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ABSTRACT

The optically active molecular electronic wires (

Cl

S)- and (R)-7 containing an oligo-arylene-ethynylene structure and a chiral 1,1

R=HorAc

"-binaphthyl unit

are synthesized. These molecules are incorporated into nanowell devices by self-assembly on the gold surface. In the nanowell devices, the

median currents from the molecules containing both

Sand R enantiomers are significantly smaller than those from the pure

Sor R molecule.

Compounds ( R)- and (S)-7 are also less conductive than the fully conjugated oligo-phenylene-ethynylene-thiol molecules.

Self-assembly of conjugated organic thiol molecules, such for various substrate detectiofi$ln our laboratory, we are

as the oligo-phenylene-ethynylene-dithiol (OPE), on the

interested in developing chiral optical and electrical sensors

surface of gold has allowed the study of electron transport for enantioselective recognition. Such sensors will find

at the molecular scafeé® Application of these molecular

OPE

electronic wires in constructing novel electronic devices is

under active investigation. Self-assembled functional organic
molecules on solid surfaces have also been used as senso

T Department of Chemistry.

* Department of Electrical and Computer Engineering.
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applications in the high throughput assay of chiral organic
compounds:® Thus, incorporation of chirality into the OPE
molecules to construct chiral molecular electronic devices
should be of both practical and fundamental significance.
Herein, we report the synthesis of the first optically active
molecular electronic wires and the study of their optical and
electrical properties.

We have used the axially chiral :4i-2-naphthol (BINOL)

as the starting material to make various novel chiral
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molecules and macromolecules for diverse applicatiotfs.
Previously, it was found that BINOL could be specifically
brominated at the 6'§ositions to give $-1.1 We later
found that when the 6'ositions of BINOL were occupied,
additional bromination occurred at the 4pbsitions to give
the tetrabromo-BINOL9-2.1? Preparation of$-1 and §-2
makes it possible to further derivatize BINOL at the'6,6
and 4,4-positions, and chiral materials of diverse structures
have been made from these compounds.

(S)-BINOL

To synthesize an optically active molecular electronic wire,

nation and alkylation of$)-BINOL, was treated witfBuLi
at —78 °C followed by the addition of hexachloroethane to
give the 6,6dichloro-BINOL (S§-4. Bromination of §-4
led to the formation of §)-5. Because of the much greater
reactivity of an aryl bromide than that of an aryl chloride in
a cross-coupling reaction, the Sonogashira couplin@eb(
with the thioacetyl phenyl acetylen@* gave the desired
compound §-7.13° The specific optical rotation o§-7 was
[a]lp —60.1 € = 1.0, CHCL). The enantiomer of this
molecule, R)-7, was synthesized by starting froniR)(
BINOL. The acetyl groups of compoundS){ and R)-7 can
be removed in situ under acidic conditions to form chiral
molecular nanowires during the preparation of the self-
assembled monolayers on gold. The distance between the
two ending sulfur atoms of these molecules is calculated to
be 2.4 nm.

We compared the optical properties of the chiral conju-
gated molecules with the linear achiral oligo-phenylene-
ethynylene molecul&.?° Figure 1 gives the UV spectra of

we planned to introduce the conjugated phenyleneethynylend NN

units to the 4,4positions of BINOL. Lee and Lin reported
the synthesis of the 4,8,6-tetrahalogenated BINOL com-
pound §)-5 in which the 6,6-dibromo atoms are replaced
with two chlorines, and they used this compound as the
precursor to prepare 4;4ubstituted BINOL-based materials
(Scheme 1}2 A modified procedure is adopted here. As
shown in Scheme 1, compoun8){3, prepared by bromi-

Scheme 1. Synthesis of the Chiral Conjugated Molecul&-(
and R)-7

Br. Cl
OO ot 1- "BuLi, THF, -78 °C OO OEt Br
OO OEt 5 cl,cCCly, -78 °Cort OO OEt 989
Br Cl

98%
(S)-3 sac O sac
&4
Il f
=rsae O

J°
8 7 ~OEt Et0O™N

PA(PPhy),s 99 OFt EtO-g \
Cl

86% ol
Il Il

| {
(S)-7 Q

SAc

Br

Cl
O e
OEt
e
Br

(S)-5

=
SAc

(R-7

(7) Pu, L.Chem. Re. 1998 98, 2405-2494.

(8) Hu, Q.-S.; Vitharana, D.; Liu, G.; Jain, V.; Wagaman, M. W.; Zhang,
L.; Lee, T. R.; Pu, LMacromolecules996 29, 1082-1084.

(9) Huang, W.-S.; Hu, Q.-S.; Zheng, X.-F.; Anderson, J.; Pu].LAm.
Chem. Soc1997, 119, 4313-4314.

(10) Yu, H.-B.; Hu, Q.-S.; Pu, LJ. Am. Chem. So00Q 122, 6500~
6501.

(11) Sogah, G. D. Y.; Cram, D. J. Am. Chem. So0d979 101, 3035~
3042.

(12) Hu, Q.-S.; Pugh, V.; Sabat, M.; Pu, 1. Org. Chem.1999 64,
7528-7536.

356

1.04
0.9
0.8
0.7 1
0.6
0.5
0.4+
0.3
0.2
0.1
0.04"

Absorbance

300 350 400 450

Wavelength (nm)

Figure 1. UV spectra of §-7 and8 in methylene chloride (1¢
M).

(9-7 and 8 in methylene chloride. Previously, we demon-
strated that in the 1'/binaphthyl-based conjugated materials
there is no conjugation across the 'Ihbnd of the 1,k
binaphthyl unit because of its preferred orthogonal geonetry.
Therefore, the UV absorptions db)¢7 should be due to the
half part of this molecule that can achieve a planar conjuga-
tion. Unlike (§)-7, thes electrons oB are fully conjugated.
Comparison of their UV spectra demonstrates that the
naphthalene unit in the half part 0E)(7 provides more
effective conjugation than a diphenylacetylene uni8in

8

The fluorescence spectra d)){7 and 8 are provided in
Figure 2. CompoundS)-7 displays a longer wavelength
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Figure 2. Fluorescence spectra @{7 and8 in methylene chloride

(107> M). device are described elsewhétale used an HP 4145 B

probe station to test the room temperature electrical char-

acteristics of the molecules in the device. Prior to testing

emission thar8. The emission maximum of-7is at 439 the chiral molecules for this work, we established the

nm while it is excited at 330 nm. CompouBdjives a more  effectiveness of the nanowell device by testing molecules

vibrational structure in its fluorescence spectrum wiithy with well-known electrical characteristiés.

at 376, 400, and 424 (sh) nm while it is excited at 334 nm.  The chiral conjugated molecules were first dissolved in
The circular dichroism spectra of the two enantiom&s ( ethanol in the presence of sulfuric acid which removed the

and R)-7 in methylene chloride are given in Figure 3 which acetyl protecting groups in situ. Then, the chips with the

exposed nanowells were placed in the chiral molecule

_ solution for a minimum of 48 h. The molecules self-

assembled because of bonding between the thiol end groups

2 and the exposed gold bottom of the nanowell (Figure 5).
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Figure 5. Optically active molecular electronic wire in the

Figure 3. Circular dichroism spectra off- and [)-7 in methylene nanowell.
chloride (10° M).

After assembly of the molecules, the chips were removed
exhibits the expected mirror image relation. The positive and and rinsed with THF and titanium and gold were evaporated
negative Cotton effects centered at ca. 245 nm can beto form a top contact.
attributed to the exciton coupling of the two axially chiral We first tested the electrical properties d®){7. The
naphthalene units. The long wavelength positive and negativecurrent-voltage (—V) curves of 67 out of the 80 devices
Cotton effects may be attributed to the extended conjugationtested for this type showed either clear electrical opens, due
with the incorporation of the 4'4arylethynylene units. to the top electrode not making contact to the molecule, or

We studied the electrical transport properties of the chiral €lectrical shorts, due to the top contact shorting to the bottom
conjugated molecule$(- and ®)-7 in a nanowell test device ~ contact. The other 16% of devices tested showed electrical
as shown in Figure 4. This device consisted of a silicon wafer characteristics that were exponential and could be repeated.
that was patterned with gold and covered with silicon This percent of “Worklng” devices is consistent with percent-
dioxide. A focused ion beam (FIB) was used to mill a well 29€S observed for testing other molecules in the_nand@/ell.
down through the silicon dioxide. Monolayers of the desired 1n€ |~V curves were occasionally asymmetric on the

molecules self-assembled on the gold surface were capped©Sitive or negative voltage side and showed permanent
with a top layer of titanium and gold. The top and bottom electrical breakdown when voltages with magnitudes of 2.5

gold layers were then electrically probed, a voltage was . :
applied between them, and the corresponding current througrb.(i?)y.lupﬂdal_r.: '\\,'AOG‘??‘ET"OE'; Eﬁ?”&gfgﬂi‘j ?ggﬂggi.LégdSBfgn' J.
the monolayer was measured. Greater details of this nanowelli417-1421.
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V and higher were applied. The median current value at 1.5 We also tested the devices that were composed of various

V was 1.3 nA. An example of thé—V characteristics

observed is shown in Figure 6a.

enantiomeric compositions oR}- and §)-7: 80% R and
20% S 50% R and 50%S, and 20%R and 80%S. The
samples with the three different enantiomeric compositions
produced working devices in yields of 25%, 12.5%, and 19%,
respectively. The characteristics of theV curves were
similar to those of the purB and pureS molecules, except

(a) 20n- —un— (First Trace -1.5 Vto 1.5 V) ; : : -
150 —a—(Second Trace -1.5 Vo 1.5 V) in current magnitudes: the median current magnitudes for
j the three compositions were 43 pA, 89 pA, and 62 pA,
1.0n+ :/:J respectively. Despite the large range of currents inherent to
z 500.0p+ - the nanowell device, it is clear that the optically pure
= 00 AM%“WMR&'ZAA compound exhibits greater conductivity than the mixtures.
g _500.0P_Af“ - This large range of current magnitudes has been observed
o for other molecules tested in the nanowell device and may
1001 be due to variations in device well siz€sAn example of
-1.5n1 the |-V characteristics observed for the mixture containing
-2.0n ; . . . . . 80% R and 20%S is shown in Figure 6b.
A% 10 05 00 05 10 15 In summary, the first optically active molecular electronic
Voltage (V) wires (- and R)-7 containing an oligo-arylene-ethynylene
(b) 50.0p- —a— (1sttrace from -1.5 V to 1.5 V) structure and a chiral 1:binaphthyl unit are synthesized.
400p{  —2~(2ndtracefrom-1.5Vt0o1.5V) 4 These molecules are incorporated into nanowell devices by
30.0p- i self-assembly on the gold surface. In the nanowell devices,
20.0p- the self-assembled puBandR enantiomers exhibit similar
< 10.0p] exponential and repeatableV curves. However, the median
= 00] currents from the molecules containing bo8 and R
g -10.0p- enantiomers are significantly smaller than those from the pure
O .20.0p1 Sor R molecules. This could be attributed to possibly very
-30.0p+ different packing structures between the homochiral and
-40.0p+ heterochiral molecules. Thus, the chirality of these chiral
-50.0p nanowires has a strong influence on their electrical transport

properties. In addition, compoundR){ and §-7 containing

the nonplanar chiral binaphthyl unit are also less conductive
than the fully conjugated oligo-phenylene-ethynylene-thiol

molecules. The chiral electronic devices will be used to

interact with various chiral organic molecules to explore the

potential of these materials in enantioselective sensing.

Voltage (V)

Figure 6. (a) |-V plot of (R)-7 in the nanowell. (b)—V plot of
the devices containing 80R and 20%S in the nanowell.

The behaviors of§)-7 were very similar to those of its Acknowledgment. We thank the National Science Foun-
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devices tested electrically (about 21% vyield). The devices
broke down when voltages similar to those f&)-{7 were
applied. The median current at 1.5 V was 3.5 nA. Yet, the
median currents for the pur®)y- and §)-7 were about one
order of magnitude lower than the median current we found
for simple dithiol OPE molecules. The nonplanar binaphthyl
unit of (§-7 which does not allow this molecule to be fully OL0517168
conjugated should be one of the important factors for its
lower conductivity.

Supporting Information Available: Synthesis and char-
acterization of §-4 and -7 and the UV absorption data
of 8. Comparison of the currents of the homochiral and
heterochiral molecules. This material is available free of
charge via the Internet at http://pubs.acs.org.
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