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Correlating Electron Transport and Molecular
Structure in Organic Thin Films**

R. Erik Holmlin, Rustem F. Ismagilov, Rainer Haag,
Vladimiro Mujica, Mark A. Ratner,
Maria Anita Rampi,* and George M. Whitesides*

Understanding how electrons travel through organic matter
is important in designing materials for organic microelec-
tronics!!! and understanding biological electron-transport
processes.>3 Herein we describe a simple experimental
procedure to measure rates of electron transport across
organic thin films having a range of structures, compare the
data for several types of films, and outline a theory appro-
priate for analyzing these rates. We use a junction that is
particularly easy to assemble: M-SAM(1)SAM(2)-M’ (Fig-
ure 1, “SAM” is a self-assembled monolayer).[* 5 We have
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Figure 1. Schematic illustrations of junctions with  structures
Jagsamaysameyte a0d Jausama)x-v-same)ng (s€€ text for the nomenclature).
The photographic image (a) is that of a Jx, c,yic,.1g junction; the scale bar
represents ~0.5 mm. To assemble J, samysame)ug junctions (b), a SAM
was formed on the surface of a thin evaporated film of silver; we normally
used M = Ag, since silver gives highly ordered SAMs.F! This electrode was
covered with a solution of hexadecane containing 1 mM thiol. A small drop
of Hg (5 puL) was expressed into a solution of hexadecanethiol (HDT) from
a capillary connected to a mercury reservoir, and a SAM of HDT allowed to
form on it.’! The HDT-covered mercury drop (C;-Hg) was then brought
into contact with the solid electrode using a micromanipulator. The area of
interfacial contact was estimated by using a microscope. With each
electrode connected to an electrometer (in two-electrode mode), we
applied a potential and recorded the response, and then increased
the potential in steps over a range of voltages to generate /—V curves.
Junctions of structure Ja, sami)x~v-same)-ug (€) Were made as described for
Jae-samayisam)-ng €Xcept that one electrode was a thin film of gold, and the
thiols used had terminal groups that could react and form covalent bonds
(X = carboxylic anhydride, Y =H,N),['”] or interact strongly but noncova-
lently (X=CO,H and Y=HO,C, or X=CO,H and Y=H,N) through
hydrogen or ionic bonds.

examined two sets of junctions: 1) one in which SAM(1) was
formed on Ag from aliphatic or aromatic thiols, and SAM(2)
was formed on Hg from hexadecanethiol, and 2) a second in
which SAM(1) and SAM(2) have terminal functional groups.
In the first, the SAMs contact through van der Waals
interactions; in the second, through covalent, hydrogen, or
ionic bonds. The current measured across these junctions
obeyed the relation I = [,e~# (where d is the distance between
the electrodes, and f is the structure-dependent attenuation
factor for the molecules in SAM(1)); the values of f compare
well with those obtained by other experimental methods. The
experimental current versus voltage (I-V) curves have been
fitted using two theoretical models for electron transport: one
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based on tunneling through an unstructured barrier with a
parabolic profile, and the second based on “superexchange”
tunneling through molecules. These models generate values of
p and potential barrier that are internally consistent and
comparable with relevant information in the literature.
Measurements of current across these junctions as a function
of the structure of the SAMs provide information fundamen-
tal to understanding electron transport in organic matter.

We describe the two types of junctions we have studied
(Figure 1) by using a nomenclature in which J indicates a
junction: for the first, Jysamqysame)ng> // TEPresents van der
Waals interactions at the interface between methyl-terminat-
ed SAMs; for the second, Jyisam)x~y-same)He» ~ TEPTEsents
covalent, hydrogen, or ionic bonds that bridge the interfaces
through functional groups X and Y. We use — for covalent
bonds, and - -+ for hydrogen or ionic bonds. The procedure
used to assemble the junctions was straightforward (Figure 1,
caption). Current was measured in response to a fixed applied
potential across the junction.’] Most junctions were stable for
applied potentials over the range 0—1 V;11 V corresponds to
a potential gradient of approximately 103 Vm~!, well below
the breakdown voltage of the system.P!

Junction 1: Figure 2a shows the current density across
junctions with the structure Ja, samaysame)-ne @s a function of

10? SAM(1) o 4,[V]
a) ///Ph 0.61 1.9
. //,/CHzPh 0.76 1.4
10 h, 0.61 1.7
o H,Ph, 0.57 2.0
0 Ph, 052 2.2
10° s 054 2.7
4 g CH,Ph, 0.60 1.8
IIA cm-Z 10-6 v 10 0.63 2.0
2 057 2.3
107
ER 1w 051 29
10°
10° /—Cm 057 24
[
10"+ (V] 6IVI N a[A]
o) 10 . 1.3 48 14 3.0
w12 46 15 3.0
10° )
213 49 15 3.0
b
; 2
jlAcm ¢ 410 40 17 3.0
10
o /15 141 43 17 3.0
®
10"+

0 02 04 06 08 1
VIV (Hg Cathodic) —

applied voltage for SAMs of alkanethiols, HS(CH,),_CH;
(n=38,10,12,14,16), oligophenylene thiols, HS(Ph),H (k=
1,2,3), and benzylic homologues of the oligophenylene thiols
HSCH,(Ph),,H (m=1,2,3). Comparison of these I-V curves,
and of their fits to theoretical models (described below)
indicate that: a) the shape of the -V curves is the same for
C,, PhyH, and CH,Ph,H; b) the magnitude of the current
density decreases in the order Ph H > CH,Ph,H>C, for
films of the same thickness; c) the magnitude of the current
density depends on the thickness of the monolayers. The
decrease in current density with increasing distance separat-
ing the electrodes (d,, 1) obeyed the relation /= Ijeact, as
expected for tunneling (Figure 2b). For alkanethiols forming
SAM(1) on Ag, fis 0.87 4+ 0.1 A-'; for oligophenylene thiols,
f is 0.61+£0.1 A" and for the benzylic derivatives of
oligophenylene thiols, 3 is 0.67 £ 0.1 AL,

The value of 8 is approximately independent of V (over the
range 0.1-1 V). This observation suggests that the molecular
bridge states, which determine the effective pathway of
transport, are weakly sensitive to voltage changes in the
range considered. We assumed that any scattering of electrons
at the interface between the SAMs was the same for aliphatic
and aromatic SAMs. These values of § are in good agreement
with corresponding values obtained by photoinduced electron
transfer in molecular systems comprising electron donor and

c) 10
10™
102 =0.61 A"
107
_— 2 Boy pui 067 A1
jlAem? 10°

(

15 20 25 3.0 35 40 45 5.0

d Ag’Hglnm —

Figure 2. a) Plots of current density j as a function of the bias voltage V
between the mercury and silver electrodes for Ja, samyic,cne- The symbols
used to represent different classes of compounds are: o, HS(CH,),_,CHj;
o, HS(Ph),H (all substitution of benzene rings is 1,4); v, HSCH,(Ph), H.
The solid lines represent the best nonlinear, least-squares fits of the data for
each junction to Equation (1); all points were weighted equally, and the
equation had two floating parameters, ¢, and a. The correlation coefficient
(R?) for each was >0.95. We list the value of ¢, and « obtained by these
fittings. The lines connecting triads of data adjacent to values of ¢, and a
are for SAMs on Ag having the same thickness. To test the statistical
significance of our inference that the magnitude of the current density
decreases in the order Ph, > CH,Ph,, > C, for films of the same thickness,
we examined the curves for Ph, and CH,Ph,. Application of the Student’s
t-test indicated that, for uncertainties of the size shown, I(Ph,) > I(CH,Ph,)
(V=0.1-1) at >95% confidence level. Other comparisons are even more

certain. The error bar in a) is + the standard deviation of the data, s; each datum is the average of six measurements on six independent junctions. b) Plot of
current density j as a function of the bias voltage V' (solid circles) for junctions with composition for Jxg.c ic,.1g (1 =8, 10, 12, 14, 16). The solid lines represent
the best nonlinear, least-squares fits of the data for each junction to Equation (3); all points were weighted equally. Each line in this figure is a fit to
Equation (3) using four floating parameters. c) Plot correlating values of current density and distance between electrodes for Jx, samyic,ug at V=0.5 V. The

lines are linear least-squares fits to the equation In(/) = — 8d + In(1).
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acceptor linked by a bridgel®” and by electron transfer
between a solid electrode and redox-active species in
solution.®! In these systems, values of 8 for saturated hydro-
carbons range from 0.8-1.0A-1[68 and values of f for
oligophenylenes range from 0.4—0.6 A=.2% In directly com-
parable work, Majda and co-workers found f=0.8+0.1 A-!
for alkanethiols in Jy, samysamng ' The agreement among the
values of 3 suggests that the mechanism of charge transport in
these solid-state junctions is closely related to that in
molecular systems in solution, and that across SAMs on solid
electrodes to molecules in solution in electrochemical experi-
ments.

Figure 2¢ summarizes an analysis that establishes the
internal consistency of the data for the three sets of junctions,
JAg—S(CHz),,,,CH3//C|f,—Hg7 JAg—(Ph)k//Cm—Hg» and JAg—CHz(Ph),,,//CM—Hg We ex-
trapolated plots of current density against d,,y, for each of
the three junctions to their intersection points (where, in
principle, there is no contribution to the junctions from an
organic monolayer on silver). The thickness calculated for the
hypothetical junction Juc, 1y 15 dagng =2.34 nm; that for a
junction in which the organic groups on silver had been
removed, and only the Ag—S bond and the van der Waals
radius of the terminal methyl group or hydrogen atom remain
is dygny=2.6-2.8 nm. The difference between 2.34 nm and
2.6-2.8 nm—0.3-0.5 nm—is a reasonable value for an ag-
gregate contribution to the thickness from the Ag—S bond, the
S—C bond, and the van der Waals radii of the terminal groups.
The consistency of our data for the three sets of organic
compounds suggests that they are directly comparable.

Junction 2: Comparisons of rates of electron transfer
through different types of covalent bonds and through
nonbonding interactions have been challenging(!!l and only a
few have been reported.'>'¥l Assembling a junction by
bringing together two metal surfaces coated with SAMs that
terminate in different functional groups (X and Y) makes it
straightforward to incorporate a variety of interactions into
the junction Js, sam()-x~v-same)-ng; W€ have compared van der
Waals interactions and hydrogen or hydrogen/ionic bonds
(Figure 3). It was also possible to bridge two SAMs covalently
by reaction of a SAM terminated with anhydride groups on
gold with a second SAM terminated in amine groups on

SAM(1)-X~Y-SAM(2)

10" c15—<’°
+  NHCqyy
2
10 o« ® ¢l
B OH***NH>~Cy4

107 * 0/015‘{.)_':%'010
f 10° o © ©
il Acm? o© A
] 10 of a A \615_{)}'“. _
'y 270U
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10° ..o. 15"CH3#/ HyC-Cy
-9
10" P e
0.0- 0.1 0.2 0.3 0.4 0.5
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Figure 3. Plots of current density as a function of the bias voltage between
the mercury and gold electrodes for Ja,.sam)-x~v-same)ng- The error bar is
+ the standard deviation of the data, s.
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mercury.['” This reaction generates a 1:1 mixture of two kinds
of bridging groups: covalent amide C(O)—NH groups and
hydrogen-bonded CO,H --- NH, pairs.

The current density measured at a particular value of
applied voltage depended significantly on the structure of the
interface. Using the junction having only van der
Waals interactions at the interface as the reference,
I (—COZH---NHZ—)/ I cuyme)~=9; I(—COZH---HOZC—)/ I .cuym,c) =40; and
I coonnr-com-nay I cnym,e) >~ 10 (this ratio becomes ~10°
after correcting for small differences in the thicknesses of
the organic films). We estimate that an interface having only
van der Waals interactions is equivalent in its ability to pass
current to a chain of approximately six transoid sigma bonds:
that is -CH,//H;C- is equivalent in its ability to pass current to
a -(CH,)¢- unit. The smaller differences in the rates of electron
transport across -CO,H --- NH,- and -CO,H --- HO,C- bridges
that we observe are similar to those reported by Nocera
et al.l®l Beratan, Onuchic, and Betts!'”! developed theoretical
models that fit experimentally determined rates of electron
transfer in proteins to details of their structures, and inferred
these orders of rates of tunneling: covalent >noncovalent
bonds, and hydrogen bonds>van der Waals contacts. The
agreement of our results with these limited experimentall!?-14l
and theoretical datal'® 7 suggests that the junction described
here will be useful in quantifying these rates.

Theory: To fit the I-V curves, we have used two different
theoretical models: the first assumes tunneling through a
metal-insulator-metal junction; and the second assumes
superexchange tunneling through a molecular bridge. The
first approach is based on the Wentzel — Kramers— Brillouin
(WKB) approximation for tunneling through an unstructured
barrier, and gives a current density expressed by Equation (1),
where ¢, (in J) is the barrier height, V (in Volts) is the applied
potential, m is the mass of an electron (in kg), h is Planck’s
constant (in Js7') divided by 2, e is the charge of an electron
(in Coulombs) and d is the tunneling distance (in m).['*]

e eV 202m)'”? eV\ 1
F= gt (o= Jow [ e(en )

(e L)on | 22 5 Y]}

This model has been used successfully in the pioneering
work of Mann and Kuhn.B% It is possible to extend the model
for a rectangular potential barrier!' to barriers of parabolic
shapel”] by introducing an adjustable parameter, a, which is
related to the shape of the barrier.'”?) In this treatment,
Equation (2) gives . Fitting the /- V curves (Figure 2a) to
Equation (1) for junctions in which SAM(1) consists of n-
alkanethiolates gave an average value of a=0.6 and ¢,=
2.5 eV. Introducing these values into Equation (2) gave a
value of #=0.9 A-! at zero voltage, and a stronger voltage
dependence than that observed experimentally over the range
of 0.1to1 V.

22m)'""? (
7 a

™

ﬂ:_

eV\ 12
ey — 7) (2

The second theoretical model incorporates molecular
structure into the tunneling barrier.?!! This model considers
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off-resonance tunneling of electrons across a single molecule
in a metal-molecule-metal junction in response to the applied
voltage. The model assumes a) that the molecules in the
monolayer act independently, that is, the total current density
is the product of the molecular current times the molecular
density, and b) that the electrostatic potential profile is
determined self-consistently through the combined solution
of Poisson and Schrédinger equations.??! This model leads to
an approximately constant electrostatic potential in the
molecular bridge region, while the voltage drop occurs at
the electrode —molecule interface. This approach gives Equa-
tion (3), where n is the number of molecules per unit area, N is
the number of sites that compose a homogeneous molecular
bridge, ¢ is the transfer integral between sites, A, is the spectral
density of either of the two electrodes at zero bias, and ¢ is the
difference between the Fermi level of the electrode and the
energy of each site. A “site” in this model is an atom or a
group of atoms, whose orbital overlap provides the best
superexchange pathway for electron transfer within a one-
dimensional model.?! Equation (3) predicts 1) a power law
dependence of the current on the applied potential; 2) an
exponential dependence of the current on the length of the
molecule L, where Ioce (B, derived from Equation (3), is
given by Equation (4), for positive bias and ¢ < e V/2); and 3)
a much weaker dependence of 5 on V [Eq. (4)] compared to
that from Equation (2).

1-2N

=25 _AEN)I"{C@ o m))m* (=) o

<e¢ ~ (e V/2>>

I

2
p = -In
a

)

The fit of Equation (3) to the experimental /-V curve for
Jnscuicty (Aagng=39 A), using ¢, a, N, and t as adjustable
parameters, gave physically reasonable values?* ] for alka-
nes: ¢=4.8V and t=—12¢eV, for N=15 and a=3 A. By
using these values, Equation (4) gives a value of f=0.9 A~!
that is approximately constant over the range 0—1 V. These
characteristics of the calculated  value agree closely with our
experimental observations. The value of a is larger than the
average values of carbon —carbon distances in frans-extended
alkyl chains, and the value of N is smaller than that expected if
each site is defined as a carbon atom. One interpretation of
these results is that each site corresponds to a methylene unit
(-CH,-) but that the dominant electron-transfer pathway is
one that corresponds to “skipping” connecting CH, units.[**!
This interpretation amounts to mapping the zigzag geometry
of a trans-extended alkyl chain onto a one-dimensional tight-
binding (Hiickel-type!! or ladder-type®) chain. The calcu-
lated product of N and a is very close to the interelectrode
separation.

As a whole, the experimental data fit Equation (3) quite
well, particularly given the assumption that the total current is
simply the product of the current/molecule by the number of
molecules per cm? (5 x 10'#).271 The molecular structure of the
tunneling barrier and the electrostatic potential enter natu-
rally in this model, which does not require the parameter a
invoked in the Simmons model." Furthermore, the barrier
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value deduced from Equation (1) is too low compared with
the experimental expectation.?*]

Junctions Ja,samaysame e have both advantages and
disadvantages relative to other experimental systems as the
basis for measurements of the influence of organic structure
on rates of electron transport. Their advantages are that they:
1) are very easy to assemble and use; 2) are mechanically
stable; 3) support a range of organic structures; 4) allow one
electrode to be changed readily; 5) allow the direct correla-
tion of electron transport and molecular structure. Their
disadvantages are that they: 1) do not have the molecular-
level resolution that makes measurements using scanning
tunneling miscroscopy (STM)P and break junctions®! so
informative; 2) probably cannot be developed into practically
useful microelectronic components; 3) are not compatible
with measurements over a range of temperatures.

We believe that the combination of these junctions and the
associated theory provide an experimentally straightforward
and theoretically tractable system with which to explore the
ability of thin films of organic molecules to support electron
transport. This combination is a new tool for use in the
development of organic microelectronics.

Experimental Section

Materials: Alkanethiols (HS(CH,),_;CH; (n=28,10,12,14,16)), thiophenol
(HS(Ph)H), and benzylthiol (HSCH,(Ph)H) were purchased from Aldrich
or TCI and were used without further purification. Preparation of
4-biphenylthiol (HS(Ph),H), 4-methylene-biphenylthiol (HSCH,(Ph),H),
4-triphenylthiol (HS(Ph);H), and 4-methylene-triphenylthiol
(HSCH,(Ph);H) was described previously.’'-**l Hexadecane was purchased
from Aldrich. Electronic grade mercury (99.9998 %) was purchased from
Alpha. Caution: Mercury is highly toxic.

SAMs on silver were prepared by immersing a freshly evaporated thin film
of silver (Ag(111); 2000 A) on a Si/SiO, wafer in a solution of the
appropriate thiol (10 mm) in anhydrous ethanol (alkanethiols, thiolphenol,
and benzylthiol; the oligophenylene thiols) or THF (oligophenylene thiols)
for 24 h. SAMs on mercury were formed by extruding a drop of liquid
mercury from a capillary (~5 pL) and exposing it to a solution of thiol
(10 mMm) in ethanol or hexadecane for ~10 min. The junctions were
assembled as described previously.*! -V curves were measured with the
electrodes attached to an electrometer (Keithley 617 programmable
electrometer) in two-electrode mode. During the measurement, the
potential was increased in steps over the range of 0 to 1V, or to the
break-down voltage).
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Quantitative Studies of Binding between
Synthetic Galactosyl Ceramide Analogues and
HIV-1 Gp120 at Planar Membrane Surfaces**

Yingmei Gu, Rachel LaBell, David F. O’Brien,* and
S. Scott Saavedra*

The primary cellular receptor for the HIV-1 virus is CD4, a
protein abundantly expressed on T cells. The HIV-1 viral
envelope glycoproteins, gp120 (120 kD) and gp4l (41 kD)
mediate the recognition and infection of CD4+ cells.l'3]
However, in the early 1990s, it was discovered that HIV-1
can also infect CD4 — cell lines, such as neural cells and
epithelial cells.* 3] Galactosyl ceramide (GalCer), a glyco-
sphingolipid (GSL) that is highly expressed in neural and
intestinal tissues, is thought to be the alternate receptor to
which gp120 binds to initiate the infection of CD4 — cells.

Although the interaction between CD4 and gp120 has been
extensively studied, relatively limited information has been
obtained about the interaction between GSLs and gp120.64
In an effort to elucidate the relationship between gp120
binding activity and GSL structure, we previously investigated
recombinant gp120 (rgp120) binding to several naturally
occurring GSLs reconstituted into planar supported lipid
bilayers by using total internal reflection fluorescence micros-
copy (TIRF).¥] The presence of a carbohydrate on ceramide
was shown to be required for rgp120 binding. Among the
GSLs studied, galactosyl ceramide (GalCer) was the prefer-
red receptor with respect to binding affinity, although rgp120
also recognized lactosyl ceramide (LacCer) and glucosyl
ceramide (GlcCer). No attempt was made to investigate
whether structural variations in the noncarbohydrate portion
of the GSL (i.e. the ceramide) affected rgp120 binding.

Previous studies of protein binding to water-soluble recep-
tors tethered to planar membranes have established that the
structure of the nonreceptor portion of lipid is an important
variable.'”l For example, the efficiency of streptavidin binding
to a biotin-conjugated lipid at a planar membrane surface is
strongly influenced by the length of the spacer arm linking the
biotin moiety to the lipid.['%17]

Herein we have assessed the influence of steric accessibility
in rgp120-galactosyl recognition at a membrane surface.
GalCer analogues with a water-soluble spacer arm of variable
length between the galactosyl receptor and the lipophilic
portion of the molecule were designed and synthesized. The
analogues Gal-3, Gal-4, and Gal-5 were prepared by using
tri(ethylene glycol), tetra(ethylene glycol), and penta(ethy-
lene glycol) linkers, respectively. Each ethylene glycol unit
adds approximately 3 A to the length of the spacer arm. The
lipophilic portion of each molecule is dioleoyl maleate. The
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