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to the simplifi ed perturbation theory. [ 7 ]  As is well known, the 
extension of conjugation length ( L ) of a cyanine will enhance 
the magnitude of Re( γ ) dramatically (i.e., Re( γ ) ∝  L n  ). [ 8 ]  How-
ever, a Peierls-type symmetry breaking that localizes charge on 
one end of the molecule will occur if  L  is greater than nine sp 2 -
hybridized carbon atoms (C9), resulting in losing this favorable 
characteristic optical property of cyanines. [ 9 ]  

 One way to solve this problem is to modify the charge-stabi-
lizing end groups of cyanines to enable more effi cient delocali-
zation of the π-electrons throughout the whole molecule, while 
still keeping  L  < C9. [ 6,10 ]  For example, a heptamethine based 
on the selenopyrylium end group shows a very large Re( γ ) of 

2.2 10 31− × −  esu with a high molecular FOM, above 100 in 
dilute solutions. [ 6 ]  However, only a few such cyanines are known 
to exist due to the synthetic diffi culties involved, and thermo- 
and photo-chemical stabilities, and unfavorable aggregations 
between cyanines. Recently, polymethine dyes with large rigid 
groups bound to bridge and end groups were demonstrated 
to provide an effective mechanism to decrease chromophore–
chromophore interactions as well as chromophore–counterion 
interactions. In this manner, material FOMs >12 and reason-
able low linear loss were realized. [ 11 ]  However, an alternative 
approach is to design structures having symmetry persistent 
repeating cyanine units with shorter  L  that are fully conjugated 
with each other to form conjugated polycyanines. In such struc-
tures, the cyanine repeating units in the polymeric chains are 
connected via a “Janus core” (a conjugated bi-functional charge 
delocalizing group), which can provide extended delocalization 
pathways for the exciton beyond each individual cyanine unit 
along the polymeric chain of the polycyanine, according to the 
essential characteristics of excitons in conjugated polymers. [ 12 ]  
Furthermore, such a structural platform can be used to study 
electronic interactions and exciton delocalization between 
cyanines and polycyanine chains to potentially induce sizable 
enhancement of the nonlinearities, such as those observed in 
J-aggregated cyanines. [ 13 ]  To date, fully conjugated polycyanines 
(PC1 and PC2,  Scheme    1  ) have only been reported for photovol-
taic applications, which showed signifi cant bathochromic shifts 
(>150 nm) in linear absorption relative to monomeric cyanines 
(C1 and C2) without causing detrimental symmetry breaking. [ 14 ]   

 To be useful for AOSP device applications, the cyanines 
need to be processed into optical quality thin fi lms with high 
chromophore number density in order to have very large 
 χ  (3) . [ 5,15 ]  Unfortunately, effi cient translation from  γ  to  χ  (3)  
remains a major challenge in this fi eld due to strong and 
random ion pairing and/or aggregation between ionic cyanines 
in the solid-state that often induce signifi cant charge redistri-
bution, electronic coupling, and distortion of the molecular 
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  All optical signal processing (AOSP) will be important compo-
nents of future high-speed optical communications networks. [ 1 ]  
In AOSP, the propagation of a signal beam can be modulated 
by another beam of control light via an ultrafast third-order 
nonlinear optical (NLO) effect such as the optical Kerr effect, 
which gives rise to an irradiance-dependent refractive index, 

0 2( ) = +n I n n I, where  n  0  is the linear refractive index,  I  is the 
irradiance, and  n  2  is the nonlinear refractive index related to the 
real part of the third-order susceptibility (Re χ  (3) ). Highly effi -
cient AOSP materials require not only a large  n  2 , but also very 
low optical loss. For transparent materials, the primary loss is 
often due to two-photon absorption (2PA), denoted by the 2PA 
coeffi cient  α  2 , which is an irradiance dependent loss related 
to the imaginary part of (Im )3 3χ χ( ) ( ) . Since an AOSP device 
requires the nonlinear phase shift to be much larger than the 
optical loss, it is useful to defi ne a material fi gure-of-merit 
(FOM) as Re /Im 4 /(3) (3)

2 0 2χ χ π λ α= n  where  λ  0  is the vacuum 
wavelength. [ 1a ]  While 2PA is detrimental to AOSP, materials 
with large 2PA may be useful for other applications such as 
optical limiting, [ 2 ]  microscopy, [ 3 ]  and 3D microfabrication. [ 4 ]  

 In order to achieve large Re χ  (3)  for AOSP, much attention 
has been paid to develop new classes of organic third-order 
NLO chromophores. [ 5 ]  In particular, interest in using symmet-
rical polymethine or cyanine dyes has increased rapidly due to 
their very large microscopic polarizabilities, γ ( /3χ∝ ( ) N, where 
 N  is the number density of molecules), and favorable molec-
ular FOM Re( )/Im( )γ γ( )  at optical telecommunication wave-
lengths (1.3 and 1.55 µm). [ 5,6 ]  Cyanines have an odd-number of 
sp 2 -hybridized carbon atoms along their planar and conjugated 
bridge bearing a highly delocalized charge, wherein the bond-
length alternation (BLA) between adjacent C–C bonds is close 
to zero, giving rise to a maximal magnitude of Re( γ ), according 
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symmetry leading to formation of undesirable 1- and 2-photon 
states. [ 16 ]  In this regard, the fully conjugated polycyanines 
presented here could provide new structural mechanisms to 
address these issues in addition to potentially extending delo-
calization pathways beyond one cyanine unit. There are sev-
eral unique structural merits of this material design such as, 
good optical properties of polycyanines can be readily achieved 
for device applications, in addition, polycyanines can be used 
as a polyelectrolyte to organize extended ionic structures or 
modulate aggregations through various self-assembly pro-
cesses based on electrostatic interactions. [ 17 ]  Indeed, both PC1 
and PC2 (Scheme  1 ) do not show any asymmetric electronic 
transition peaks in the fi lm absorption spectra relative to their 
monomeric cyanines C1 and C2. [ 14 ]  Moreover, the cationic poly-
cyanine can be used as a host polymer for anionic cyanines to 
form complementary polymeric cyanine complexes, wherein 
the anionic cyanines can function as mutually delocalized and 
polarizable counter ions for cationic cyanines and vice versa. 
In this way, the ion-pairing induced symmetry-breaking can be 
reduced while the concentration of active chromophores can be 
increased. 

 To realize all these advantages, we have developed a new 
indolium-based fully conjugated polycyanine (AJMPC02) and 
its corresponding polymeric cyanine complex (AJMPC02-
TCF). In our design, a highly delocalized anionic heptamethine 
(AJBC1730) based on the 2-(3-cyano-4,5,5-trimethyl-5H-furan-2-
ylidene)malononitrile (TCF) end group is selected as a counter-
ion for AJMPC02 to form a polymeric cyanine salt complex. 
The TCF-heptamethines have been shown earlier to have large 
 χ  (3)  values at 1.55 µm that are three times larger than that of 
silicon. [ 15a ]  We have introduced two rigid and bulky substitu-
ents (carbazole and fl uorene moieties) into the center of a seven 

sp 2 -hybridized carbon atom (C7) based conjugation bridge for 
AJMPC02 and AJBC1730, which function as effi cient spacers 
that possess an out of plane confi guration of the chromophore 
π-system to prevent unwanted aggregation between polycya-
nine chains. [ 11 ]  Considering that PC2 has been reported to pos-
sess rather poor solubility and processibility, [ 14 ]  we have func-
tionalized the spacers with solubilizing substituents ( tert -butyl 
group) to improve solubility and processibility of the resulting 
polymers. 

 The synthetic route of making polycyanine and its salt com-
plex is shown in  Scheme    2  . The C7-conjugating bridge 1 was 
synthetized as reported, [ 11 ]  and the bifunctional “Janus core” of 
2 was synthesized according to methods reported in the litera-
ture. [ 14 ]  By refl uxing in ethanol using sodium acetate as base, 
cationic polyindolinium of AJMPC02 and anionic TCF-cyanine 
of AJBC1730 could be prepared with good yields of 93.1% and 
86.8%, respectively. Through a simple ion exchange, AJMPC02 
was mixed with AJBC1730 to afford the desired salt complex 
of AJMPC02-TCF with 87.5% yield. Both the polycyanine and 
its salt complex have good solubility, and are readily soluble in 
common organic solvents such as dichloromethane (DCM) or 
dimethylformamide (DMF). Their  1 H NMR spectra are shown 
in Figures S1–S3, Supporting Information, and the data are 
consistent with their structures as shown in Scheme  2 . The 
molecular weight and polydispersity ( M w  / M n  , PDI) of AJMPC02 
at different light scattering  d n/ d c values was confi rmed by Gel 
Permeation Chromatography (GPC) using DMF containing 
0.1 wt% LiBr as eluent, and the results are given in  Figure    1  . 
It was shown that the  M n   value of AJMPC02 increased signifi -
cantly at increasing polymer concentrations, and resulted in a 
large  M n   value of 1.56 × 10 7  at a  d n/ d c value of 0.022 mL g −1 . 
This suggests that strong interactions exist between ionic 
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End group
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Monomeric cyanine (C1, λmax, 553 nm)

Conjugated polycyanine (PC1, λmax, 710 nm)

Monomeric cyanine (C2, λmax, 831 nm)

Conjugated polycyanine (PC2, λmax, 990 nm)

C3-bridge

C3-bridge

C7-bridge

C7-bridge

 Scheme 1.    The structure of the reported monomeric indolium cyanines and fully conjugated polycyanines.

 

 Scheme 2.    Synthetic route to the polycyanine and its corresponding polymeric cyanine salt complex.



902 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TI

O
N

polymeric chains of this polymer at high concentrations even 
with bulky substituents functionalized at the center of the con-
jugation bridge to prevent interchain interactions.   

 UV–vis-IR absorption spectra of these new polycyanines and 
monomeric TCF-cyanine in DCM solutions (concentration of 
≈2 × 10 −6   M ) and as thin fi lms (≈300 nm thick) are shown in 
 Figure    2  , with the corresponding absorption maxima summa-
rized in  Table    1  . Similar to PC2, AJMPC02 gives an absorption 
maximum at 1009 nm, a large bathochromic shift of 180 nm 
compared to that of monomeric cyanine C2, further suggesting 
the delocalization of the exciton can be extended over several 
cyanine units in the polymeric chain when going from mono-
meric cyanine to polycyanines. [ 14 ]  Moreover, it should be noted 
that the absorption band of AJMPC02 retains the characteristics 
of highly polarizable and symmetric cyanines very nicely, with 

sharp transitions and very large extinction coeffi cients. This 
is one of the critical factors to realize large third-order optical 
nonlinearities. [ 5 ]  After forming the polymeric cyanine complex, 
AJMPC02-TCF maintains the spectral features of both cationic 
AJMPC02 and anionic AJBC1730, with two identifi ed absorp-
tion bands at 1003 and 900 nm, respectively. This indicates the 
negligible electronic interactions between these two comple-
mentary units in their ground-states.   

 In fi lms, all absorption spectra (Figure  2 B) exhibit increased 
band broadening compared to their corresponding solution 
spectra due to strong ion-pairing and/or aggregation in the 
solid state. [ 16 ]  AJMPC02-TCF shows a much sharper absorption 
band edge and signifi cantly reduced long-wavelength tail com-
pared to AJMPC02, indicating somewhat alleviated ion-pairing 
and/or aggregation with the formed polymeric cyanine salt 
complex. This may help improve the optical quality of resulting 
fi lms for AOSP device applications. [ 1a ]  However, AJMPC02 
shows a ≈50 nm hypsochromic-shift in its fi lm absorption 
maximum compared to that of the solution, possibly due to 
different kinds of aggregates formed by strong intermolecular 
interactions between ionic polymeric chains as suggested by 
the GPC measurements. 

 The 2PA and nonlinear refraction (NLR) coeffi cients of 
AJMPC02 and AJMPC02-TCF were measured in DCM solu-
tions (1 × 10 −3   M ) using the femtosecond pulsed dual-arm 
(DA) Z-scan technique at 1.3 µm, [ 18,19 ]  and the results are sum-
marized in  Table    2  . As opposed to the conventional Z-scan 
method, [ 18 ]  the DA Z-scan allows subtraction of the background 
solution or substrate signal from the signal of interest, i.e., the 
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 Figure 1.    The GPC traces of AJMPC02 at different light scattering  d n/ d c 
values in DMF solutions.

 Figure 2.    The absorption spectra in A) diluted DCM solutions and B) thin neat fi lms (AJMPC02 and AJMPC02-TCF), and guest-host polycarbonate fi lm 
doped with 50 wt% of AJBC1730.

  Table 1.    Linear optical properties of materials.  

No.  λ  max,sol  a)  
[nm]

 λ  max,fi l  a)  
[nm]

 ε  max  b)  
[10 5  M −1  cm −1 ]

AJMPC02 1009 960 1.5

AJBC1730 899 910 5.0

AJMPC02-TCF 900, 1003 930 1.6, 0.7

    a) Absorption maxima wavelengths in dilute DCM solutions (≈2 × 10 −6   M ) or in thin 
fi lms (≈300 nm);  b) Molar extinction coeffi cients measured in dilute DCM solution. 
Error bars are estimated at ±2%.   
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solute or thin fi lm. As explained in the Supporting Informa-
tion, this technique greatly increases the signal-to-noise ratio.  

 To relate the measured  n  2  and  a  2  to  χ  (3)  and  γ , we use the fol-
lowing relations

    

3 Im
2

2
mks mks

(3)

0
2

0
2α ω χ

ε
=

c n  

 (1)

  

    

3Re
4

2
mks mks

(3)

0 0
2

χ
ε

=n
cn  

 (2)
 

 where  ω  is the angular frequency defi ned as 2 / 0π λc  with  c  
being the speed of light, and  ε  0  is the vacuum permittivity. All 
universal constants are in mks units, i.e., m, kg, s. The conver-
sion from  χ  (3)  to  γ  is as follows

    mks
(3)

0
1 (3)

mksχ ε γ= − Nf   (3) 

 with the third-order local fi eld correction 2 /3(3)
0
2 4( )( )= +f n . 

The conversion from mks to esu follows as
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10mks
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   9 10 4esu
14

0
1

mksγ π ε γ( )= × −

 
 (5)

 

 where the units in mks are m 2  V −2  for  χ  (3)  and C m 4  V −3  for  γ , 
while the units in esu are cm 2  statvolt −2  for  χ  (3)  and cm 5  stat-
volt −2  for  γ . 

  Figure    3   presents DA Z-scans of a 1 × 10 −3   M  DCM solution 
of AJMPC02 with both open aperture (OA) and closed aperture 
(CA) signals to determine  a  2  and  n  2 , respectively. Using the afore-
mentioned relations, we then calculate Im( γ ) and Re( γ ) based 
upon  a  2  and  n  2  following Equations  ( 1)  – ( 3)  . From Figure  3 a, 
the OA Z-scan signals from all three pulse energy measure-
ments are fi t with 0.22 0.042α = ±  cm GW −1  corresponding 
to Im( ) 6.0 1.5 10 32γ = ± × −  esu (7.4 1.9 10 57± × −  mks). 
In the case of CA Z-scans, both NLR and 2PA are present, thus 
the 2PA coeffi cient obtained from the OA scans was held fi xed 
allowing a one-parameter fi t to ascertain the effective value of 
 n  2 . Dividing the CA Z-scan signal by the OA signal gives the 
results shown in Figure  3 b that look like pure NLR signals. 
The effective values of  n  2  obtained from the CA Z-scans were 

(3.2 1.0) 10 15− ± × −  cm 2  W −1 , (4.3 0.86) 10 15− ± × −  cm 2  W −1 , 
and 5.3 1.1 10 15( )− ± × −  cm 2  W −1  for pulsed excitations of 
4 nJ, 9.5 nJ, and 18.9 nJ, respectively. This change in  n  2  with 
respect to irradiance is indicative of excited state refraction 
(ESR) where free carriers created by 2PA change the index 
of refraction. At low irradiance,  n  2  dominates the change in 
index whereas at higher irradiance the effects of ESR add a 
higher order nonlinear refraction signal. [ 20 ]  Thus, the contri-
bution from the pure Kerr nonlinearity is given in the limit 
of zero irradiance. To ascertain this value, a linear regression 
fi t to the data gives the slope, related to the ESR cross-section, 
and the zero-crossing, which yields the bound-electronic  n  2 . 
Extrapolating the aforementioned values to zero irradiance 
yields (2.8 0.56) 102

15= − ± × −n  cm 2  W −1 , corresponding to 
Re (7.3 1.8) 10 32γ( ) = − ± × −  esu ( (9.0 2.3) 10 57− ± × −  mks). We 
note here that the magnitude of γ values (Table  2 ) of AJMPC02 
represents one of the largest values ever reported, which are 
much greater than those observed in most indolium [ 21 ]  or 
TCF-based [ 15a ]  monomeric cyanines with the same conjuga-
tion length (C7) such as Indo-C7-H and AJBC1722 ( Scheme    3  ), 
and even larger than that of DOB-C9 (Scheme  3 ), [ 8a ]  which has 
a longer conjugation length C9. This confi rms our hypothesis 
that connecting cyanine molecules into fully conjugated poly-
cyanines signifi cantly enhances molecular third-order optical 

Adv. Optical Mater. 2015, 3, 900–906

www.MaterialsViews.com
www.advopticalmat.de

  Table 2. The third-order microscopic nonlinearities measured in concen-
trated DCM solutions using the femtosecond pulsed dual-arm Z-scan 
method at 1.3 µm. The unit conversion from mks to esu can follow 
Equation  ( 5)  .     

No. Re( γ ) 
[10 −32  esu]

Im( γ ) 
[10 −32  esu]

| γ | a)  
[10 −32  esu]

|Re( γ )/Im( γ )|

AJMPC02 −7.3 6.0 9.4 1.2

AJMPC02-TCF −4.5 1.8 4.8 2.7

Indo-C7-H b) −1.0 0.59 1.2 1.7

AJBC1722 c) −1.3 0.15 1.3 7.8

DOB-C9 d) −5.7 0.79 5.7 7.2

    a) | γ | = [Re( γ ) 2  + Im( γ ) 2 ] 1/2 ;  b) From ref.  [ 21 ] ;  c) From ref.  [ 15a ] ;  d) From ref.  [ 8a ] .   

 Figure 3.    a) Open-aperture (OA) dual-arm (DA) Z-scans of a 1 × 10 −3   M  solution of AJMPC02 in DCM and b) closed-aperture (CA) DA Z-scans along 
with the divided result of the CA signal by the OA signal with three different pulse energy measurements at a wavelength of 1.3 µm. The solid lines in 
a) and b) are the fi ts to the data using the usual Z-scan theory. [ 18 ] 
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nonlinearities without increasing the conjugation bridge 
length, but via an extended delocalization of the exciton over 
several cyanine units in the polycyanine. However, Im( γ ) is also 
dramatically increased which gives a relatively low FOM of 1.2. 
This may be caused by the electronic coupling between cyanine 
molecules in the polycyanine allowing the transition of the low-
lying 2-photon states to be close to the one-photon state. [ 16a ]    

 Somewhat unexpectedly, exchanging the counterions of 
AJMPC02 from ClO 4  −  to anionic TCF-cyanines results in a 
decrease of both Re( γ ) and Im( γ ) for AJMPC02-TCF (Table  2 ), 
although the concentration of active chromophores has been 
increased. This may be attributed to the relative concentration 
of the polycyanine chain in AJMPC02-TCF, which is decreased 
compared to that in AJMPC02 when using the large TCF-cya-
nine as counterions, since polycyanine makes a larger contribu-
tion to nonlinearities than the one from the counterionic TCF-
cyanine as shown in Table  2 . Nonetheless, such an ion exchange 
approach could be quite useful in terms of providing additional 
fl exibility in material design. It has been demonstrated that the 
Coulombic interaction between a cationic cyanine and anionic 
counterion is a major driving force to the symmetry-breaking 
that can signifi cantly alter the mean BLA, and subsequent NLO 
properties of polymethines. [ 16a ]  In particular, small, strongly 
polarizing counterions such as ClO 4  −  have a more pronounced 
ion-pairing induced symmetry-breaking effect. [ 16c ]  Indeed, the 
resulting salt complex AJMPC02-TCF shows a decreased Im( γ )
compared to Re( γ ) that improves the FOM to 2.7, likely due to 
the mitigation of deleterious ion-pairing effects by using delo-
calized cyanines as counterions. 

 To understand the effi cacy of translating between the molec-
ular third-order nonlinear properties of polycyanines to bulk 
properties, thick neat fi lms (870 nm) of AJMPC02-TCF were 
prepared and measured by the DA Z-scan method at both 

1.3 and 1.55 µm, and the nonlinear parameters are summa-
rized in  Table    3  .  Figure    4  a shows OA DA Z-scans at different 
pulse energies to determine  α  2 . All OA Z-scans can be fi t with 

90 182α = ±  cm GW −1 . The refractive index of 1.98 at 1.3 µm 
was determined via prism coupling which leads to the calcula-
tion of Im 9.4 1.9 103 11χ = ± ×( ) −  esu ( 1.3 0.26 10 18± × −  mks). 
Assuming a fi lm density of 1.1 g cm −3  and a dopant concen-
tration of 100% leads to a determination of the number den-
sity, which allows us to calculate Im( ) 1.7 0.43 10 32γ = ± × −  
esu ( 2.1 0.42 10 57± × −  mks). All CA DA Z-scans, as shown in 
Figure  4 b, can be fi t with the same (1500 300) 102

15= − ± × −n  
cm 2  W −1  indicative of no ESR processes which corresponds 
to Re (15 3) 103 11χ = − ± ×( ) −  esu ( (2.1 0.42) 10 18− ± × −  mks) 
and Re (2.7 0.68) 10 32γ( ) = − ± × −  esu ( (3.3 0.66) 10 57− ± × −  
mks) using the refractive index and assumed number density. 
Moreover, the refractive index at 1.55 µm is measured to be 
1.89, thus the Re χ  (3)  and Im χ  (3)  at 1.55 µm were found to be 

(6.1 1.2) 10 11− ± × −  esu and 9.4 1.9 10 11± × −  esu, respectively, 
as shown in Table  3 .   

 It is worth noting that the γ values extrapolated from 
 χ  (3) values of these neat fi lms at 1.3 µm (Table  3 ) are in reason-
able agreement with the values determined from the solutions 
(Table  2 ), suggesting an excellent translation between γ and  χ  (3) , 
namely, that the chromophores in polycyanine salt complexes 
can retain their cyanine-like characteristics well after being pro-
cessed into high number density solid fi lms. Furthermore, as 
shown in  Table    4  , the Re χ  (3)  values for these neat fi lms at both 
1.3 and 1.55 µm are much larger than those of other well-known 
inorganic materials that are commonly used in the telecom win-
dows. [ 22–24 ]  Besides, these values compare favorably with most 
reported organic third-order materials in this spectral window 
including highly polarizable cyanines such as TCF- [ 15a ]  and thi-
opyrylium- [ 11 , 16b ]  heptamethine dyes (≈5 × 10 −11  esu). Similar to 
solution results, however, it is also accompanied by a relatively 
poor FOM of 1.5 and 0.7 at 1.3 and 1.55 µm, respectively, due to 
appreciable 2PA loss. However, it is of note that the measured 
values of  α  2  for the neat AJMPC02-TCF fi lm are signifi cantly 
larger than those found in semiconductors in this wavelength 
range. For example, these values are 3.3 and 9.6 times larger 
than those of GaAs at 1.3 µm ( 27 5 cm GW )2

1α = ± −  [ 24 ]  and 
1.55 µm ( 7.8 2 cm GW )2

1α = ± − , [ 25 ]  respectively. Thus, this new 
molecular design may present a new manner in which to fab-
ricate materials of interest for applications where large 2PA is 
desired. [ 2–4,26 ]   

 In conclusion, we have prepared a new cyanine-based fully 
conjugated polymer, AJMPC02, using a simple bifunctional 
indolium group as a “Janus core” to react with a bulky sub-
stituent functionalized C7-conjugating bridge. Moreover, its 
corresponding complementary salt complex with anionic TCF 
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 Scheme 3.    The structure of Indo-C7-H, AJBC1722, and DOB-C9.

  Table 3. The macroscopic third-order susceptibility of AJMPC02-TCF measured in neat fi lms using the femtosecond pulsed dual-arm Z-scan method 
at 1.3 and 1.55 µm. The unit conversion from mks to esu can follow Equation  ( 5)  .     

Wavelength 
[µm]

 n  2  
[10 −15  cm 2  W −1 ]

Re χ  (3)  
[10 −11  esu]

 α  2  
[cm GW −1 ]

Im χ  (3)  
[10 −11  esu]

| χ  (3) | a)  
[10 −11  esu]

|Re χ  (3) /Im χ  (3) | Cal.Re( γ ) b)  
[10 −32  esu]

Cal.Im( γ ) b)  
[10 −32  esu]

1.3 −1500 −15.0 90 9.4 17.7 1.5 −2.7 1.7

1.55 −600 −6.1 75 9.4 11.2 0.7 −1.1 1.7

    a) | χ (   3) | = [(Re χ (   3) ) 2  + (Im χ (   3) ) 2 ] 1/2 ;  b) Extrapolated neat values were determined using Equations  ( 1)  – ( 5)  , where the values of  χ (   3)  were taken from Table  3 .   
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heptamethines as a counterion, AJMPC02-TCF, was also syn-
thesized to mitigate the deleterious ion-pairing effect. The third-
order optical nonlinearities of the two polycyanine salts were 
investigated in detail via an accurate and sensitive Dual-Arm 
Z-scan technique. The microscopic Re(γ) value of AJMPC02 was 
found to be as large as 7.3 10 32− × −  esu ( 9.0 10 57− × −  mks) at 
1.3 µm, which is comparable to the best molecular AOSP mate-
rial reported. This indicates that a sizable enhancement of  γ  for 
a cyanine can be achieved without increasing the length of the 
conjugating bridge, but through extending the delocalization of 
the exciton over several cyanine units in fully conjugated poly-
cyanines. More encouragingly, the salt complex of AJMPC02-
TCF exhibits very good processibility for device applications, 
and its neat fi lms show one of the highest magnitudes of Re χ  (3) , 

1.5 10 10− × −  esu ( 2.1 10 18− × −  mks) measured at 1.3 µm, sug-
gesting the polycyanine is an effi cient material system to trans-
late large  γ  into large  χ  (3)  in fi lms for AOSP applications. Future 
work will be focused on optimizing the structure of the polycya-
nine to reduce two-photon loss while maintaining a large non-
linear refractive index.  
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