg [TICITTCH [TH @)

i=1 j=1 k=1

where [C®], [CY], and [H] are the decay
factors for each of these types of steps in the
ET pathway, and the total number of steps
in the tunneling pathway is defined as N; +
N, + N,.

Beratan and Onuchic estimate that the
tunneling electron wave function decays by
a factor of 0.6 as it propagates through a
standard covalent bond in a protein. Because
the differences in the measured ET rates
stem from variations in the respective values
of kg, we can estimate the decay factor of the
tunneling electron wave function across an
H-bond interface as 0.51, significantly softer
than the (0.6)? factor that corresponds to
the decay over two standard covalent bonds.
This decay factor of 0.51 evaluated for the
C=0-H interaction also is a reasonable es-
timate for the magnitude of the reduction in
net D-A coupling when a tunneling electron
wave function propagates across a two-bond
pathway composed of a C-C single bond and
a C=C double bond (35).

Table 1. Metrical parameters of the ET model systems. All distances were estimated with MM2 as
parameterized within the Personal CaChe program (CaChe Scientific, version 3.5).

Distance Orientation
ET system Through Through Total pathway Bridge curvature
space* bondt bonds¥ angle (degrees)§
1(Zn", Fe') 15.0 22.4 14 180
2(zn", Fe') 13.9 23.7 14 124
3(zn", Fe") 14.4 23.1 14 135

*Defined as the length of the vector connecting the meso carbons of the (porphinato)zinc and (porphinato)iron(lll) chloride
moieties bonded directly to the bridge. ‘tDefined as the sum of the lengths of the bonds connecting the meso carbon
of the (porphinato)zinc donor bonded directly to the bridge to the central metal atom of the (porphinato)iron(lll) chloride
acceptor. 1Defined as the number of bonds that compose the shortest route across the bridge connecting the
(porphinato)zinc and the (porphinato)iron(lll) chloride moieties at their meso-carbon atoms. §Defined as the angle
between the (porphinato)zinc meso carbon, the geometric center of the bridge, and the (porphinato)iron(lll) chloride
meso carbon. The porphyrin-porphyrin orientation is defined by the porphyrin-meso pheny! torsional angle (74). The
geometry of the H-bonded interface was assumed to be identical to that found in benzoic acid dimer x-ray crystal
structures, in which £(O-H-0) ~0° and the O-O distance ~2.6 A (37).
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Fig. 3. (A) The dependence 0.25
of the ratio of the mole frac- 0 B
tions x of 1(Zn", Fe'") to 0.201 5
4(Zn") (determined from ) z
TCSPC  spectroscopic ki~ 3 0151 =

. - o -
netic analyses) as a func- = £ 01
tion of [4(Fe™)]. The slope = 0.104 Y
gives an association con- e §
stantK, . for1(zn",Fe") < 2
= 440 M~'. (B) Sample 0.051 2
concentration dependence o o < 0.0

data of the IR carbonyl 0.00
stretching region corre-
sponding to H-bond asso-

Zn') = 250 M~

These results have a number of important
implications. First, weak chemical interac-
tions can in fact play key roles in mediating
biological ET processes. Second, coupling
across an H-bond interface is superior to that
across two C—C single bonds, the gauge used
previously to estimate the maximal coupling
through an H bond with an optimal hetero-
atom-to-heteroatom distance and geometry,
which suggests that modification of the the-
oretical coupling parameters used in such
calculations may be in order (2).

Because H bonds involving Asn, Gln,
Arg, Asp, and Glu residues as well as the
polypeptide backbone feature carbon-to-het-
eroatom double bonds, the decay of the tun-
neling electron wave function across the H-
bond interfaces defined by these groups
within a protein should be estimated as 0.51
and not 0.36, particularly when H-bonding
distances and geometries are near their opti-
mal values, in accordance with our experi-
mental results. Use of such a modified cou-
pling parameter for both carbon-to-hetero-
atom double bonds involved in H-bonding
interactions as well as for isolated double
bonds in the protein matrix will likely en-
hance the predictive power of theory to (i)
approximate the magnitude of D-A electron-
ic coupling in through-protein ET reactions,
(ii) provide insight into the physical path
traversed by the tunneling electron in a
physiological matrix, and (iii) probe in great-
er detail how different protein structural re-
gimes manifest disparate electronic coupling.

Given the surprising result that electronic
coupling across H-bonded interfaces featuring
unsaturated carbon-to-heteroatom junctions
is superior to that provided by an interface
composed of an analogous number of o bonds,

Table 2. Driving force and ET rate data for the ET
model systems (29, 38). Experimental uncertain-
ties in the evaluated rate constants 'k <10%.

ET system AGP (eV) Tker (109877
1(Zn", Fe') -0.70 8.1
2(zn", Fe') -0.87 43
3(zn", Fe'") -0.87 8.8
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it is reasonable to envision that electronic
coupling mediated through extensive H-
bonding networks may be a recurring theme
represented in the dominant tunneling path-
ways of ET proteins. Our results suggest that
distinct protein secondary structural motifs
will modulate D-A electronic coupling differ-
ently. For example, protein coil structure,
which satisfies some of its H-bonding require-
ments with water, would be anticipated to be
a rather poor medium to facilitate substantial
through-protein electronic coupling because
this type of protein secondary structure makes
rather inefficient use of the unsaturated het-
eroatoms capable of forming intraprotein H
bonds and thus is less well coupled to the
remainder of the protein matrix. Conversely,
the data described herein allow one to predict
that tunneling over substantial distances
across (3 sheets or through « helices is more
facile than tunneling along the polypeptide
backbone. Finally, given the controversies
surrounding the interpretation of biological
ET rate data (1), the experimental demon-
stration of differential electronic coupling
mediated by H, ¢, and 7 bonds may prove to
be a key development in the evolving theo-
retical framework used to compare and con-
trast the magnitudes of through-biological
matrix ET rate constants in different protein
systems (1, 3).
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Synchrony and Causal Relations Between
Permian-Triassic Boundary Crises and
Siberian Flood Volcanism

Paul R. Renne,” Zhang Zichao, Mark A. Richards,
Michael T. Black,{ Asish R. Basu

The Permian-Triassic boundary records the most severe mass extinctions in Earth’s
history. Siberian flood volcanism, the most profuse known such subaerial event, produced
2 million to 3 million cubic kilometers of volcanic ejecta in approximately 1 million years
or less. Analysis of “°Ar/®Ar data from two tuffs in southern China yielded a date of 250.0
+ 0.2 million years ago for the Permian-Triassic boundary, which is comparable to the
inception of main stage Siberian flood volcanism at 250.0 = 0.3 million years ago.
Volcanogenic sulfate aerosols and the dynamic effects of the Siberian plume likely con-
tributed to environmental extrema that led to the mass extinctions.

Continental flood volcanism produced ep-
isodic outpourings of magma, chiefly basalt,
whose volumes (up to 3.0 X 10° km?) and

P. R. Renne and M. T. Black, Berkeley Geochronology
Center, 2455 Ridge Road, Berkeley, CA 94709, USA.
Z. Zichao, Yichang Institute of Geology and Mineral Re-
sources, Post Office Box 502, Yichang 443003, People’s
Republic of China.

M. A. Richards, Department of Geology and Geophysics,
University of California, Berkeley, CA 94720, USA.

A. R. Basu, Department of Earth and Environmental Sci-
ences, University of Rochester, Rochester, NY 14627,
USA.

*To whom correspondence should be addressed.
tPresent address: Department of Biological Anthropolo-
gy and Anatomy, Duke University, Durham, NC 27706,
USA.

SCIENCE e« VOL. 269 e

8 SEPTEMBER 1995

mean eruption rates [up to 3 km?/year sus-
tained for ~1 million years (My)] are sig-
nificantly larger than those of volcanism in
other geologic settings (1). Causal relations
between flood volcanism and mass extinc-
tions have been postulated for more than a
decade (2, 3), in part because of the appar-
ent coincidence between the two most pro-
found mass extinctions known (Permian-
Triassic and Cretaceous-Tertiary) and two
of the most extensive continental flood vol-
canism events (Siberian and Deccan traps,
respectively). Likely mechanisms of mass
mortality (3-5) posed by flood basalts in-
clude global cooling caused by sulfate aero-
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