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ABSTRACT

We measure the low bias conductance of a series of substituted benzene diamine molecules while breaking a gold point contact in a solution
of the molecules. Transport through these substituted benzenes is by means of nonresonant tunneling or superexchange, with the molecular
junction conductance depending on the alignment of the metal Fermi level to the closest molecular level. Electron-donating substituents,
which drive the occupied molecular orbitals up, increase the junction conductance, while electron-withdrawing substituents have the opposite
effect. Thus for the measured series, conductance varies inversely with the calculated ionization potential of the molecules. These results
reveal that the occupied states are closest to the gold Fermi energy, indicating that the tunneling transport through these molecules is
analogous to hole tunneling through an insulating film.

Understanding the transport characteristics of moleculeschemical substituents to provide new insight to the nature
bonded between metal electrodes is of fundamental impor-of electron transport through single-molecule devices. By
tance for molecular scale electronick.is well-known that studying a series of substituted 1,4-diaminobenzene mol-
these transport characteristics are influenced by the intrinsicecules that have the same length and conformation, we probe
properties of the molecules, including their length, conforma- the details of the Fermi level alignment to the molecular
tion, the gap between the highest occupied molecular orbital orbitals.

(HOMO) and the lowest unoccupied molecular orbital  we measure the conductance of single-molecule junctions
(LUMO), and the alignment of this gap to the metal Fermi py breaking Au point contacts in a 1,2,4-trichlorobenzene
level. Experiments measuring the two-terminal conductance splution of molecules(See refs 10 and 11 for a detailed

of single molecules between metal electrodes have beengescription.) Conductance traces measured as a function of
performed by employing a variety of different techniqées.  tip—sample displacement reveal quantized conductance steps
Although some insight into the transport mechanism has beenghserved at multiples @, (262/h), the fundamental quantum
demonstrated in experiments on devices formed with a largeof conductance. In addition, many of the traces reveal steps
number of molecules in the junctidii,probing the details  at molecule-dependent conductance values b&8g@Figure

of the transport mechanism through single-molecule devices1 ). These steps are due to conduction through a single
has proven difficult, primarily due to the large variability in - molecule bridging the gap between the two Au point contacts.
the conductance measurements of such devicélsing  Repeated measurements give a statistical assessment of the
amine-gold link chemistry}* we have previously demon- junction properties presented as conductance histograms, with
strated that we can measure the conductance of singlethe peak in the histogram representing the most probable
molecules reliably and reproducibly and relate the measuredmeasured conductance value for the molecular junction.
conductance to molecular conformaticAstlere we use  Figure 1B shows the conductance histograms for two

molecules: 2-chloro-1,4-diaminobenzene and 2-methoxy-1,4-
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Figure 1. (A) Sample conductance traces measured in the presence of maBesihitevn on a semilog scale. The traces are arbitrarily

offset along thex-axis (relative tip-sample displacement). (B) Conductance histograr8 @flue) and9 (red) on a log scale. Peaks are

clearly visible atGy and 2x G for both curves and at a substituent dependent value b8lpwset (lower): lllustration of a gap between

a gold point contact that can be bridged with a substituted benzene diamine. Inset (upper): Lorentzian fits to the molecular conductance
peaks for both histograms shown on a linear scale. The bin size fsG@ffor all histograms, and data were taken at 25 mV.

Table 1. List of the Molecules Studied Showing the Number and Type of Substituents, Measured Conductance Histogram Peak
Position, Calculated IP, and Calculated Relative Conductance

conductance calculated relative

calculated peak conductance

no molecule name substituent IP (eV) (x 1073 Gy) (x 1073 Go)
1 tetramethyl-1,4-diaminobenzene CHjs (x4) 6.36 8.2 x 0.2 7.6
2 2,5-dimethyl-1,4-diaminobenzene CHj; (x2) 6.59 6.9 x 0.2 6.7
3 2-methoxy-1,4-diaminobenzene OCHj3 (x1) 6.55 6.9 x 0.2 71
4 2-methyl-1,4-diaminobenzene CHs (x1) 6.72 6.4 x 0.6 6.5
5 1,4-diaminobenzene H (x4) 6.83 6.4 x 0.2 6.4
6 2,5-dichloro-1,4 diaminobenzene Cl(x2) 7.14 6.1 x 0.2 6.0
7 2-bromo-1,4-diaminobenzene Br(x1) 7.02 6.1 x 0.6 6.1
8 trifluoromethyl-1,4-diaminobenzene CF3(x1) 7.22 6.1 x 0.2 6.2
9 2-chloro-1,4-diaminobenzene Cl(x1) 7.00 6.0 x 0.4 6.2
10 2-cyano-1,4-diaminobenzene CN (x1) 7.30 6.0 x 0.3 5.9
11 2-fluoro-1,4-diaminobenzene F(x1) 7.03 5.8 x 0.4 6.3
12 tetrafluoro-1,4-diaminobenzene F (x4) 7.56 5.5 x 0.3 5.2

a Calculated conductance is determined by scaling the calculated tunneling probability by the measured peak conductance of the 1,4-diaminobenzene.

The shift in the peak positions in Figure 1B shows the junction conductance with electron-donating substituents (for
change in the conductance of the two molecules, differing example with a methoxy or methyl group) as listed in Table
only in their substituents on the benzene ring. We have 1. For electron-withdrawing substituents (for example, with
performed the same experiment with nine other substituteda chlorine or a cyano group), we measure a decrease in
1,4-diaminobenzenes (listed in Table 1) and find that their molecular junction conductance. To determine the ultimate
conductance depends on the nature of the substituent. Fophysical reason for this increased conductance, it is useful
all of the substituents tested, we have also performed controlto look at the physical changes in the 1,4-diaminobenzene
experiments on molecules with the substituent groups at thesystem that accompany the replacement of the ring H atoms
1 and 4 positions (for example, with 1,4-dicyanobenzene) with other chemical functional groups.
to ensure that the substituent groups do not bind to broken The highest occupied molecular orbital in 1,4-diaminoben-
gold point contacts. For all of the substituents listed in Table zene is best described as a combination of the lone pairs on
1, the histograms measured with the 1,4-disubstituted each of the N atoms and some component -efrpdensity
benzenes do not differ from the control histograms in solvent on each of the two C atoms to which the N atoms are bonded.
alone. However, for the carboxylic group (COOH) and the As electron-donating substituents replace H atoms on the
nitro group (NQ), we find that the histograms measured with ring, the energy of the HOMO orbital increases. When an H
the 1,4-disubstituted benzenes differ considerably from the is replaced by a methoxy group (OgHthe O(2pr) lone
control histograms in clean solvent, indicating that these pair delocalizes into the benzemespace, thereby raising
groups bind to gold, and hence we do not include these inthe energy of the HOMO. Similarly, when electron-
our measurements. For the 1,4-diaminobenzene moleculesithdrawing substituents replace H atoms, the energy of the
with substituents, we measure an increase in molecularHOMO is lowered. When H is replaced by Cl, the more
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in terms of Simmons’ modél?181%as illustrated in Figure

= B 4 0.12 3A. Equivalently, conductance can be related to the electron-

transfer rate between a donor electrode and an acceptor

electrode through a molecular bridge (a model introduced

B 3 459 7 10.107 by McConnelt9), as illustrated in Figure 3B:22As long as

the metal Fermi level or, equivalently, the donor and acceptor

| K11 d0.0s levels are far enough from the molecular levels (HOMO and
12| LUMO), the electron-tunneling rates decrease exponentially

with increasing molecule length. with the measured low

A bias conductancé scaling as . Here, the decay constant

B depends on the intrinsic electronic properties of the

molecule in the junction. For examplg s 0.77/A for fully

saturated diaminoalkanes measured between gold elec-

10 trodes!! while it is 0.4/A for conjugated diaminopolyphe-
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11 The tunneling process is dominated by the molecular level
1 L 1 that is closest to the metal Fermi level, for example, the
6.4 6.8 7.2 7.6 HOMO, as shown in Figure 3A and B. In this case, the
lonization Potential (eV) tunneling decay ratg depends on the energy separatibg

. . = Erermi — E . Although th ils of the relation
Figure 2. (A) Measured conductance values against the calculated | Fermi g?q)Mod'ff ‘ gth tte detadslo t fb 52at0
ionization potential for the series of 12 molecules tested. The etweens and @ differ for the two modelsf o @' in

number of traces measured ranged from 12 000 to 30 000 for Simmons’ model whiles o log(®s) in the McConnell
different molecules. For each molecule, histograms of 1000 modef9), both models predict an increase in the measured

consecutive traces were computed and a Lorentzian was fit to theconductance with a decrease @g.23 Our measurements

molecular peak. The mean and standard deviation of the peakgp gy, that electron-donating substituents, which shift the
positions determined the molecule conductance and the error bar

(also listed in Table 1). (B) Square of the calculated tunnel coupling HOMO level up (decreasing IP), increase t_he_ junction
(4 x t?) against the calculated ionization potential. conductance, hence they must decredse Similarly,
electron-withdrawing substituents must incredse These

results therefore show that the HOMO is the molecular level

of the benzene, thereby deshielding thepace and lowering Fhat Fs closgst to the Au Fermi Igvel in these molecular
the energy of the HOMO. Such shifts in the isolated molecule Junctions. With reference to the Simmons model, transport
are measured as changes in the ionization potential (|P):!nthes_e]un_ct|ons is equivalent to hole tunneling through an
electron-donating substituents decrease the IP, while electroninsulating film.
withdrawing substituents increase IP. This picture is further supported by quantum chemistry
To explore this further, we plot in Figure 2A the measured calculatiod®15 for all molecules studied, with the amine link
molecular conductance for the series tested against thegroups coupled to Au clusters representing the contééts.
vertical IP calculated for the isolated molecules based on The binding of an Au atom to each amine results in frontier
density functional theory (DFJ15 (See Supporting Infor-  orbitals that are predominantly of Au-s, N lone pair anti-
mation for details). There is very limited experimental data bonding character. These frontier orbitals are tunnel coupled
available across the series of molecules under study for athrough the molecular backbone, resulting in a symmetric
comparison. The DFT calculations moderately underestimateand antisymmetric pair with a splittingt.an the cases with
the measured IP, as also observed for other aromahios a single substituent, the molecule has a built-in dipole that
represent the trends. For example, the measured IP is 6.8reaks the symmetry between the two Au contact atoms.
+ 0.05 eV for the unsubstituted 1,4-diaminobenzene and 6.43However, the dipole is oriented nearly orthogonal to the
eV for tetramethyl-1,4-diaminobenzetewhile the calcu- junction (the Au-Au contact line) and the degree of
lated adiabatic IPs are 6.39 and 5.96 eV for the two asymmetry is small, as judged from the frontier molecular
molecules, respectively. We see in Figure 2A that the orbitals?* In Figure 2B, we plot #, which is proportional
molecular junction conductance decreases with increasingto the molecule conductanéé2025against the ionization
ionization potential, thus for molecules with a more deeply potential (also listed in Table 1). A comparison of Figure
bound HOMO, the conductance is reduced. 2A and B indicates that the trends in the measured
We have demonstrated previousithat the low bias conductance are accounted for by the changes in the tunnel
conductance through polyphenyls attached to gold electrodescoupling of the frontier orbitals across the molecular
amine end groups is through a nonresonant tunneling proces®ackbone induced by the substituents. Furthermore, we find
or superexchange. Two different models are frequently useda close correspondence in the isosurface plot of the frontier
to describe this process when the voltage applied across theorbital (Figure 3D) and the HOMO level for the isolated
junction is much smaller than the HOM@Q.UMO gap of molecule (Figure 3C). This provides additional evidence that
the bridging molecule. The molecule can be thought of as ait is indeed the HOMO that is the molecular orbital that is
tunnel barrier, and the transport details can be understoodclosest to the Fermi level.

Conductance(10'3 Gy)
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electronegative Cl removes electron density fromdispace
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Figure 3. (A) lllustration of the Simmon’s model used to describe a metablecule-metal junction, where the HOMO level is shown
closer to the metal Fermi levdl.is the molecule length, ardig is the energy difference between the molecular HOMO level and the metal
Fermi level. (B) lllustration of the McConnell model used to describe electron transfer through a metatehmtecular bridge-metal
acceptor junctionVpg and Vs are the coupling between the donor level or acceptor level and the closest molecular @gkital the
coupling between adjacent the molecular orbitals. For the specific case of a diaminobenzene linked to two golbgtantbyga refer

to the Au-N lone pair coupling, and/gg represents €C or C—N coupling. (C) Isosurface plot of the HOMO level for an isolated
diaminobenzene molecule and for Au-s orbitals that couple to the N-lone pair. (D) Isosurface plot of the frontier orbital responsible for
tunneling obtained from DFT calculations of diaminobenzene coupled to two gold atoms.

We have shown that the conductance of diaminobenzene 0.04
is altered by having substituents on the benzene ring. It is
well-known that reaction rates can be affected by substituents.

These effects are often quantified by use of substituent
constants, an idea that was first introduced by L. P. > 0.02 02
Hammett® Reaction rates for a substituted molecule relative =
to the rate for an unsubstituted molecule are plotted against 1

the Hammett substituent constant in order to gain insight ~x 0.00 |- 4 o5
into the reaction mechanism. In organic reactions, the <
logarithm of the reaction rate is proportional to the activation &
energy for the reaction, and the Hammett equation is an
example of a linear free energy relation. Extending this idea
to electron tunneling, we can relate the molecular conduc-
tance to the Hammett constants as the logarithm of conduc- 0.04 o11

tance is a function of the tunneling barrier height. il I ] i 1 i 1

In Figure 4, we plot the_log of the ratio of th_e measured 0.0 0.4 0.8
conductance for the substitute@y) and unsubstituted3y) ] )
molecule scaled by the number of substituents on the ring Cpara (Benzoic Acid)
against the Hammett parametgy from ref 27. We have _ _ _ _
made three major assumptions here. First, the choice ofE(')gnlgjct‘;nC';‘(’f"’)‘rt'ghmeojn?uebsrg‘tt:ﬁegf”:Efecsuﬂgségﬁzefct;”%eiu'e
Hamr.“e“ constantiara May not represent the effect of the divided by the )r(1umber of substituents)(in each molecule ag:inst
substituent fully. Second, we assume that the effect of \he Hammetipa: coefficient from ref 27.
multiple substituents is additive, even though it is clear from
the methyl and fluorine substituted data that this is not so.
Third, we know that the logarithm of the conductance isnot .~ | . . . .
linear in the tunnel barrier, although for small conductance diaminobenzene W'th different substltgents Fhat Sh,'ft the
changes measured here, the deviation from a linear relation™olecular levels relative to the Au Fermi level in the single-
is within our error bar. Nonetheless, Figure 4 shows a clear molecule junctions measured. We find that electron-donating
trend, that the conductance decreases as the Hammetsubstituents increase conductance, while electron-withdraw-
constant is made more positive_ This negative S|0pe indicatesing substituents decrease conductance, resulting in a chemical
that the transition state in this tunneling “reaction” is gating of the junction conductance. These results provide
positively charged. Quite remarkably, this is consistent with evidence that the molecular HOMO level is closer to the
the picture of hole tunneling described above. Au Fermi level.
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In conclusion, we have measured the conductance of
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