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Abstract: The nature of the processes at the origin of life that
selected specific classes of molecules for broad incorporation
into cells is controversial. Among those classes selected were
polyisoprenoids and their derivatives. This paper tests the
hypothesis that polyisoprenoids were early contributors to
membranes in part because they (or their derivatives) could
facilitate charge transport by quantum tunneling. It measures
charge transport across self-assembled monolayers (SAMs) of
carboxyl-terminated monoterpenoids (O2C(C9HX)) and alka-
noates (O2C(C7HX)) with different degrees of unsaturation,
supported on silver (AgTS) bottom electrodes, with Ga2O3/
EGaIn top electrodes. Measurements of current density of
SAMs of linear length-matched hydrocarbons—both saturated
and unsaturated—show that completely unsaturated molecules
transport charge faster than those that are completely saturated
by approximately a factor of ten. This increase in relative rates
of charge transport correlates with the number of carbon–
carbon double bonds, but not with the extent of conjugation.
These results suggest that polyisoprenoids—even fully unsatu-
rated—are not sufficiently good tunneling conductors for their
conductivity to have favored them as building blocks in the
prebiotic world.

Polyisoprenoids—also known as terpenoids—are a class of
molecules found in all domains of life. At the cellular level,
they serve both metabolic and structural roles.[1] Were
polyisoprenoids selected for multiple functions (for example,
the ability to conduct charge) at the beginning of life, or
purely for their availability and activity as surfactants?[2]

Charge transport (CT) is important to a number of biological

redox networks,[3] and its appearance in peri-biotic systems—
whatever their nature—was probably important for the
emergence of life.[4] This work examines the relation between
structure and rate of CT by tunneling across polyisoprenoids
(both fully saturated and unsaturated), and addresses the
question of whether rates of CT through polyisoprenoids that
are fast (relative to other lipids) have contributed to their
selection as molecular components of early living systems.

Little is known about CT through polyisoprenoids and,
more specifically, about tunneling through molecules that
have C=C bonds that are not conjugated. We examined the
relative rates of charge transport by tunneling through SAMs
of alkanoates on template-stripped silver, and varied the
number of C=C bonds from zero (completely saturated) to
three (completely unsaturated). Comparison of current
density and UPS (ultraviolet photoelectron spectroscopy)
shows that the number of C=C bonds correlates with the rate
of charge transport by a statistically significant, but small,
amount (a factor of 16 increase in rates of tunneling with
complete unsaturation). Two limiting possibilities might
contribute to this increase: i) The average height of the
tunneling barrier might decrease with unsaturation. ii) The
geometry or length of the molecule (or the thickness of the
SAM) might correspondingly change in a way that decreases
the width of the tunneling barrier. We conclude that the
former is the more probable explanation, and suggest that the
ability of polyisoprenoids to support transport by charge
tunneling is unlikely to have been a reason why they
were selected by evolution as components of archaea and
other early organisms, and, we presume, of peri-biotic
vesicles.[2a,c]

Most studies of trends in tunneling current density, J
(Acm@2), with molecular structure across SAM-based junc-
tions[5] have been characterized in terms of the simplified (and
largely empirical, as it is commonly used) Simmons equation
[Eq. (1)].[6] As qualitatively interpreted, b is the tunneling
decay coefficient and is related to the mean height of the
barrier, d is the width of the tunneling barrier, and J0 is the
value of the current density extrapolated to d= 0. Twomodels
commonly used to rationalize the observation that some
molecules have significantly larger rates of tunneling than
length-matched alkanes include i) coherent tunneling, which
involves reducing the energy off-set between molecular
frontier orbitals (the highest occupied molecular orbitals
(HOMO) or the lowest unoccupied molecular orbitals
(LUMO) and the work function of the electrodes), and ii)
“superexchange tunneling,” which involves molecular orbitals
formed by non-bonding interactions among high-energy
occupied orbitals.[7]
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JðVÞ ¼ J0ðVÞe@bd ð1Þ

The first mechanism—coherent tunneling—has been
studied by several groups, including that of Frisbie, who
examined transport through SAMs of oligophenylene or
polythiophene attached to gold by a metal–thiolate bond via
conductive atomic force microscopy (cAFM),[8] and of
Chiechi, who examined junctions of SAMs of molecules
with fully conjugated oligophenylene groups.[9] These studies
found that the rate of charge transport through fully
conjugated molecules is up to factor of 103 larger than
molecules of similar length with only partial or no conjugated
orbital systems. McCreery, Bergren, and co-workers, how-
ever, examined rates of charge transfer across a series of
different aromatic molecules and established that the rates
changed only modestly (by a factor of ten) with large
differences in their HOMO energies (> 2 eV).[10] On intro-
ducing a single methylene group between the anchoring thiol
and a oligophenol group (SCH2(Ph)n versus S(Ph)n), we
observed a significant decrease in the rate of charge transport
(from a value of b of 0.28: 0.03 c@1 for the completely
conjugated molecules to a value of b of 0.66: 0.06 c@1 for the
partially conjugated molecules).[5i] This finding suggests that
the rate of tunneling is sensitive to disruption in delocaliza-
tion of molecular orbitals between the molecules and the
AunS interface.

The second mechanism, proposed by McConnell, Ratner,
and Nitzan—“superexchange tunneling”—describes hole
tunneling in unconjugated, or partially conjugated orbital
system that involves interactions among high-energy occu-
pied orbitals.[7] We have rationalized that CT through SAMs
of oligomers of glycine, (Gln)n, sarcosine (Src)n, and ethylene
glycol, (EG)n, as proceeding through hole tunneling by
superexchange.[11] This process involves interactions among
the high-energy occupied orbitals of either the amide groups
in (Gln)n or (Src)n, or the ether oxygen atoms in (EG)n. The
variation in tunneling rates for SAMs of (Gln)n with length
(b= 0.44: 0.01c@1), and of (EG)n (b= 0.24: 0.01c@1), are
comparable to those of SAMs of length-matched oligophen-
yls, which have partially conjugated p-orbital systems. Unlike
conjugated molecular systems, however, (Gly)n- and (EG)n-
based systems can have lone pairs of electrons that are
separated by intervening saturated groups.

This study describes CT across junctions of the form:
AgTS/SAM//Ga2O3/EGaIn, where AgTS is template-stripped
silver,[12] the SAM is formulated either from amonoterpenoid,
an n-alkanoate, or an n-alkenoate (Table 1), EGaIn is eutectic
gallium–indium alloy, and Ga2O3 is a conductive thin film of
gallium oxide. This type of junction has been described
elsewhere in detail.[13] We examine CT across 3,7-dimethyl-
2,6-octadienoic acid (geranic acid, 3) and related molecules
that are either saturated or contain C=C bonds in different
positions along the monoterpene backbone (see Table 1 for
structures). We used carboxylates instead of thiolates as
anchoring groups for three reasons: i) they limit delocaliza-
tion of orbitals across the interface,[5i] ii) alkanes with terminal
carboxylates have been proposed to be plausible components
of protocell membranes,[14] and iii) they can form densely
packed SAMs,[9] which—to some extent—mimic the lipid

membranes of vesicles.[15] To understand the influence of
a single C=C bond on CT, we compare current density across
these monoterpenoids to octanoic acid—a length-matched
hydrocarbon—and to analogs of octanoic acid that contain
a single C=C bond at different positions along the hydro-
carbon backbone (see Table 1 for structures). We use angle-
dependent X-ray photoelectron spectroscopy (ADXPS) to
characterize the structure of the SAMs,[16] and ultraviolet
photoelectron spectroscopy (UPS) to characterize the work
function of the Ag/SAM interface and HOMO energy of the
SAMs.[17] Density functional theory (DFT) provides some
understanding of the theoretical mechanism of tunneling
through these molecules.[18]

Electronic and structural characterization of the SAMs.We
determined the thickness, d (in nm), of the nine monolayers
using ADXPS. The values of d (Figure S1) show that the nine
monolayers have similar thickness (values of thickness are
between 0.7 and 0.8 nm, : 0.1 nm), which are comparable to
the previously reported thickness (d= 0.9 nm) of octanoic
acid on AgTS.[19] This observation suggests the SAMs (of
molecules 1–9) were formed with a similar quality, despite
differences in saturation, and perhaps in conformation along
the carbon backbone. Physisorbed molecules, such as solvent
molecules, were not observed in the monolayers by XPS
(Figures S2 and S3).

Using UPS, we characterized the electronic structure of
SAMs formed from both the monoterpenoid series (mole-
cules 1–4) and the octanoic acid series (molecules 5–9), in
terms of work function and energy of the HOMO (Figure 1).
There is no statistically significant difference in the work
function of any compound.

Table 1: Summary of XPS, UPS, and current density measurements for
molecules 1–9.

Molecule Work function
(eV)[a] :0.1

HOMO
(eV)[b] :0.1

log j J j
+0.5 V[c,d,e]

1 4.3 @6.4 0.1:0.4

2 4.3 @6.4 0.5:0.2

3 4.3 @6.3 1.0:0.2

4 4.3 @6.1 1.3:0.1

5 4.3 @6.4 0.4:0.4

6 4.3 @6.4 0.5:0.3

7 4.3 @6.4 0.6:0.4

8 4.3 @6.4 0.6:0.2

9 4.3 @6.1 1.2:0.1

[a] Values of work function were determined by UPS. [b] The energy level
of the HOMO (the orbital assignments are in Table S1) with respect to
the energy level of vacuum, estimated by UPS. [c] log j J j is the log of the
current density ( J) at +0.5 V. Units of J are Acm@2. [d] log j J j at @0.5 V
and rectification ratios are given in Table S2. [e] Junctions shorted at
:1.0 V. Compounds 1–4 were tested at :1.0 V, but after one or two
unstable scans the junctions shorted. The scans that were acquired did
not rectify.
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The values of the energy of the HOMOs for SAMs of both
the monoterpenoid and octanoic acid series show different
trends. For the monoterpenoid series, the value of the orbital
energy increases with an increase in the number of C=C
bonds (from zero in molecule 1 to three in molecule 4). This
trend may reflect the delocalization of the HOMO from
localized on the carboxylate group (molecule 1), to being fully
extended through the backbone (molecule 4). As the number
of C=C bonds increases, the peaks in the UPS spectra broaden
and overlap, over the range of binding energy from 0 to 5 eV
(Figures S4 and S5). These spectral features suggest greater
delocalization of the HOMO as the number of C=C bonds
increases. Molecule 4 is completely unsaturated, and its
HOMO is delocalized over the entire backbone (see section
on DFT calculations). As a result, its HOMO is 0.3 eV higher
than compound 1. Using energy values of the HOMO
obtained by UPS, we constructed an energy level diagram

for compounds 1 to 4 (Figure S6) which suggests a decrease in
the height of the energy barrier with increasing unsaturation.

For the octanoic acid series, the energy level of the
HOMO for SAMs composed of molecules 5 to 8 is nearly
constant at @6.4 eV, but increases to @6.0 eV for the SAM of
the fully unsaturated 9. For the monounsaturated molecules
of the octanoic acid series (molecules 6–8), only the positions
of one C=C bond with respect to the terminal group (COOH)
are different, and the energy of the HOMO is unchanged. The
energy level diagram in Figure S7 shows no distinguishable
difference in the energy levels of the HOMO and LUMO for
molecules 6–8. These results suggest that the position of the
double bond in the hydrocarbon backbone does not change
the energy level of the HOMO and LUMO.

Current Density Measurements of SAMs of the Mono-
terpenoid Series.Wemeasured J(V) curves for junctions of the
form AgTS/SAM//Ga2O3/EGaIn over the range of : 0.5 V
(Figure S8) and compared the values of log j J j at + 0.5 V
(Table 1 and Figure 1c). The differences in log j J j for the four
monoterpenoids (1–4) increased with the number of C=C
bonds (log j J j for 3,7-dimethyl-2,6-octadienoic acid (3) and
3,7-dimethyloctanoic acid (1) differed by approximately X 8).
The highest lo j J j value of this series was recorded for the
completely unsaturated 3,7-dimethyl-2,4,6-octatrienoic acid
(4, log j J j= 1.3: 0.1), which showed a factor of 16: 3 greater
rate of tunneling than 1 (log j J j= 0.1: 0.4). The observation
that increasing the number of C=C bonds increases the value
of log j J j is consistent with UPS data, and with the proposed
decrease in the average height of the energy barrier with
increasing unsaturation.

DFT Calculations of the Monoterpenoid Series. DFT
(Turbomole with B3LYP hybrid exchange-correlation func-
tional) helped correlate the experimental measurements of
tunneling conductance with changes in the molecular struc-
ture of the SAM for molecules 1–4.[20] The HOMO in the
unsaturated monoterpenoids are the C=C bond orbitals or
COOH group orbitals, which include the in-plane orbitals
from the lone pair on the oxygen and the out-of-plane orbitals
from the p bond of the carbonyl (Table S1). The HOMO of
the unsaturated monoterpenoids are located on the p bonds
of the internal C=C bonds (Figure 2). The interactions
between these C=C bonds range from weak in 3,7-dimethyl-
6-octenoic acid (2) and 1,5-unsaturated 3,7-dimethyl-2,6-
octadienoic acid (3, 0.16 eV), to strong in the fully conjugated
3,7-dimethyl-2,4,6-octatrienoic acid (4, 1.17 eV).

For molecules 1–3 in which the HOMO is not delocalized
over the entire molecule, it is possible that the next highest
occupied energy level (HOMO@1) could contribute to the
height of the total barrier. Figure 2 shows that the energy of
HOMO@1 increases with increasing unsaturation for mole-
cules 1–3. This increase correlates with an increase in the rate
of charge transport for these compounds. We previously
found a similar correlation between the energy of the
HOMO@1 and the rate of charge transport across SAMs of
oligoglycine and oligoethylene glycol.[11] These calculations
suggest that charge transport through 1–3might be influenced
by occupied molecular orbitals that are lower in energy than
the HOMO.

Figure 1. a) Plot of the work functions of Ag supporting SAMs (1–9)
determined by UPS. b) Plot of the HOMO energies for molecules 1–9
determined by UPS. Error bars in (a) and (b) are 0.1 eV, which was the
energy resolution of the UPS spectra. c) Plot of mean values of log j J j
at + 0.5 V for molecules 1–9. Error bars represent the standard
deviation of mean values. Numbers on the X-axis correspond to
molecules shown in Table 1. The dashed lines are guides for the eye.
See Figure S8 for number of data (N) collected. Rectification of current
was not observed between +0.5 V and @0.5 V (see Table S2 for
rectification ratios).
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We also determined the end-to-end length of these
monoterpenoids using structures optimized by DFT. Specif-
ically, we measured the terminal carbon of the carboxylate to
the terminal proton of the head group (i.e., the proton in
contact with the EGaIn electrode). These measurements
show a 5% change in length between molecule 1 (9.92c) and
molecule 3 (9.42c) which correlates with an increase in the
degree of unsaturation (Figure S9). Using the Simmons
equation [Eq. (1)] and b determined experimentally for
linear alkanoates (b= 0.78c@1),[19] we estimate that this
difference in length would increase the current density by
X 1.5 for molecule 3. The difference in log j J j for molecule
1 and 3 determined by current density measurements (Dlog
j J j= 0.9: 0.6) shows an increase in current density of
approximately X 8. The increased rate of tunneling with
increasing unsaturation for molecules 2 and 3 is due, in part,
to a decrease in the width of the tunneling barrier, but the
effect is small.

Current Density Measurements of SAMs of the Octanoic
Acid Series. We also studied a second series of molecules:
octanoic acid (5) and related unsaturated molecules (6–9).
These molecules have the same length (in terms of carbon
atoms) as the monoterpenoid series, but do not include
methyl side groups, and may have different conformations in
the SAM. Figure 1c shows that compound 9 showed the only
statistically significant difference in these log j J j values (log

j J j= 1.2: 0.2). We conclude from the set of molecules 1–9
that increasing the degree of unsaturation, but not the
position of the C=C bond (6–8), influences the rate of
tunneling through length-matched hydrocarbons.

This study demonstrates that current density of SAMs of
length-matched hydrocarbons increases with the degree of
unsaturation (with an increase of X 16 going from 1 to 4).
Current density and HOMO energies measurements show
trends that support a linear increase in the rate of tunneling
with increasing unsaturation (molecules 1–4). The position of
the C=C bond did not influence the rate of tunneling, as
molecules with a single C=C bond at different positions along
the carbon backbone had comparable rates (molecules 6–8).
From measurements of current density, transition voltage
analysis shows that the tunneling mechanism does not change
as a function of the applied voltages across the junctions
(Figure S10). The data do not identify a mechanism for
tunneling, but two factors might contribute. i) The length of
the molecule slightly decreases with unsaturation, with a 5%
decrease in length for molecule 3 compared to molecule
1 corresponding to a X 1.5 increase in current density as
estimated by the Simmons equation [Eq. (1)]. ii) The mean
height of the tunneling barrier decreases with unsaturation,
due to an increase in the energy of the highest occupied
molecular orbitals, with a decrease of the tunneling barrier of
& 0.3 eV for the fully unsaturated molecule 4 compared to the
fully saturated molecule 1. Figure 3 shows correlations
between log j J j and the number of double bonds, and log
j J j and the energy of the HOMO determined by UPS. These

Figure 2. Orbital energies (HOMO and HOMO@1) and shapes of
orbitals of the monoterpenoid series (molecule 1 to 4) from DFT
calculations in the gas phase. The solid bars are the orbital energies
and the dashed lines are guides for the eyes. See Table S1 for list of
additional adjacent occupied orbitals.

Figure 3. a) Plot of mean values of log j J j at + 0.5 V grouped by the
number of carbon–carbon double bonds for molecules 1–9. Com-
pounds 2,6,7 and 8 are offset for clarity. b) Plot of mean values of
log j J j at + 0.5 V against the HOMO energy for molecules 1–9.
Molecule numbers are listed in the plot. The coefficients of determi-
nation (R2) for the dashed lines are shown in the plots.
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trends support the proposal that the mean decrease in height
of the tunneling barrier with unsaturation is primarily
responsible for the increase in the tunneling current in
going from 1 to 4.

Tunneling can be surprisingly important when the HOMO
is influenced by interacting high-lying occupied molecular
orbitals of some chemical groups (lone pairs on amides,
ethers).[11] DFT calculations and experimental results suggest
that superexchange tunneling may be present in molecule 3.
Further analysis of polyunsaturated hydrocarbons with differ-
ent relative positions of two or more C=C bonds would be
needed before the mechanism of tunneling through these
molecules can be firmly established.

These results are not, in our subjective opinion, strong
enough to establish that the selection of terpenoids as
important building blocks for cells by evolution was influ-
enced by their ability to support charge transport. They do
suggest that the ability to show CT activity enhanced relative
to saturated terpenoids would have required oxidative
unsaturation—a process that might have occurred in the
reducing early earth with oxidizing molecules (SO2, SO4,
RSSR, Sn, NO2, and NO3) and certain minerals (niter,
ferricyanide, and anatase),[21] but would have been more
obvious later, as levels of O2 began to rise in a more oxidizing
environment. The hydrophobicity of polyisoprenoids, and
their chemical stability (relative to polyunsaturated deriva-
tives of fatty acids), could have made them an accessible
solution to two problems—formation of stable lipid bilayers
and charge transport—at the same time.
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