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Circularly polarized ¯ uorescence from chiral nematic liquid

crystalline ® lms: theory and experiment

by HONGQIN SHI, BROOKE M. CONGER, DIMITRIS KATSIS and
SHAW H. CHEN*

Materials Science Program, Chemical Engineering Department and Laboratory for
Laser Energetics, Center for Optoelectronics and Imaging, University of Rochester,

240 E. River Road, Rochester, NY 14623-1212, USA

(Received 29 October 1996; in ® nal form 5 April 1997; accepted 8 April 1997 )

A theory was formulated for the description of circularly polarized ¯ uorescence (CPF) from
a chiral nematic ® lm in the spectral region outside the selective re¯ ection band. The CPF
theory incorporates: (1 ) the ability of a chiral nematic ® lm to accomplish both circular
dichroism and circular polarization and (2) linearly polarized ¯ uorescence from chromophores
unaxially aligned in the nematic sublayers comprising the ® lm. Chiral nematic ¯ uid ® lms
consisting of a nematic ¯ uid, BDH 18523, and a chiral dopant, cholesteryl oleate, were
prepared for hosting 1,6-diphenylhexatriene as a ¯ uorescent dye. The experimentally deter-
mined dissymmetry factor using both left- and right-handed circularly polarized excitations
was found to be in good agreement with the theoretical prediction with all the system
parameters determined a priori. The theory was also employed to furnish insight into the
e� ects of the concentration of the ¯ uorescent dye and chiral nematic ® lm thickness on the
dissymmetry factor.

1. Introduction than the selective re¯ ection wavelength, lR , namely,
Cholesteric mesomorphism can be generated by

mixing a nematic liquid crystal with a chiral compound. l
*
F =

lF

lR
%1. (2 )

The molecules spontaneously assemble themselves into
a helical stack of nematic layers with the helical axis In this wavelength range, they treated two limiting cases,
perpendicular to the substrates. If a ¯ uorescent chromo-

l
*
F &n* and l

*
F %n* , where n*=2 (n n Õ n g ) /(n n +n g ) is

phore is molecularly dispersed into such a chiral nematic the relative birefringence of the nematic sublayer with
® lm, the long axis of the dopant molecules will align its director parallel and perpendicular to the j- and g-
with the nematic director in each layer, resulting in axis, respectively. In addition, absorption was considered
circular dichroism (CD) [1] and circularly polarized to occur isotropically, which is equivalent to ignoring
¯ uorescence (CPF) [2]. The degree of CPF is expressed CD of the excitation beam. The theory was employed
by the dissymmetry factor, ge , de® ned as to account for experimental observations under the

stated limiting conditions [2] and to furnish insight into
ge=2

IL Õ IR

IL+ IR
(1 ) the structure of excimers [4 ± 6].

In the general theory to be presented below, the
where IL and IR are the intensity of the left- and spectral region outside of selective re¯ ection is con-
right-handed CPF, respectively. Stegemeyer et al. [2], sidered without restrictions imposed by Pollmann et al.
Pollmann et al. [3], and Sisido et al. [4], found that [3]. Moreover, both CD and ® lm thickness are properly
the absolute value of ge can be as high as 0 3́ using accounted for. Relevant experimental results are also
chiral nematic ¯ uid ® lms. presented to validate the theory.

Pollmann et al. [3], proposed a theory of CPF based
on de Vries’ theory of light propagation in a chiral 2. Theory
nematic ® lm. Speci® cally, their theory was developed for A chiral nematic LC ® lm is known to be capable of
the range of ¯ uorescence wavelengths, lF , far shorter circular polarization (CP) of an unpolarized light source.

Various theories have been formulated, and the one
presented recently by Good and Karali [7] was adopted
in this study for the description of CP by a chiral*Author for correspondence.
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164 Hongqin Shi et al.

nematic ® lm. To facilitate development of a theory of electric ® eld in the circular space, and E
E the electric ® eld

in the linear space.CPF, let us begin with the wave equations for light
propagation along the helical axis, z:

E =A E+

E Õ B , E
E = A Ej

E
gB . (7 )‚ 2

Ex

‚ z
2 =

1

c
2 A exx

‚ 2
Ex

‚ t
2 +exy

‚ 2
Ey

‚ t
2 B

The chiral nematic ® lm is depicted in ® gure 1 for
and (3) implementation of equation (5) in a problem in which

¯ uorescence from within the ® lm is treated. It is assumed‚ 2
Ey

‚ z
2 =

1

c
2 A exy

‚ 2
Ex

‚ t
2 +eyy

‚ 2
Ey

‚ t
2 B that there is no reabsorption of the emitted light in the

absence of an overlap between the absorption and the
emission spectra. A CPF ® lm is envisioned to consistwhere c is the speed of light in a vacuum and e ijs are
of a large number of emissive nematic sublayers, withthe elements in the dielectric tensor:
an arbitrary one being located at z =Õ b. As depicted
in ® gure 2, the photo-excited emission process involving
this arbitrary layer occurs via the following mechanism:
(1) the excitation beam enters the ® lm at z=Õ t

and propagates in the positive z-direction; (2) both

exx=e( 1 +d cos 2h) , eyy=e( 1 Õ d cos 2h) ,

exy=eyx=ed sin 2h, e=
1

2
(e n +e g ) ,

d=
e n Õ e g

e n +e g

, h=qz,

q =2p/p, p =
lR

e
1/2 .

(4 ) anisotropic absorption and circular polarization of the
excitation beam occur as it propagates through the ® lm
before reaching z =Õ b; (3 ) absorption by chromophores
at z=Õ b leads to linearly polarized emission; (4) part
of the ¯ uorescent beam propagates from z=Õ b in the
positive z-direction, while being circularly polarized, andIn equations (3) and (4), E and e are the electric
is detected at z =0. With an objective of calculating gecomponent of the light wave and dielectric constant,
of the transmitted beam as detected at z =0, the theoryrespectively, and p is the helical pitch length of the
is developed as follows.cholesteric host with a positive value for a right-handed

helix and negative for a left-handed helix. In a low
2.1. Excitation at z=Õ boptical birefringence environment, p=lR/e

1/2, since
An excitation beam of any polarization state ate

1/2$n , the average index of refraction. Equation (3) can
z =Õ t can be written in terms of circularly polarizedbe solved more conveniently in terms of the circular
components:components, E+ and E Õ :

E Ô = �
4

j=1
E Ôj = �

4

j=1
A Ôj ei(lj Ô 1)qz e Õ

ivt=Ex Ô iEy (5 ) E
ex

Õ t
=A E

ex+
t

E
ex
Õ

t B =A E
ex+in

E
ex
Õin B eik

1
(z+t

)
Õ

ivjt (8 )

where where E
ex+
Õ t

and E
ex
ÕÕ t

represent the incident right- and
lj=Ô [1 +l

*
Õ

2 Ô ( 4l
*
Õ

2+l
*
Õ

4
d

2
)
1/2]1/2

( l
2
1> l

2
2 and l3=Õ l1 , l4=Õ l2 ),

A+j
A Õj

=
d

( lj+1 )
2
l

*2 Õ 1
=

( lj Õ 1 )
2
l*

2 Õ 1

d
, l* =

l

lR
,

(6 )

and l is the wavelength , i.e. l=lF or lex , the excitation
wavelength. Note that E+ and E Õ represent the right-
and left-handed circular component, respectively, for
light propagating in the positive z-direction. For light
propagating in the negative z-direction, E+ and E Õ
represent the left- and right-handed circular component,

Figure 1. A schematic of a chiral nematic ® lm with a thicknessrespectively. With continuity of both the electric and
t capable of photo-excited emission from within the ® lm.

magnetic ® elds at ® lm surfaces serving as boundary For an emissive nematic layer at z =Õ b, a sub-® lm of
conditions, coe� cients A Ôj in equation (5) were deter- thickness b serves to accomplish circular polarization of

the ¯ uorescent beam.mined. In the following, E is used to represent the
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165Fluorescence f rom chiral N ® lms

left-handed circularly polarized components at z =Õ t,
and k1=2pn /lex, in which n  is the average index of the
nematic sublayer. Upon travelling from z=Õ t to z=
Õ b, the incident excitation E

ex

Õ t
is circularly polarized

into E
ex

Õ b , according to Good and Karali’s theory [7]:

E
ex

Õ b=T (t Õ b) ¯E
ex

Õ t
(9 )

where the transmission matrix, T , is expressed below:

T (t Õ b) =T (f) |f=tÕ b=A T11 T12

T21 T22B (10)

with

T11=a23 A11 +a24 A12 +a21A13+a22 A14 ,

T12=a23 A21 +a24 A22 +a21A23+a22 A24 ,

T21=a13 A11 +a14 A12 +a11A13+a12 A14 ,

T22=a13 A21 +a14 A22 +a11A23+a12 A24 ,

(11)

A11 =
1

D K a12 a13 a14

a22 a23 a24

a42 a43 a44 K , A12 =Õ
1

D K a11 a13 a14

a21 a23 a24

a41 a43 a44K ,

A13 =
1

D K a11 a12 a14

a21 a22 a24

a41 a42 a44 K , A14 =Õ
1

D K a11 a12 a13

a21 a22 a23

a41 a42 a43K ,

A21 =Õ
1

D K a12 a13 a14

a22 a23 a24

a32 a33 a34 K , A22 =
1

D K a11 a13 a14

a21 a23 a24

a31 a33 a34K ,

A23 =Õ
1

D K a11 a12 a14

a21 a22 a24

a31 a32 a34 K , A24 =
1

D K a11 a12 a13

a21 a22 a23

a31 a32 a33K ,

(12)

D = K a11 a12 a13 a14

a21 a22 a23 a24

a31 a32 a33 a34

a41 a42 a43 a44 K , (13)

Figure 2. The underlying optical processes of CPF from within
a chiral nematic ® lm: (a) Excitation beam propagates
from z =Õ t to z =Õ b while undergoing CD and CP.
(b) Absorption of E

ex

Õ b by chromophores in a nematic
layer at z=Õ b results in two linearly polarized ¯ uorescent
beams, EE em

Õ b,n and EE em

Õ b,g . (c) Fluorescent beam propagates
from z =Õ b to z =0 while undergoing CP.
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166 Hongqin Shi et al.

where C is the molar concentration of chromophore,
and

a n = a ( 1+ 2Sab ) and a g =a (1 Õ Sab )(18)

in which Sab is the second-rank order parameter related
to anisotropic absorption, and a  the average molar
extinction coe� cient. The above equations are applicable
to a chiral nematic ® lm consisting of ¯ uorescent
molecules. In the case of a ¯ uorescent dye doped into a
chiral nematic host, which does not absorb or emit light,
molecular ordering and anisotropic absorption both

a11 (f)= ( 1 Õ r1 ) ( 1 Õ b Õ bl1 ) ,

a12 (f)= ( 1 Õ r2 ) ( 1 Õ b Õ bl2 ) ,

a13 (f)= ( 1+ r1 ) ( 1 Õ b+ bl1 ) ,

a14 (f)= ( 1+ r2 ) ( 1 Õ b+ bl2 ) ,

a21 (f)= ( 1+ r1 ) ( 1+b Õ bl1 ) ,

a22 (f)= ( 1+ r2 ) ( 1+b Õ bl2 ) ,

a23 (f)= ( 1 Õ r1 ) ( 1+b+ bl1 ) ,

a24 (f)= ( 1 Õ r1 ) ( 1+b+ bl2 ) ,

a31 (f)= ( 1 Õ r1 ) ( 1+b+ bl1 ) e Õ
il
1
qf ,

a32 (f)= ( 1 Õ r2 ) ( 1+b+ bl2 ) e Õ
il
2
qf ,

a33 (f)= ( 1+r1 ) ( 1+b Õ bl1 ) eil
1
qf ,

a34 (f)= ( 1+r2 ) ( 1+b Õ bl2 ) eil
2
qf ,

a41 (f)= ( 1+ r1 ) ( 1 Õ b+ bl1 ) e Õ
il
1
qf ,

a42 (f)= ( 1+ r2 ) ( 1 Õ b+ bl2 ) e Õ
il
2
qf ,

a43 (f)= (1 Õ r1 ) (1 Õ b Õ bl1 ) eil
1
qf ,

a44 (f)= ( 1 Õ r2 ) ( 1 Õ b Õ bl2 ) eil
2
qf ,

(14) refer to guest molecules.
The parameters directly relevant to the description of

¯ uorescence are the intensities of excitation at z =Õ b,

I
ex

Õ b, n and I
ex

Õ b, g as evaluated by equation (19):

I
ex

Õ b, n 3 |E ex

Õ b, n |2 and I
ex

Õ b, g 3 |E ex

Õ b, g |2 (19)

where E
ex

Õ b, n and E
ex

Õ b, g are the linearly polarized com-
ponents of excitation, which can be calculated from the
circularly polarized components E

ex+
Õ b and E

ex
ÕÕ b given

by equation (9) with complex refractive indices:

E
E ex

Õ b=A E
ex

Õ b, n

E
ex

Õ b, g B= 0´5A eiqb e Õ
iqb

Õ ieiqb ie Õ
iqbB A E

ex+
Õ b

E
ex

Õ b Brj=
1 Õ A+j /A Õj

1+A+j /A Õj
( j= 1, 2, 3, 4 ), b=l

*
F or l

*
ex .

(15) =0´5A eiqb e Õ
iqb

Õ ieiqb ie Õ
iqbB E

ex

Õ b . (20)
Because of the boundary conditions imposed by

Good and Karali [7], the elements contained in T are Note that equation (19) is characterized by two pro-
applicable to a low optical birefringence host, such as portionality constants [9], n n /2g0 and n g /2g0 , where g0
BDH 18523 mixed with cholesteryl oleate employed in is the impedance of free space, and n n and n g are the
the present work (§ 3). indices of refraction of the local nematic sublayer along

Besides CP, the excitation beam is attenuated via CD the long and short molecular axis, respectively. It is
as it propagates through the ® lm. To account for both evident that for a relatively low optical birefringence
CP and CD in the calculation of E

ex

Õ b using equation (9), liquid crystal host, the two proportionality constants
dielectric constants e, e n and e g in equation (4) should should be practically identical. Consequently, the single
be replaced by their complex counterparts, e ¾ , e ¾n and e ¾g proportionality constant characterizing the two intensit-
[8]: ies, I

ex

Õ b, n and I
ex

Õ b, g , will eventually cancel itself in the
calculation of ge using equation (1).e ¾ = (n ¾ )2= (n + ik )

2
, e ¾n = (n ¾n )

2= (n n + ik n )
2
,

and (16)
2.2. Fluorescence at z=Õ b

e ¾g = (n ¾g )
2= (n g + ik g )2 . The ¯ uorescence intensity at z=Õ b is proportional

to the magnitude of the absorption and emission trans-Note that the real part, n , is responsible for CP, whereas
ition moments squared, |ME

a |2 and |ME
e |2, and the excita-the imaginary part, k , known as the extinction index, is

tion intensity in an isotropic environment [10]. Thisfor CD. Moreover, extinction indices k , k n and k g are
general relationship is extended in this study for therelated to molar extinction coe� cients a , a n and a g
treatment of emission from a uniaxially aligned nematicthrough equation (17):
sublayer. With respect to the long molecular axis, the
absorption transition moment normally makes a negli-

k =
2´303a Clex

4p
, k n =

2´303a n Clex

4p
,

gibly small angle, whereas the emission transition
moment is characterized by an angle Q. When theand (17)
molecules at z=Õ b are excited by linearly polarized
light E

ex

Õ b, n and E
ex

Õ b, g , representing the waves along the
k g =

2´303a g Clex

4p j- and g-axis, respectively, the emitted wave at z =Õ b,
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167Fluorescence f rom chiral N ® lms

can be expressed in terms of two incoherent waves both indices of refraction are also practically direction-
ally independent. Under these conditions, the emittedaccording to the theory of linearly polarized ¯ uorescence

(LPF) [11]: intensity is proportional to the excitation intensity, the
magnitudes of the two transition moments, and the
orientation of the emission transition moment with

E
E em

Õ b, n =A E
em

Õ b, n

0 B ; E
E em

Õ b, g = A 0

E
em

Õ b, g B (21)
respect to the long molecular axis with a proportionality
constant that will drop out of the calculation of ge using

where equation (1).

E
em

Õ b, n 3 Ó (I
em

Õ b, n n + I
em

Õ b, g n ) eik
1
(z+b)

Õ
iv2

t (22)
2.3. T ransmission of ¯ uorescence at z=0

and The polarization state of the photo-excited emission
will be modi® ed upon travelling from z =Õ b to z =0E

em

Õ b, g 3 Ó (I
em

Õ b, n g + I
em

Õ b, g g ) eik
2
(z+b)

Õ
iv2

t (23)
in accordance with Good and Karali’s theory. With

with the assumption of no overlap between the absorption
and emission spectra presented by the chromophore,I

em

Õ b, n n
= c0na, n n

3
e, n I

ex

Õ b, n |M
±

a |2 |ME
e |2

reabsorption of emission is precluded as it propagates
from z =Õ b to z=0. To employ Good and Karali’s

Ö GA 1

5
+

4

7
Sem+

8

35
7 P4 8 emBcos2

Q
theory, the linearly polarized components E

em

Õ b, n and
E

em

Õ b, g in equations (22) and (23) are ® rst converted into
circularly polarized components E

emÔ
Õ b, n and E

emÔ
Õ b, g :+A 1

15
+

1

21
Sem Õ

4

35
7 P4 8 emBsin2

Q H (24)

E
em

Õ b, n = A E
em+
Õ b, n

E
em

Õ
Õ b, n BI

em

Õ b, n g = c0 na, n n
3
e, g I

ex

Õ b, n |M
±

a |2 |ME
e |2

Ö GA 1

5
+

1

21
Sem Õ

4

35
7 P4 8 emBcos2

Q
=A 1 i

1 Õ iB A cos(Õ bq ) Õ sin (Õ bq )

sin (Õ bq ) cos(Õ bq ) B EE em

Õ b, n

+A 2

15
+

13

42
Sem Õ

2

35
7 P4 8 emBsin2

Q H (25) (28)

and
I
em

Õ b, g n
= c0na, g n

3
e, n I

ex

Õ b, g |M
±

a |2 |ME
e |2

E
em

Õ b, g =A E
em+
Õ b, g

E
em

ÕÕ b, g BÖ GA 1

15
+

1

21
Sem Õ

4

35
7 P4 8 emBcos2

Q

+A 2

15
+

4

21
Sem+

2

35
7 P4 8 emBsin2

Q H (26) =A 1 i

1 Õ iB A cos(Õ bq ) Õ sin (Õ bq )

sin (Õ bq ) cos(Õ bq ) B EE em

Õ b, g .

I
em

Õ b, g g = c0na, g n
3
e, g I

ex

Õ
b, g |M

±
a |2 |ME

e |
2

(29)

The ¯ uorescence beam transmitted at z =0 can then beÖ GA 1

5
Õ

2

7
Sem+

3

35
7 P4 8 emBcos2

Q
found in terms of E

em
0, n and E

em
0, g using

+A 1

15
Õ

1

42
Sem Õ

3

70
7 P4 8 emBsin2

Q H (27) E
em
0, n =A E

em+0, n

E
em

Õ0, n B =T (b) ¯ E
em

Õ b, n (30)

where, E
em

Õ b, n and E
em

Õ b, g represent the emitted waves and
along the j- and g-axis, respectively, k2=2pn /lF, Sem

and 7 P4 8 em are the second- and fourth-rank order
E

em
0, g =A E

em+0, g

E
em

Õ0, g B =T (b) ¯ E
em

Õ b, g (31)parameters responsible for LPF from a nematic sublayer,
and c0=KCt/lal

3
e in which K is a universal constant, t

the total lifetime of the excited state, la and le the with
absorption and emission wavelength, respectively. Note

T (b) =T (f) |f=b (32)
that I

ex

Õ b, n and I
ex

Õ b, g in equations (24)± (27) are available
through equation (19). Furthermore, in a low optical and dielectric constants expressed in equation (4). In

light of Good and Karali’s theory [7], the wavesbirefringence environment with a small wavelength dis-
persion of refractive index between la and le, na$ne and expressed as the left-hand sides of equations (30) and
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168 Hongqin Shi et al.

(31) are actually for z=0+, i.e. outside the chiral-nematic A spectro¯ uorimeter (MPF-66, Perkin± Elmer), equipped
with the optical system described in ® gure 3, was® lm in an isotropic medium. Since E

em

Õ b, n and E
em

Õ b, g are
incoherent, the transmitted intensities can be expressed employed to measure CPF with left- and right-handed

circularly polarized excitations. To minimize the opticalas follows:
loss due to re¯ ection, an index matching ¯ uid with

I
em+0 3 |E em+0, n |2+|E em+0, g |2 (33)

n =1 5́00 (Refractive Index Fluid, Cargille Laboratories
Inc., NJ) was placed between the UG 11 band pass ® lterand
and the sample device. The circular polarizer, consisting

I
em

Õ0 3 |E em
Õ0, n |2+|E em

Õ0, g |2 . (34)
of a linear polarizer and a quarter waveplate, was
carefully balanced to ensure that there was no CPFFor a ® lm with thickness t, the transmitted intensities

at z=0+ are from an isotropic ¯ uorescent ® lm. The ¯ uorescence
spectra were collected from an excitation wavelength
of 350 nm. A typical set of ¯ uorescence spectra isIR3 �

z=0

z=Õ t

I
em+0 3 �

z=0

z=Õ t

( |E em+0, n |2+|E em+0, g |2 ) (35)
reproduced in ® gure 4. The emission intensities at
458 nm were employed for the calculation of ge usingand
equation (1). All measurements were carried out at
24 0́ Ô 0 2́ ß C, and the reported ge carries an experimentalIL3 �

z=0

z=Õ t

I
em

Õ0 3 �
z=0

z=Õ t

( |E em
Õ0, n |2+|E em

Õ0, g |2 ) (36)
uncertainty as indicated by the error bars in ® gure 5.

To determine the second- and fourth-rank orderand the dissymmetry factor ge is calculated by inserting
equations (35) and (36) into equation (1). Note that parameters of DPH in the nematic host, BDH 18523,

the linearly polarized emission, I
em
n n and I

em
n g , I

em
g n andequations (33) ± (34) are characterized by a single propor-

tionality constant because of the isotropic environment I
em
g g , excited by a linearly polarized beam, I

ex
n and I

ex
g ,

respectively, were measured using the same setup forwhere z=0+ is located.
In the implementation of the CPF theory, an excitation CPF with the same excitation wavelength. With the

assumption that Q=0, the order parameters can bebeam of a polarization state de® ned by equation (8),
such as linear and circular polarization, can be employed. calculated [13] from emission anisotropies, de® ned as

R1 and R2 below, using equations (37) and (38):In the present theoretical and experimental treatments
of CPF, both left- and right-handed circularly polarized
excitations were considered. R1=

I
em
n n Õ I

em
n g

I
em
n n +2I

em
n g

(37)

3. Experimental and
A room temperature, chiral nematic liquid crystal host

in a left-handed helical arrangement was formulated by R2=
I

em
g g Õ I

em
g n

I
em
g g +2I

em
g n

(38)
mixing a nematic liquid crystal, BDH 18523 (m.p.=2 ß C,
n =1´4949 , Dn =0´0506 at 436 nm, Merck), with chol- order parameters Sem and 7 P4 8 em can be calculated [14]
esteryl oleate (99 per cent, m.p.=44± 47 ß C, Janssen using equations (39) and (40):
Chimica). A ¯ uorescent dye, 1,6-diphenylhexatriene
(DPH) (>99 per cent, Fluka), was doped into the host

Sem=
2 +7R1 Õ 14R2+5R1R2

23 Õ 14R1+R2 Õ 10R1 R2
(39)

at a level of 0 0́05 mol l Õ
1. The native pitch length, p, was

measured from the Grandjean ± Cano steps formed in a and
wedge [12], and p Õ

1 was found to be proportional to
the amount of cholesteryl oleate with a proportionality 7 P4 8 em =

Õ 12 +21R1+21R2 Õ 30R1R2

23 Õ 14R1+R2 Õ 10R1 R2
. (40)

constant of 0 0́482 mm Õ
1 wt % Õ

1. The centre wavelength
of the selective re¯ ection band was then calculated using
a well-established equation, lR=n p. Since cholesteryl 4. Results and discussion

To test the theory as presented above, we ® rst carriedoleate has an average index of refraction around 1 5́0
[13], the n  value of its binary mixture with BDH 18523 out measurement and estimation of system parameters.

Both BDH 18523 and cholesteryl oleate are transparentup to 10 wt % should remain practically constant at
1 5́0. The twisted nematic cell was fabricated by ® lling to the excitation wavelength of 350 nm. Therefore, order

parameters, Sab , Sem , and extinction coe� cients, a n , a g ,the CLC material between two fused silica substrates,
which were coated with Nylon 66 as an alignment layer. and a , all refer to the dopant molecules (i.e. DPH).

Because of the low concentration of cholesteryl oleateThe thickness of the cell was 11 mm. The directions of
bu� ng on the two substrates were adjusted to ® t the in BDH 18523, the chiral nematic ® lm is loosely pitched.

Thus, the order parameter in the ® lm was approximatednative pitch length.
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169Fluorescence f rom chiral N ® lms

Figure 3. A schematic of the
optical setup for the measure-
ment of dissymmetry factor.
Both excitation and emission
beams are normal to the chiral
nematic ® lm. Linear polarizer
4 and quarter waveplate 5 form
the excitation circular polar-
izer. Quarter waveplate 8 and
linear polarizer 9 form the
emission circular polarizer.
Linear polarizer 9 is aligned at
45 ß to the horizontal to elimin-
ate instrumental polarization.
Handedness of circular polar-
ization is reversed by rotating
the quarter waveplate by 90 ß .

Figure 4. Fluorescence intensities
of DPH, at an excitation wave-
length of 350 nm, in a chiral
nematic ® lm consisting of BDH
18523 plus 1 5́ wt % cholesteryl
oleate with a native helical pitch
length of 13 8́ mm. R-L: RHCP
excitation± LHCP detection; R-R:
RHCP excitation± RHCP detec-
tion; L-L: LHCP excitation±
LHCP detection; L-R: LHCP
excitation± RHCP detection.

by that in the nematic ® lm doped with DPH. Based treatment, Sab , Sem and 7 P4 8 em determined with linear
dichroism and LPF from a nematic ® lm were employedon previous studies on DPH [2, 15], the emission

dipoles are approximately parallel to its long molecular for the prediction of CPF from a series of chiral nematic
® lms. In other words, all the parameters involved inaxis, namely Q #0. The anisotropic molar extinction

coe� cient, a n and a g , at the excitation wavelength the theory of CPF were independently determined for
predictive purposes.of 350 nm were determined to be 1 0́84 Ö 105 and

2 0́25 Ö 104 l mol Õ
1 cm Õ

1, respectively, from which both A total of eight devices, with a chiral concentration
up to 10 wt % having a corresponding pitch lengthSab=0 5́9 and a =4 9́63 Ö 104 l mol Õ

1 cm Õ
1 were found

using equation (18). The emission anisotropies, R1 and ranging from in® nity to 2 0́7 mm, were used for the
experimental characterization of CPF. The two emissionR2 , at 458 nm were determined to be 0 5́25 and Õ 0 3́06,

respectively, with which order parameters Sem and peak wavelengths, 431 and 458 nm as shown in ® gure 4,
were employed for the calculation of ge . The resultant7 P4 8 em were found to be 0 5́4 and Õ 0 1́5, respectively.

The value of Sab is slightly higher than Sem , as has ge as a function of l
*
F with both left-handed circularly

polarized (LHCP) and right-handed circularly polarizedbeen observed previously [14, 16]. In our theoretical
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170 Hongqin Shi et al.

(RHCP) excitations are displayed in ® gure 5. Theoretical in ® gure 6 (b). A low |ge | value is expected in a thin
predictions for the two excitation modes are also pre- ® lm, for example, 2 mm, in view of the diminished CP
sented in ® gure 5 as two curves for a ready comparison action furnished by the chiral nematic ® lm. With an
with the experimental data. With all the system para- increasing ® lm thickness, the maximum achievable ge

meters determined a priori , the theory was found to be traverses a maximum, a theoretical prediction yet to be
consistent with experimental observations, including experimentally validated for rationalization.
the oscillatory character of the dependence of ge on l

*
F .

Note that approximately the same degree of agreement
5. Summarybetween the theory and experiment was observed

In the absence of an overlap between absorption andusing emission peak intensities at 431 nm. The presently
emission, a theory was formulated for the photo-excitedreported ge values are at least twice as much as
emission of chromophores from within a chiral nematicthose observed by Stegemeyer et al. [2], although the
® lm in the spectral region outside the selective wave-polarization state of their excitation beam was not
length band. Salient features of the theory include: (1) thereported. One possible explanation for the enhanced ge
excitation beam undergoes circular dichroism (CD) andis that the alignment layer on the substrates minimizes
circular polarization (CP) while propagating through thedefect formation. In fact, the ge value in a device
® lm; (2) linearly polarized ¯ uorescence occurs locally fromfabricated with substrates without alignment coating
nematic layers comprising the chiral nematic ® lm; andwas found to diminish by half. In our experiment, the
(3) CP of the emitted beam while propagating throughin¯ uence of the polarization state of the excitation beam
the rest of the ® lm. With all the system parameterswas also considered.
determined a priori , the predicted dissymmetry factorHaving gained our con® dence in the theory, let us
( ge ) was found to compare favourably with experimentalproceed to investigate the e� ects of dopant concen-
observation at room temperature on 1,6-diphenyl-tration, C , and ® lm thickness using an LHCP excitation
hexatriene doped into a chiral nematic ¯ uid ® lm con-for illustrative purposes. Plotted in ® gure 6 (a) are ge as
sisting of BDH 18523 and cholesteryl oleate. The theorya function of l

*
F at a series of DPH concentrations.

was thoroughly tested with two modes of excitation:It is clear that there is little e� ect presented by
left- and right-handed circular polarization. The theorythe doping level at C < 0´005 mol l Õ

1, because the
was then employed to reveal the e� ects of several systemabsorbance of excitation is so low that its intensity
parameters. It was found that (1) the concentration ofremains largely uniform throughout the entire ® lm, as
the ¯ uorescent dye in the chiral nematic ® lm plays averi® ed by the extinction coe� cient of DPH at 458 nm,
role in a� ecting the ge value; and (2) the maximuma =4 9́63 Ö 104 l mol Õ

1 cm Õ
1. On the other hand, at a

achievable ge traverses a maximum at an increasinghigher doping level, for example, C =0 0́5 mol l Õ
1, the

® lm thickness. Finally, we note that since ¯ uorescentpenetration of the excitation into the ® lm was found to
intensities resulting from LHCP and RHCP excitationsbe roughly half way into the ® lm, and thus the other
are accessible through both theory and experimentation,half of the ® lm acts as a more e� cient circular polarizer
it is possible to evaluate the dissymmetry factorof the ¯ uorescent beam, as demonstrated by a greater

|ge | value. The e� ect of ® lm thickness on ge is revealed achievable with an unpolarized excitation provided that

Figure 5. Experimentally observed
ge , based on the emission
intensities at 458 nm, compared
to theoretical prediction with
two excitation modes: LHCP
and RHCP. Parameters used
in the prediction: Sab=0 5́9,
Sem=0 5́4, 7 P4 8 em =Õ 0 1́5,
Q =0, n =1 5́0, d =0 0́338,
a  = 4 9́63 Ö 104 l mol Õ

1 cm Õ
1,

® lm thickness=11 mm, con-
centration of DPH C =
0 0́05 mol l Õ

1. Note that the
point at l

*
F =0 is for nematic

® lm in which lR � 2.
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171Fluorescence f rom chiral N ® lms

Figure 6. Theoretical prediction of
ge with LHCP excitation and
the same parameter values as
those used in ® gure 5 unless
noted otherwise: (a) E� ect of C ,
the concentration of DPH, on
ge ; (b) E� ect of ® lm thickness
on ge .

incoherence and the random nature of an unpolarized the New York State Energy Research and Development
Authority.light source can be ensured.
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