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O w in g t o t h e s a t u r a t io n o f t h e e ± c ie n c y o f s il-

ic o n d e v ic e s in e le c t r o n ic s in d u s t r y , m o le c u la r

e le c t r o n ic s h a s g a in e d t r e m e n d o u s im p e t u s in r e -

c e n t t im e s . T h e o r e t ic a l p r e d ic t io n s a n d e x p e r i-

m e n t a l r e a liz a t io n s o f s u c h s y s t e m s h a v e g iv e n

b ir t h t o a n e w g e n e r a t io n o f m in ia t u r iz e d e le c -

t r o n ic d e v ic e s . O r g a n ic m o le c u le s w it h d e lo c a l-

iz e d ¼ -e le c t r o n s s h o w a p r o m is in g fu t u r e in t h is

a s p e c t . T h e lo n g -s t a n d in g h is t o r y a n d in t e r e s t -

in g p r o p e r t ie s o f tw o is o m e r ic o r g a n ic m o le c u le s ,

n a p h t h a le n e a n d a z u le n e , m o t iv a t e u s t o e x p lo r e

t h e ir e le c t r ic a l c o n d u c t a n c e p r o p e r ty a n d p o s -

s ib le e le c t r o n ic d e v ic e a p p lic a t io n s t h a t e x p lo it

t h e u n iq u e c h a r a c t e r is t ic s a s s o c ia t e d w it h t h e ir

s t r u c t u r a l a s p e c t s . S in g le m o le c u le o f a z u le n e

s h o w s h ig h e r c o n d u c t iv ity t h a n n a p h t h a le n e . T h e

c h a r g e t r a n s fe r fr o m t h e s e v e n -m e m b e r e d r in g t o

t h e ¯ v e -m e m b e r e d r in g in a z u le n e g iv e s t h e s y s -

t e m a r o m a t ic s t a b ility , m a k in g it d ip o la r . A s

a c o n s e q u e n c e , t h e c o n d u c t a n c e b e c o m e s a s y m -

m e t r ic fo r fo r w a r d a n d r e v e r s e b ia s , o p e n in g a n

e ± c ie n t a p p lic a t io n o f a z u le n e a s m o le c u la r r e c -

t ī e r in e le c t r o n ic d e v ic e fa b r ic a t io n .

I n t r o d u c t io n

R esea rch in th e ¯ e ld o f n a n o sc ie n c e h a s b e en o f g re a t
in te rest in re ce n t tim es, la rg e ly o w in g to th e fa c t th a t
silico n e lec tro n ic s is fa st a p p ro a ch in g a ro a d b lo ck , b e -

c a u se o f fu n d a m en ta l lim its se t b y th e la w s o f p h y sic s
a n d ch em istry a s w e ll a s th e c o st o f p ro d u c tio n [1 ]. T ill
n o w , th e se m ic o n d u cto r m icro e le c tro n ics fa b ric a tio n h a s
b e e n a ch iev ed th ro u g h th e t̀o p d o w n ' lith o g ra p h ic
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a p p ro a ch w h ich in v o lv es th e m in ia tu riza tio n o f ex istin g
silico n -b a se d ch ip s. H o w ev er, th is ra te o f d o w n sc a lin g
le a d s to red u c e d d e v ic e p e rfo rm a n c e b e ca u se th e issu e s

re la te d to q u a n tu m tu n n elin g , in te rc o n n e c t d e la y s, g a te
o x id e re lia b ility, a n d ex c essiv e p o w e r d issip a tio n sta rt
p la y in g a m a jo r ro le a t su ch sm a ll len g th sc a les. A l-
th o u g h so m e o f th ese issu e s c a n b e o v e rco m e b y im p ro v -
in g th e d e v ic e d e sig n , th e in cre a sin g c o st o f fa b ric a tio n

h a s m o tiv a ted rese a rch in o th e r d irec tio n s. It h a s le d
to th e re p la c em e n t o f th e t̀o p -d o w n ' lith o g ra p h ic a p -
p ro a ch b y a b̀ o tto m -u p ' sy n th e tic ch em ic a l a p p ro a ch o f
a ssem b lin g n a n o d e v ic es a n d c ircu its d ire ctly fro m th eir
m o le c u la r co n stitu en ts, le a d in g to th e n ex t g e n e ra tio n
o f e le c tro n ic s k n o w n a s m o le cu la r e le c tro n ics [2 { 4 ]. In

fa c t, re ce n t a d v a n c es in e x p e rim e n ta l te ch n iq u es h a v e a l-
lo w e d fa b ric a tio n a n d m e a su re m en t o f c u rren t th ro u g h
sin g le m o le c u le s w ith p re cisio n a n d c o n siste n c y . V a rio u s
m o le c u le s h a v e a lre a d y b e en d e m o n stra ted to b eh a v e a s
w ires, sw itch e s, d io d e s, R A M s, etc . In m o st o f th e e x -

p e rim e n ts, th e n a n o sc a le m a te ria l is a n o rg a n ic m o le c u le
o r a ¼ -c o n ju g a ted p o ly m er. M a n y th eo rie s to o h a v e b ee n
d e v e lo p e d fro m e m p iric a l to sem iem p iric a l a n d a b in itio

le v el to d escrib e th e e le c tro n ic re sp o n se fu n ctio n s o f th e
n a n o sc a le sy ste m s [5 { 1 1 ].

T h e a b ility o f a m o le cu le to sw itch b e tw e e n o ® a n d o n
sta te s is o n e o f th e m o st im p o rta n t a p p lic a tio n s o f th e se
n a n o sc a le m a te ria ls. E x p e rim e n ta lly , th is h a s b e en o b -
se rv e d in m a n y o rg a n ic m o lec u les w ith v a rio u s d o n o r a n d

a c c ep to r su b stitu e n ts. S u ch u n u su a l a n d in te restin g b e -
h a v io u r o f o rg a n ic m o le c u le s w ith d o n o r a n d a cc e p to r
m o ie ties stim u la te s th e stu d y o f e le c tro n ic c o n d u c tio n
in a z u le n e m o lec u le a lo n g w ith its iso m e r, n a p h th a len e
[1 2 ].

A r o m a t ic S t a b ility

N a p h th a len e a n d a z u le n e a re tw o iso m ers w ith ch em ic a l
fo rm u la C 1 0 H 8 a n d p o ssesin g th e sa m e n u m b er (ten ) o f

Keywords

Molecular electronics, azulene,

donor-acceptor structure.
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Figure 1. Structure of two

isomers,azuleneandnaph-

thalene.

Figure 2. To gain aromatic

stability, one electron

moves from the seven-

membered ring to the five-

membered ring,making the

azulene system dipolar.

¼ e le c tro n s. T h e g eo m e try o f th e a z u le n e m o le cu le co n -
sists o f fu se d ¯ v e - a n d se v e n -m e m b e re d rin g s, w h e rea s
n a p h th a le n e is m a d e o f tw o fu sed b e n z en e rin g s a s sh o w n

in F igu re 1 . E a ch six -m e m b e re d p la n a r rin g in n a p h th a -
le n e h a s six ¼ ele ctro n s, sa tisfy in g th e crite rio n o f H u ck el
a ro m a tic ity w h ich re q u ire s (4 n + 2 ) ¼ elec tro n s in ea ch
rin g . W h ere a s, in th e c a se o f a z u le n e n e ith e r o f th e
fu se d rin g s sa tis¯ es th e (4 n + 2 ) ¼ ele ctro n s ru le . S o ,

to g a in a ro m a tic sta b ility , o n e e lec tro n m o v e s fro m th e
se v e n -m e m b e re d rin g to th e ¯ v e -m e m b e red rin g , re su lt-
in g in six ¼ e lec tro n s in e a ch o f th e fu sed rin g s. A s a
c o n se q u en ce , th e a zu le n e b e c o m es a d ip o la r c o m p o site
sy ste m o f tro p iliu m ca tio n a n d cy c lo p e n ta d ien y l a n io n ,
a s sh o w n in F igu re 2 .

T h e r m a l R e a r r a n g e m e n t

B o th th e se c o m p o u n d s, w ith a h isto ry o f o v er a h u n d re d
y e a rs, h a v e b e e n o f g re a t in tere st in m a n y w a y s. O n e o f
th e im p o rta n t p h e n o m e n a in th is co n te x t is th e th e r-
m a l rea rra n g e m en t o f a z u le n e to n a p h th a len e , rep o rte d
fo r th e ¯ rst tim e in 1 9 4 7 . It is a b ea u tifu l e x a m p le o f

c o n v e rsio n o f o n e n o n b e n z en o id a ro m a tic c o m p o u n d to
its b e n ze n o id iso m e r. S ta tic th erm o ly sis a b o v e 4 0 0 o C o r
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Figure 3. The thermal rear-

rangement of azulene to

naphthalene.

° a sh v a cu u m th erm o ly sis a b o v e 8 0 0 o C tra n sfo rm s a z u -
le n e in to n a p h th a le n e (see F igu re 3 ). N u m e ro u s 1 3 C -
la b e lin g stu d ies o n a zu le n e a n d su b stitu ted a z u le n e s su g -

g e st d i® e ren t m ech a n ism s in clu d in g u n im o le c u la r a n d
ra d ic a l p a th w a y s fo r th is re a rra n g e m en t. H o w ev er, n o n e
o f th em ca n e x p la in a ll th e e x p e rim e n ta l o b serv a tio n s
w ith o u t a m b ig u ity , su g g e stin g a c o m p le x p o te n tia l e n -
e rg y su rfa ce fo r th is rea c tio n . T h e m o st a c c ep ta b le

ro u te is k n o w n a s n o rc a ra d ie n e m ech a n ism , p ro p o se d b y
B e ck er et a l. It ¯ rst y ie ld s a n o rc a ra d ie n e, th e n a v in y li-
d e n e in te rm e d ia te a n d ¯ n a lly a sta b le p h e n y lb u te n y n e
in te rm e d ia te . A ll th e th re e stru c tu re s ca n re a rra n g e to
e n d u p a s n a p h th a le n e . T h e th e o re tic a l re a c tio n c o o rd i-
n a te s w ith d e ta il en e rg y ch a ra cte ristic s c a n b e fo u n d in

[1 3 ].

C h a r g e T r a n s fe r I n d u c e d D o n o r -A c c e p t o r P r o p -

e r t y

D u e to a ro m a tic sta b iliza tio n v ia ch a rg e tra n sfe r, a z u -
le n e a p p ea rs in te n se b lu e . O n th e c o n tra ry , d u e to sy m -
m etric ch a rg e d istrib u tio n , n a p h th a le n e a p p e a rs co lo r-

le ss. A zu le n e ex h ib its m a n y in te restin g fea tu re s lik e ° u -
o re sc e n ce , la rg e h y p erp o la riz a b ility , e tc., b ec a u se o f its
la rg e g ro u n d sta te d ip o le m o m en t (¹ = 0 :8 ¡ 1 :0 8 D )
[1 4 ]. T h e p ro c e ss o f g a in in g a ro m a tic sta b ility in d u c e s
in h ere n t d o n o r a n d a c ce p te r p ro p e rties o n th e tw o rin g s
o f a zu le n e, m a k in g th e sy stem a p o te n tia l ele ctric a l re c -

tī er.
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Figure 4. The schematic

representation of the recti-

fier systems considered:

(a) D0 –  – A0 [15],

(b) D+ –  – A– [16] and

(c) D+ – A– (present case).

The direction of the applied

electric fields are repre-

sented by arrows, heading

towards the positive bias

according to the conven-

tion adopted here.

In 1 9 7 4 , A v ira m a n d R a tn er [1 5 ] ¯ rst su g g este d th a t a
sin g le m o le c u le w ith a d o n o r(D )-¾ sp a c er-a c ce p to r(A )
stru c tu re w o u ld b e h a v e a s a p -n ju n ctio n d io d e w h e n

p la c ed b e tw e en tw o m e ta l ele ctro d e s. A fte r a lm o st tw o
d e ca d e s, M e tz g er et a l [1 6 ] stu d ie d L a n g m u ir{ B lo d g e tt
(L B ) ¯ lm s o f ° -(n -h e x a d ec y l) q u in o lin iu m tric y a n o q u in -
o d im e th a n id e (D -¼ sp a ce r-A sp e c ie s) b etw ee n m eta l e le c -
tro d es a n d d em o n stra te d th e p ro p o se d re ctify in g b e h a v -

io r. H o w e v e r, th e sy ste m s co n sid ere d in th o se tw o ca se s
a re fu n d a m en ta lly d i® e ren t. In th e fo rm er ca se , th e n e u -
tra l d o n o r a n d a c c ep to r a re se p a ra ted b y o n e ¾ -sp a c er,
w h e re a s in th e e x p e rim e n ta l c a se [1 6 ], th e m o lec u le is
in a z w itte rio n ic fo rm w h ere th e p o sitiv e a n d n e g a tiv e
ch a rg e s a re lo c a te d o n th e d o n o r a n d th e a c c ep to r re -

sp ec tiv e ly , se p a ra ted b y o n e ¼ -sp a c e r. T h e sch e m a tic
re p resen ta tio n o f th e se tw o sy ste m s a re sh o w n in F igu res
4 (a ) a n d (b ) re sp e c tiv ely. In b o th th e ca se s, th e re v e rse
b ia s c u rren t h a s b ee n fo u n d to b e m o re c o m p a red to th e
fo rw a rd b ia s, su g g e stin g p o te n tia l re c tify in g b e h a v io r.

In th e p re se n t stu d y , th e a zu le n e sy ste m re se m b le s th e
sy ste m c o n sid e re d b y M e tz g e r et a l, w ith ch a rg e sep a -
ra tio n o n d o n o r a n d a cc e p to r, b u t la ck in g a n y sp a ce r in
b e tw ee n a s sh o w n in F igu re 4 (c ). T h e p o ssib le e le c tro n
tra n sfe r m e ch a n ism in M e tz g e r's sy ste m is d isc u sse d in

th e fo llo w in g ste p s,

(i) L j D + - ¼ - A ¡ j R , ¡ ! L j D 0 - ¼ - A 0 j R ,

(ii) L j D 0 - ¼ - A 0 j R ¡ ! L ¡ j D + - ¼ - A ¡ j R + ;

w h e re L a n d R a re le ft a n d rig h t e le c tro d e s re sp e c tiv ely.
T h e a b o v e ste p s su g g e st a n in te rv a le n ce tra n sfe r o f o n e

e le ctro n fro m th e n e g a tiv e ly ch a rg ed a cc e p to r m o ie ty
to th e p o sitiv ely ch a rg ed d o n o r m o ie ty , fo llo w e d b y th e
e le ctro n tra n sfe r fro m rig h t e lec tro d e to th e a cc e p to r
a n d d o n o r to th e left e le c tro d e in c o n c e rte d w a y . T h e
° o w o f e lec tro n s in o p p o site d ire c tio n u n d e r th e in ° u e n ce

o f fo rw a rd b ia s re q u ire s th e tra n sfe r o f elec tro n s fro m
le ft e le c tro d e to d o n o r a n d a cc e p to r to rig h t e le c tro d e
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Figure 5. Electronic de-

vices using thiolated naph-

thalene and azulene mol-

ecules anchored between

two gold electrodes. The

direction of the applied

electric fields are repre-

sented by arrows, heading

towards the positive bias

according to the conven-

tion adopted here.

fo llo w e d b y th e in terv a le n c e tra n sfe r o f o n e e lec tro n fro m
th e d o n o r m o ie ty to th e a cc e p to r m o ie ty. H o w ev er, th e se
ste p s fo r e lec tro n ° o w u n d e r fo rw a rd b ia s a re fo u n d to b e

le ss lik e ly co m p a red to th a t fo r th e rev erse b ia s [1 5 ,1 6 ].

E le c t r ic a l R e c t i¯ c a t io n : A z u le n e a n d N a p h t h a -

le n e

A d v a n c es in sy n th e sis o f d e sig n e r o rg a n ic m o lec u les,
d e v ic e fa b ric a tio n te ch n iq u es a n d so p h istica te d m e a su re -
m en ts h a v e m a d e p o ssib le th e e x p e rim en ta l rea liz a tio n
o f p a ssin g a n e le c tric a l c u rre n t th ro u g h a sin g le m o le -

c u le . C h a rg e tra n sp o rt th ro u g h m o lec u les c a n n o w b e
p ro b ed in a c o n tro lled w a y a n d sev e ra l p ro to ty p e d e -
v ic e s su ch a s c o n d u ctin g w ires, re ctī e rs, sw itch e s a n d
tra n sisto rs h a v e a lrea d y b e en d e v e lo p e d .

F o r m o le cu la r elec tro n ic d e v ic e fa b rica tio n , o n e n ee d s to
a tta ch th e m o le cu le s b e tw e e n tw o elec tro d e s. T h e m o st
c o m m o n w a y to a n ch o r th e o rg a n ic m o le c u le s to g o ld
e le ctro d e s is th e u se o f th io l lin k e rs. In th e p re se n t c a se
to o , th e th io l lin k e rs a re a tta ch e d to th e m o le cu le s a t

th e fa rth e st p o sitio n s p o ssib le a s sh o w n in F igu re 5 .
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Figure6. Variationof dipole

moment (in Debye) of the

azulene system as a func-

tion of electric field (in a.u.,

where 1 a.u. = 51.422 Volt/

Å). The dipole moment di-

rections under forward and

reverse bias are shown by

thearrows. Insetshows the

dipole moment for both

azulene (circle) and naph-

thalene (triangle) in a

smaller bias window.

1 Potential with linearly varying

gradient.

T h e stro n g b o n d in g b etw ee n g o ld a n d su lfu r fa c ilita te s
su ch d e v ic e fa b ric a tio n . T h e a tta ch m e n t o f th e a n ch o r-
in g th io l g ro u p s in o th e r p o sitio n s m a y re su lt in d if-

fere n t e le c tro n ic stru c tu res a n d co n se q u en t e le c tric a l re -
sp o n se s, a s o b ese rv e d fo r o th e r sy stem s b e ca u se o f q u a n -
tu m in terfe ren c e [1 7 ]. H o w e v e r, in th e p re se n t c o n te x t,
w e w ill em p h a siz e o n th e d i® e re n ce in c o n d u c ta n ce b e -
tw e e n a z u le n e a n d n a p h th a le n e , w h ile c o n n e c ted to th e

e le ctro d e s sy m m e tric a lly. T h e I-V ch a ra c te ristic s c a n
b e stu d ied u sin g th e n o n -eq u ilib riu m G re e n 's fu n c tio n
m eth o d , a lre a d y w id e ly re p o rte d in th e lite ra tu re [1 8 ].
T h e e le c tric ¯ e ld in th e p re se n t c a se h a s b ee n a p p lie d
a lo n g th e lo n g a x is o f th e m o le c u le s a s sh o w n in F igu re
5 , a s a ra m p p o ten tia l1 .

T h e g ro u n d sta te d ip o le m o m e n t o f a z u len e ch a n g e s d if-
fere n tly fo r th e e le ctric ¯ e ld in e ith er d ire c tio n s. F ro m
F igu re 6 , it c a n b e se en th a t, in th e a b se n c e o f e le c tric

¯ e ld , th e a z u len e m o lec u le h a s re m a n e n t d ip o le m o m en t
w h ich in c re a se s w ith in cre a sin g e le c tric ¯ e ld in th e fo r-
w a rd (+ v e ) b ia s d ire ctio n . H o w ev er, w ith in c rea sin g
e le ctric ¯ e ld in th e re v e rse ({ v e ) b ia s d ire c tio n , it d e -
c rea se s in itia lly a n d th e n sh o w s a ste a d y in c rea se in th e

o p p o site d ire c tio n . T h ese o b se rv a tio n s a re in a g ree m en t
w ith th e fa c t th a t th e e le c tro n ° o w s fro m th e se v e n -
m em b e red rin g to th e ¯ v e -m em b e red rin g e a sily c o m -
p a re d to th e o p p o site d irec tio n b ec a u se o f its a ro m a tic
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Figure 7. Current as a func-

tion of voltage for azulene

andnaphthalenemolecules

with two terminal thiol

groups.

sta b ility . H o w ev er, th e e lec tric ¯ eld in th e re v e rse d ire c -
tio n fo rce s th e e le c tro n s to m o v e fro m th e ¯ v e-m e m b ere d
rin g to th e se v e n -m em b e red rin g a t th e e x p e n se o f a ro -

m a tic sta b ility a n d th u s th e d ip o le m o m e n t re d u ce s fro m
th e g ro u n d sta te v a lu e in itia lly fo r lo w e r b ia s. F u rth e r
in cre a se in b ia s in th is d ire ctio n a c c u m u la te s th e ch a rg e
o n th e se v en -m e m b ere d rin g re su ltin g in a d ip o le m o -
m en t in cre a se in th a t d irec tio n . B u t th e d ip o le m o m en t

o f n a p h th a len e m o lec u le in c rea se s w ith in cre a sin g b ia s
in b o th d ire c tio n s sy m m e tric a lly fro m th e z e ro d ip o le
m o m en t g ro u n d sta te p o sitio n a t ze ro ¯ e ld , a s c a n b e
se en in th e in set o f F igu re 6 .

B o th a z u le n e a n d n a p h th a le n e sy ste m s sh o w step -lik e
b e h a v io r in cu rren t-v o lta g e ch a ra c te ristic s, a s ca n b e
se en fro m F igu re 7 . T h e se a re th e e ig e n v a lu e sta irca se s
th a t a p p e a r w h e n ev er th e elec tro ch e m ic a l p o ten tia l o f
th e elec tro d e s co m e s in reso n a n ce w ith th e m o lec u la r

le v els [2 ]. In lo w e r b ia s re g im e , b o th m o le cu le s sh o w
n e a rly th e sa m e cu rre n t. B e y o n d a c erta in fo rw a rd b ia s
v a lu e , th e a z u len e sy stem sh o w s m o re cu rren t th a n th e
n a p h th a le n e sy ste m . B u t fo r rev erse b ia s, th e cu rre n t o f
a z u len e sy ste m b e co m e s lo w er th a n th a t o f n a p h th a le n e.

It is d u e to th e fa c t th a t b ia s a lo n g + v e d ire ctio n d riv e s
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2 The quantitative estimation of

dipole moments has been ob-

tained from ab initio quantum

chemical calculations using the

density functional methods in

the program package Gaussian-

03 [19]. The calculations for cur-

rent-voltage characteristics

have been performed using non-

equilibrium Green’s function

[18]. All the calculation details

are given in [5,12]
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th e ele ctro n s e a sily fro m th e se v e n -m e m b e re d rin g to th e
¯ v e -m e m b e re d rin g , g iv in g th e sy ste m a ro m a tic sta b il-
ity . W h e rea s re v e rse b ia s d riv es th e e le c tro n s o p p o site

to th e d ip o le m o m e n t d ire c tio n . S o , th e m ech a n ism fo r
th e elctro n ° o w u n d e r th e in ° u e n c e o f fo rw a rd b ia s, a s
d e sc rib ed ea rlie r b e c o m es m o re lik ely in c a se o f a zu le n e.
B e c a u se o f th is a sy m m e tric c u rre n t-v o lta g e ch a ra cte ris-
tic s, a z u len e p ro m ise s to b e a g o o d ca n d id a te fo r p o ssib le

u se in e le c tric a l rec tī ca tio n . O n th e o th e r h a n d , d u e to
sy m m e tric e lec tro n c lo u d d istrib u tio n o v er th e tw o six -
m em b e red rin g s, n a p h th a le n e sh o w s sy m m etric cu rre n t-
v o lta g e b eh a v io r in b o th th e b ia s d ire ctio n s. A t h ig h e r
b ia s v a lu e s th e c u rre n t sh o w s a c o n sid e ra b le d ec re a se
w ith in c re a se in b ia s, sin ce th e ex te rn a l b ia s lo c a liz e s

th e e le ctro n s, re d u cin g th e ch a rg e ° o w .

S u m m a r y

T h e in te re stin g ch a rg e tra n sfe r p h e n o m e n o n m a k es a z u -
le n e d istin ct in m a n y a sp ec ts c o m p a red to its iso m e r
n a p h th a le n e . It is o b se rv e d th a t th e a zu le n e m o le c u le
w ith its in trin sic d o n o r-a c ce p to r stru c tu re, sh o w s e ± -

c ie n t e le c tric a l re c tī c a tio n . M o lec u les su ch a s a z u len e
a re th u s p ro m isin g c a n d id a te s to d e v e lo p n o v e l m o le c u -
la r e le c tro n ic d ev ice s 2 .
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