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ABSTRACT Three chromophore-containing dendrons were intercalated into montmorillonite layered silicates via an ion-exchange
process. Enlarged d spacings ranging from 50 to 126 Å were achieved for these novel organoclays. After the organoclays were blended
with a polyimide, the steric bulkiness of the dendrons and the interaction between dendron and polyimide resulted in an ordered
morphology. The orderly arranged nanocomposites were characterized by a UV-visible spectrophotometer, a variable-temperature
infrared spectrometer, and electro-optical modulation. The dendrons in layered silicates were capable of undergoing a critical
conformational change into an ordered structure, indicated by the drastic changes of interlayer distances at certain packing densities.
Electro-optical coefficients increased sharply from 0 to 6 pm/V while the conformational change occurred. Furthermore, the addition
of a polyimide capable of interaction-induced orientation was found to exert an enhancing effect on the degree of the noncentrosym-
metric alignment.
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INTRODUCTION

Organic nonlinear optical (NLO) materials have been
widely reported in the past two decades because
of their applications, such as optical waveguides,

modulators to transfer data into optical waves, low-power
wavelength conversion and tuning, and optical switching
(1-5). Typically, second-order NLO properties are present
in the polymers when the NLO chromophores are aligned
in a noncentrosymmetric manner by a poling technique
(3-7). In order to preserve the NLO properties, the random-
ization of the poled (aligned) NLO molecules has to be
prevented by all means. Therefore, various strategies have
been devised to achieve polar order without resorting to
electric poling, which include Langmuir-Blodgett (LB) growth,
molecular self-assembly, etc. (8-11).

Recently, layered inorganic compounds such as mont-
morillonite (MMT) have been widely used because of their

excellent thermal and mechanical properties (12). In addi-
tion, ordered assembly behaviors have been investigated on
the layered silicates. Lin et al. (13-15) first utilized am-
phiphilic molecules as intercalating agents to prepare a new
breed of self-assembly nanocomposites. Moreover, Beall et
al. (16) have explained the self-assembly of organic mol-
ecules on MMT plates which appears to be controlled by two
factorssthe anchoring role of the polar head groups and the
hydrophobicity of peripheral groups. Apart from that, the
molecular chains can be arranged in different conformations
as different cationic exchange capacity (CEC) equivalents are
incorporated between layered silicates (17, 18). Lin et al. (17)
further utilized poly(oxypropylene)diamine as the interca-
lated agent to investigate how the CEC equivalents affect the
conformation change between the layered silicates. In ad-
dition, Osman et al. (18) investigated this type of self-
assembly while varying temperatures and CEC equivalents.
As part of this endeavor, a new way for controlling the
dendron conformations in layered silicate confinement via
the intercalation of polyurea/malonamide dendrons with
peripheral phenyl groups has been reported by us (19).
Different CEC equivalents would play an important role in
controlling the dendron conformations in layered silicate
confinement.

Dendritic structure containing NLO polymers with site
isolation effects that could achieve large electro-optical (EO)
coefficients have been of great interest recently (20-25).
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Because of their unique molecular sizes, shapes, and na-
tures, dendritic structures can be precisely tailored with
potential applications in self-assembly systems (26-28) and
EO materials (20-25, 29).

In our preliminary study (30), dendrons with azobenzene
dye (disperse red 1, DR1) in the exterior (G1, Mw ) 1372;
G2, Mw ) 3488) (Scheme 1) were respectively utilized to
form the amine salt, and these then proceeded to ion
exchange with Na+-MMT at equimolar CEC equivalents. After
the dendron-modified organoclay was blended with a poly-
imide, the specific steric bulkiness of the dendrons and the
interaction between layered silicates and indium tin oxide
(ITO) glass substrates brought about a self-assembly ar-
rangement that exhibited NLO properties without applying
the poling process. Moreover, the usage of the host polyim-
ide not only improved film formability but also provided
interaction-induced orientation toward dendrons (31, 32).
This idea was based on the π-π stacking of polyimides that
are widely used for liquid crystal (LC) alignment in LC
displays (33-37). Moreover, Liu et al. (38) used a mono-
component polyimide bearing terminal hydrogen-bonding
sites to form a unique spontaneous self-assembly behavior.
It is concluded that the synergistic effect of π-π stacking,

dipolar interaction, and hydrogen bonding led to the self-
assembled structures.

In this study, we further investigate the intercalating
behavior of different generations of dendrons up to the
dendron of generation 3 (G3, Mw ) 7721) (Scheme 1).
Additionally, we locate the critical concentration at which
the conformational change will occur with the incorporation
of different CEC equivalents onto the layered silicates (19).
The dendron molecules would first be randomly distributed
in the confined volume until reaching a critical concentration
point. This conformational change would lead to noncen-
trosymmetric alignment of NLO chromophores: i.e., realiza-
tion of NLO properties. Furthermore, we study the effect of
a polyimide capable of interaction-induced orientation on
the degree of the noncentrosymmetric alignment.

EXPERIMENTAL SECTION
Materials. Na+-MMT, supplied by the Nanocor Co., is a

sodium type with a cationic exchange capacity (CEC) of 1.20
mequiv g-1 and a surface area of 750 m2 g-1. Chromophore-
containing dendritic structures (G1, G2 and G3; Scheme 1) were
prepared via convergent routes in the same manner as reported
by our laboratory (20, 30, 39-42). The molecular weights of
intercalating agents are as follows: disperse orange 3 (DO3;
Scheme 1), Mw ) 242; G1, Mw ) 1372; G2, Mw ) 3488; G3, Mw

Scheme 1. Chemical Structures for DO3, Chromophore-Containing Dendrons (G1, G2, and G3), and Their
Intercalated Conformations
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) 7721. Solvents used are as follows: tetrahydrofuran (THF,
Tedia), distilled under nitrogen from sodium/benzophenone;
toluene (Tedia), N,N-dimethylformamide (DMF, Tedia), and N,N-
dimethylacetamide (DMAc, Tedia), were purified by distillation
under reduced pressure over calcium hydride and stored over
4 Å molecular sieves.

Measurements. Differential scanning calorimetry (DSC)
was performed by a Seiko SSC-5200 instrument at a heating
rate of 10 or 20 °C/min under a nitrogen atmosphere.
Thermogravimetric analysis (TGA) was carried out at a heat-
ing rate of 10 °C/min under an air atmosphere. X-ray
diffraction (XRD) analysis was performed by using a 3 kW
Rigaku III diffractometer with Cu target (λ ) 1.542 Å), using
a scanning rate of 2°/min. The d spacing of the intercalated
MMT was analyzed by Bragg’s equation (nλ ) 2d sin θ).
Transmission electronic microscopy (TEM) was performed
with a Zeiss EM 902A instrument operated at 80 kV, and
samples of approximately 70 nm thickness were microtomed
at room temperature. UV-vis spectra were recorded on a
Perkin-Elmer Lambda 2S spectrophotometer. Variable-tem-
perature infrared spectrometer (VTIR) measurements were
performed on a Perkin-Elmer Spectrum One Fourier trans-
form infrared (FTIR) spectrometer at a heating rate of 10 °C/
min from room temperature to 160 °C. A thin layer of silver
was sputtered onto the films as a top electrode for EO
measurement by a simple reflection technique (43).

Preparation of Organoclays with Equimolar CEC
Equivalent (DO3MMT, G1MMT, G2MMT and G3MMT;
Scheme 1) (30). G1MMT, G2MMT, and G3MMT were prepared
according to a method described in the literature (30). Experi-
mental procedures for preparing G3MMT in equimolar CEC
equivalent are described as followx. First, Na+-MMT (200 mg)
was placed in a 100 mL beaker and dispersed into 20 mL of
deionized water at 80 °C until fully swollen. For the G3 solution,
the formulation was prepared by adding 1853 mg of the G3
sample to N,N-dimethylformamide (DMF), followed by acidify-
ing the secondary aliphatic amines of G3 using hydrochloric acid
(37% in water, 24 mg, 0.24 mmol). Subsequently, the amine
salt solution was added to the swollen Na+-MMT slurry. Finally,
the suspension was stirred for 24 h at 80 °C. The resulting
agglomerated precipitate was collected and then washed with
water and DMF twice to thoroughly remove any residual ions
and nonexchanged G3 dendron samples. The G3MMT was dried
in a vacuum oven at 80 °C for 24 h and characterized by using
XRD, TEM, TGA, and DSC. For comparison, an amine-contain-
ing azobenzene chromophore, disperse orange 3 (DO3, Scheme
1), was also utilized to prepare DO3MMT (Scheme 1).

Preparation of Nanocomposite Thin Films Comprised of
Polyimide and Equimolar CEC Equivalent Organoclays
(30). Polyimide was respectively mixed with 5 wt % of
DO3MMT, G1MMT, G2MMT, and G3MMT in N,N-dimethylac-
etamide (DMAc) to constitute four guest-host nanocomposites:
PI-DO3MMT, PI-G1MMT, PI-G2MMT, and PI-G3MMT (note: PI
is the abbreviation for polyimide). The solutions were then cast
onto the ITO glass substrates. The resulting films were dried at
60 °C in a vacuum oven overnight to ensure complete removal
of any residual solvent.

Preparation of Organoclays with Different CEC
Equivalents and Their Nanocomposite Thin Films. To inves-
tigate the conformation change at different concentrations and
the NLO properties, various stoichiometric amounts of dendron
(G1, G2, and G3) intercalating agents were prepared as an
example by the following procedures. As the G1 dendron, Na+-
MMT (200 mg) was first dispersed and swollen in deionized
water. Various equivalents of G1 amine salt solutions (0.25 CEC,
82 mg; 0.5 CEC, 164 mg; 0.75 CEC, 247 mg; 1.5 CEC, 494 mg;
2.0 CEC, 659 mg) were respectively added to the slurry. The
suspension was stirred for 24 h at 80 °C. The resulting ag-
glomerated precipitate was collected and then washed with

water and THF twice to thoroughly remove any residual ions
and nonexchanged G1 dendron samples. Moreover, the orga-
noclays of the G2 and G3 series were prepared in the same
manner as the procedure described above.

A series of nanocomposites were prepared by mixing 5 wt
% of the modified organoclays with different CEC ratios with
the polyimide sample. Thin films were also prepared using
solvent casting to investigate the packing density effect on the
NLO properties.

RESULTS AND DISCUSSION
In this study, DO3 and three generations of dendrons (G1,

G2, and G3) were used as the intercalation agents to modify
the layered silicates. As shown in Scheme 1, four organo-
clays (DO3MMT, G1MMT, G2MMT, and G3MMT) were pre-
pared according to the procedures described in the literature
(30). The modified organoclays were characterized by DSC,
TGA, XRD, and TEM. Figure 1 shows DSC thermograms of
these dendrons (G1, G2, and G3) attached to the layered
silicates. The G1, G2, and G3 dendrons exhibited Tg’s at 103,
116, and 105 °C, respectively. These Tg’s almost disap-
peared after modification. This implies that the dendrons
between the layered silicates were restricted without suf-
ficient spaces for molecular relaxation. This observation is
in agreement with those reported in the literature (19, 41).
Moreover, the TGA study indicates that the actual organic/
inorganic ratios (WO/WI) of 24/76 for DO3MMT, 64/36 for
G1MMT, 80/20 for G2MMT, and 82/18 for G3MMT are
consistent with the theoretical organic fractions based on the
originally intended CEC ratios (Table 1). For example, for

FIGURE 1. DSC thermograms for (a) pristine chromophore-contain-
ing dendrons G1, G2, and G3 and (b) dendron-containing organo-
clays G1MMT, G2MMT, and G3MMT.
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G1MMT at 1.0 CEC equivalent, a theoretical organic/inor-
ganic ratio of 62/38 is derived, which is close to the number
(64/36) obtained from the TGA study. Hence, it is evident
that all the aforementioned chromophore-containing den-
drons are capable of intercalating the layered silicates.
Furthermore, the dispersibility of these modified organo-
clays is also given in Table 1. These organoclays could be
well dispersed in DMAc without precipitation or aggregation
after a long period of time. Therefore, a series of organic/
inorganic nanocomposites were prepared using DMAc as
medium.

The morphology of these organoclays was obtained via
XRD and TEM microscopic investigation, and their d spac-
ings are summarized in Table 1. Figure 2 shows the X-ray
diffraction patterns of modified organoclays (DO3MMT,
G1MMT, G2MMT, and G3MMT) at equimolar CEC equiva-
lents. In the spectra, the d spacings of DO3MMT and G1MMT
based on Bragg’s law (nλ ) 2d sin θ and the observed values
for n ) 2, 3, 4, etc.) were 16 and 50 Å, respectively.
However, no diffraction peaks were found for the G2MMT
and G3MMT samples. This means the d spacings of layered
silicate are greater than 58 Å. In order to confirm the results

of the XRD study, TEM was utilized to visualize the spatial
distribution for G2MMT and G3MMT. The TEM micrograph
of G2MMT (30) exhibited intercalated d spacings larger than
120 Å. However, the TEM micrograph of G3MMT revealed
intercalated behavior, and the d spacing was smaller than
that of G2MMT (Figure 3a). This might be due to the larger

Table 1. Organic/Inorganic Fractions, d Spacings
and Dispersibility of the Modified Organoclays

weight ratio (% w/w) dispersibilityd

intercalation
agent

d spacing
(Å)a

based on
CECb

based on
TGAc H2O THF toluene DMAc

DO3MMT 16 19/81 24/76 - - - +
G1MMT 50 62/38 64/36 - +- - +-
G2MMT 126 80/20 80/20 - +- - +
G3MMT 80 90/10 82/18 - +- - +
a Silicate-layer thickness determined by XRD patterns for

DO3MMT and G1MMT and TEM images for G2MMT and G3MMT.
b Values calculated from the following equation: X(1.2 × 10-3)Mw )
Y, where X is the pristine weight of the clay, Mw is the molecular
weight of the dendron, and Y is the weight of the dendron. The
theoretical organic ratio is given by Y/(X + Y). c Measured by
thermogravimetric analysis (TGA) in air. d Legend: +, dispersible;
+-, aggregate after 12 h; -, aggregate.

FIGURE 2. XRD diffraction patterns of the modified organoclay: (a)
DO3MMT; (b) G1MMT; (c) G2MMT; (d) G3MMT.

FIGURE 3. TEM microscopic images: (a) intercalated morphology of
G3MMT (100 nm); (b) exfoliated morphology of PI-G3MMT (100 nm);
(c) intercalated morphology of PI-DO3MMT (100 nm).
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molecular size of G3, which is not capable of intercalating
into the layered silicates completely (44). A conceptual
representation of the intercalation conformations for the
organoclays is shown in Scheme 1. From the pervious study
(30), the PI-G1MMT and PI-G2MMT samples exhibited ex-
foliated morphology, determined by XRD and TEM micro-
graphs. As for the PI-G3MMT nanocomposite in this study,
no diffraction peak was observed at 2θ ) 1.5-10°, which
also means the d spacing within the layered silicate was at
least larger than 58 Å. In addition, the PI-G3MMT sample
whose TEM micrograph is shown in Figure 3b also exhibited
exfoliated morphology. On the basis of the results shown
above, all the nanocomposites containing dendrons exhib-
ited exfoliated morphology due to sufficiently large inter-
layered d spacings of modified organoclays. Therefore, the
polymer chains would be able to enter the layered silicates
and subsequently to form the exfoliated morphology. In
contrast, the TEM micrograph of the PI-DO3MMT sample
shown in Figure 3c indicates that intercalation morphology
(40 Å) was present throughout the nanocomposite. This is
because a much narrower d spacing (16 Å) was obtained for
the pristine DO3MMT organoclay. Therefore, most of the
polyimide chains were not able to intercalate the clay
galleries.

After solvent-casting these four nanocomposites (PI-
DO3MMT, PI-G1MMT, PI-G2MMT, and PI-G3MMT) onto the
ITO glass substrates, respectively, a simple reflection tech-
nique was utilized to measure the EO coefficients of these
dried thin films (Table 2) (43). According to the literature
(30), the pristine PI-G1MMT and PI-G2MMT samples were
capable of exhibiting EO coefficients due to the ordered
alignment between the dendron structure and MMT, which
would make the dendron fixated on the layered silicate
platelets in the same direction. Moreover, the presence of
polyimide did not interfere with the degree of ordered
alignment. In this study, the pristine PI-G3MMT sample
exhibited an r33 value of 4.1 pm/V. It is important to note
that the chromophore content for PI-G3MMT (1.6%) is quite
low, yet a reasonable EO coefficient was achieved. This
implies that an ordered arrangement of NLO chromophores
was also present in this pristine nanocomposite sample. In
addition, the polyimide might have an interaction-induced
orientation effect on the ordered arrangement (32, 33). On
the other hand, optical nonlinearity was not observed for the
pristine PI-DO3MMT sample due to the presence of inter-
calated morphology (Figure 3c). This indicates that the

exfoliated layered structures and steric bulkiness of the
dendrons play critical roles in achieving ordered morphology.

In general, the EO coefficient of NLO polymers remains
stable at low temperatures but decays significantly at a
specific temperature. This specific temperature is defined as
the effective relaxation temperature (5, 20). This value
provides invaluable information on the randomization of
ordered arrangement, i.e. aligned chromophores, and allows
one to be able to evaluate the transition stage between
ordered and disordered morphology. To assess the ordered
arrangement, the effective relaxation temperature was uti-
lized to determine the orientation of the dendron molecules
and to further comprehend the ordered arrangement (30).
Figure 4 shows dynamic thermal stability of the pristine
samples. The effective relaxation temperatures for the PI-
G1MMT, PI-G2MMT, and PI-G3MMT samples are at 152, 132,
and 119 °C, respectively. These results indicate that drastic
conformational change would occur at this one particular
temperature. Therefore, the UV-vis spectrophotometer was
utilized after 1 h thermal treatment at 140, 120, and 110
°C for PI-G1MMT, PI-G2MMT, and PI-G3MMT, respectively,
to investigate the ordered arrangement. In UV-vis spectra
(Figure 5), the absorption maxima of these three nanocom-
posite thin films blue-shifted and decreased to certain levels
after the thermal treatments. This phenomenon might be
due to the self-association of the bulky dendrons to form
intramolecular H-type aggregates, which is detrimental to
NLO properties (45). Due to the self-assembly nature, the
original ordered arrangement is more stable than the H-type
aggregates. Therefore, the H-type aggregates would relax to
the approximately original conformation after cooling down
to 100 °C for a certain period of time. However, the H-type
aggregates could not recover fully to the original conforma-
tion while cooling down to room temperature, even after a
long time period of time (30). In this study, we also inves-
tigated the influence of the dendron generations (Figure 5).
The PI-G3MMT sample with the larger size dendron G3
recuperated more quickly to the original conformation. This
might be due to the fact that the cooling temperature

Table 2. NLO Properties for PI-Organoclay
Nanocomposites

sample Tg (°C) a dye content (%) r33 (pm/V)b

PI-DO3MMT ND 5.0 0
PI-G1MMT ND 2.3 5.7
PI-G2MMT ND 1.8 5.1
PI-G3MMT ND 1.6 4.1

a Data taken from DSC second heating traces, with a heating rate
of 20 °C/min at nitrogen. b EO coefficient without applying poling
process which was measured at 830 nm.

FIGURE 4. Thermal dynamic properties of PI-G1MMT, PI-G2MMT,
and PI-G3MMT.
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(100 °C) was close to the relaxation temperature of PI-
G3MMT (119 °C). Moreover, due to the larger size of G3,
stronger van der Waals forces, π-π interactions, and dipolar
attractions between the G3 dendrons and polyimide would
cause the dendrons to recover to their original conformation
easily. In addition, the VTIR spectra of these nanocomposites
are also presented in the insets of Figure 5. All three of these
nanocomposites exhibited the characteristic absorption
bands, which blue-shifted slightly after thermal treatment
(46). As the temperature decreased, the absorption bands

started to red-shift. This observation is consistent with the
results of the UV-vis study.

As mentioned earlier, the thermal treatment influences
the ordered arrangement of the NLO chromophores, since
it induces the drastic conformational change. In addition,
H-type aggregates would influence the ordered arrangement
of NLO chromophores negatively. Therefore, the temporal
behaviors of the EO coefficients for the PI-G1MMT, PI-
G2MMT, and PI-G3MMT samples after 1 h thermal treatment
at 140, 120, and 110 °C, respectively, were also studied.
Parts a-c of Figure 6 show the EO coefficients for the
thermal-treated PI-G1MMT, PI-G2MMT, and PI-G3MMT
samples while remaining at room temperature. After the
thermal treatment, the r33 values of these three samples
retained about 30% of their original values. As the thermal-
treated samples cooled from 140, 120, and 110 °C, respec-
tively, to room temperature, the r33 values started to increase
in an extremely slow manner. They only reached approxi-
mately 40-50% of their original values for a long period of
time (650 h). The PI-G3MMT sample with the larger size of
dendron G3 recuperated more quickly to the original con-
formation. Moreover, the r33 value started to increase in a
relatively faster manner when the annealing temperature
was 100 °C for the PI-G2MMT sample (cooled from 120 °C)
(Figure 6d). Its r33 value could reach approximately 80% of
its original value after 200 h. This is consistent with the
UV-vis investigation. On the basis of the above observation,
the annealing temperature does play a critical role in revers-
ing back to the original self-organized structures. To some
extent, it appears that the closer the annealing temperature
to the effective relaxation temperature, the greater the
extent of NLO recovery ratios they attain.

The PI-G1MMT, PI-G2MMT, and PI-G3MMT nanocompos-
ites mentioned above were in 1.0 CEC equivalents. However,
according to the previous literature (17-19), surface modi-
fications using different CEC equivalents led to various

FIGURE 5. UV-vis spectra for molecular motion behavior: (a) PI-
G1MMT for thermal treatment at 140 °C for 1 h and cooling to
100 °C and (inset) the VTIR spectra for PI-G1MMT; (b) PI-G2MMT
for thermal treatment at 120 °C for 1 h and cooling to 100 °C, and
(inset) the VTIR spectra for PI-G2MMT; (c) PI-G3MMT for thermal
treatment at 110 °C for 1 h and cooling to 100 °C and (inset) the
VTIR spectra for PI-G3MMT.

FIGURE 6. Temporal behavior of EO coefficients: (a) PI-G1MMT
thermal treatment at 140 °C for 1 h and subsequent cooling to room
temperature; (b) PI-G2MMT thermal treatment at 120 °C for 1 h and
subsequent cooling to room temperature; (c) PI-G3MMT thermal
treatment at 110 °C for 1 h and subsequent cooling to room
temperature; (d) PI-G2MMT thermal treatment at 120 °C for 1 h and
then annealing at 100 °C.
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particular conformations. Hence, the EO coefficients of the
nanocomposites with different CEC equivalents might pro-
vide certain information to investigate the ordered arrange-
ment behavior of these types of nanocomposites. Therefore,
various molar ratios of dendron (G1, G2, and G3) modified
MMT were prepared and their interlayer distances and
conformation changes as well as NLO properties were also
studied. The intercalated behavior and morphology studied
by XRD patterns and TEM microscopy are summarized in
Table 3. Figure 7 shows the XRD pattern of the G1/MMT
organoclays. In G1 dendron/MMT organoclays, the d spac-
ings were observed from 15 to 53 Å throughout the in-
creased ratio of dendron/MMT up to 2 CEC equivalents. As
the amount of G1 dendron increased from 0.25 to 1.0 CEC
in the modified MMT samples, the d spacing of the layered
silicates was increased from 15 to 50 Å. On further addition
of the G1 molecule to the samples with 1.5 and 2.0 CEC
equivalents, the d spacing remained unchanged at 53 Å for
both samples, which was close to that of the sample with
1.0 CEC equivalent (50 Å). This is possibly due to the fact
that the surface of MMT had been fully ion-exchanged and
occupied by a G1 dendron with 1.0 CEC equivalent or higher.
This observation is consistent with those reported in the
literature (17, 19).

Moreover, the intercalation profiles of the d spacings for
the modified MMT samples with the large molecular size
dendrons (G2 and G3) were also obtained using the same
procedures (Table 3). For G2 dendron/MMT organoclays, the

d spacing only reached 15 Å when the loading ratio was 0.25
CEC equivalent. This is because the number of dendrons is
not large enough to resist the attraction between layered
silicates. As the amount of G2 dendrons for intercalation
increases (0.5-1.0 CEC), the space was further increased
with the dendritic structures up to 126 Å. As the G2/MMT
molar ratio increased from 1.0 to 1.5 CEC equivalents, no
diffraction peak was observed, indicating that the d spacing
of layered silicate was larger than 58 Å. This is because the

Table 3. Intercalation Profiles of Organoclays with Various CEC Equivalents
weight ratio (% w/w) dispersibilityd

dendron/CEC of clay molar ratio d spacing (Å)a based on CECa based on TGAc H2O THF DMAc

Chromophore G1

0.25 15 29/71 36/64 +- +- +-
0.5 28 45/55 49/51 +- +- +-
0.75 35 55/45 58/42 - +- +-
1.0 50 62/38 64/36 - +- +-
1.5 53 71/29 74/26 - +- +
2.0 53 77/23 79/21 - +- +

Chromophore G2

0.25 15 51/49 57/43 - +- +-
0.5 57 68/32 69/31 - +- +
0.75 62 76/24 81/19 - +- +
1.0 126e 80/20 80/20 - +- +
1.25 130-140 /exfoliatione 84/16 87/13 - +- +
1.5 exfoliatione 86/14 86/14 - +- +

Chromophore G3

0.25 15 70/30 72/28 - +- +-
0.5 15 82/18 82/18 - +- +
0.75 37 87/13 87/13 - +- +
1.0 80e 90/10 82/18 - +- +
1.25 exfoliatione 92/8 94/6 - +- +
1.5 exfoliatione 93/7 93/7 - +- +

a Silicate-layer thickness determined on XRD pattern. b Values calculated from the following equation: X(1.2 × 10-3)Mw ) Y, where X is the
pristine weight of clay, Mw is the molecular weight of the dendron, and Y is the weight of the dendron. The theoretical organic ratio is given by Y/
(X + Y). c Measured by thermogravimetric analysis (TGA) in air. d LegendL +, dispersible; +-, aggregate after 12 h; -, aggregate. e Determined
by TEM microscopy.

FIGURE 7. X-ray diffraction patterns of intercalation with various
chromophore G1/CEC of clay molar ratios: (a) 0.25; (b) 0.50; (c) 0.75;
(d) 1.0; (e) 1.5; (f) 2.0.

A
R
T
IC

LE

www.acsami.org VOL. 1 • NO. 10 • 2371–2381 • 2009 2377



G2 dendrons suddenly formed a perpendicular chain ar-
rangement between the layered silicates to enlarge the d
spacings. A similar observation was also reported in the
literature (47). The conformational effects of CEC equivalents
on the intercalated behaviors for the G3 dendron/MMT
organoclays were also observed.

In order to confirm the XRD results, TEM was utilized to
visualize the spatial distribution between the layered sili-
cates. As the molar ratio was 1.25 CEC equivalent, the G2

dendron/MMT organoclay exhibited partially intercalated
(Figure 8a) and exfoliated (Figure 8a inset) morphology.
However, the G3 dendron/MMT organoclay (Figure 8b)
exhibited fully exfoliated morphology at 1.25 CEC equiva-
lent. The exfoliated morphology might be due to G3 mol-
ecules with a larger molecular size and stronger intermo-
lecular interactions. In addition, as the CEC ratio was
increased to 1.5 equivalent, both the G2 dendron/MMT
(Figure 8c) and G3 dendron/MMT organoclays (Figure 8d)

FIGURE 8. TEM microscopic images: (a) intercalated and exfoliated (inset) morphology of 1.25CEC-G2MMT (100 nm); (b) exfoliated morphology
of 1.5CEC-G2MMT (100 nm); (c) exfoliated morphology of 1.25CEC-G3MMT (100 nm); (d) exfoliated morphology of 1.5CEC-G3MMT (100 nm).

Scheme 2. Conceptual Representation of Possible Conformations for Respective Intercalating MMTs with G1,
G2, and G3 Dendrons
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exhibited exfoliated morphology. The large number of den-
drons and strong intermolecular interactions played critical
roles, resulting in a fully extension of dendrons onto the
layered silicates and forming the exfoliated behavior, which
has never been reported in the literature. A possible con-
ceptual model of the conformation change with respect to
the relative concentrations in the gallery is proposed in
Scheme 2. The intercalating phenomena can be clearly
illustrated and are strongly dependent on the dendritic
structures as well as the amount of the dendrons onto the
layered silicates. Moreover, the DR1-terminated malona-
mide dendrons with strong dipole-dipole and hydrogen-
bonding interactions also provide the possibility of self-
association.

The char yields measured by TGA (Table 3) reveal that
the amounts of incorporated dendrons are consistent with
the theoretical calculations based on CEC. In order to
fabricate the polymer thin films on the substrate, it is
essential to acquire well-dispersed organoclays. Hence, the
dispersibility of organoclays based on different CEC equiva-
lents is presented in Table 3. For the G1MMT organoclays
with different CEC equivalents, good dispersibility in hydro-
philic solvent (H2O) was observed when the molar ratio was
lower than 0.5 CEC equivalent. As the molar ratio was larger
than 0.5 CEC equivalent, the G1MMT samples exhibited
good dispersibility in organic solvents. However, for the
G2MMT and G3MMT organoclays with various CEC equiva-
lents, good dispersibility in organic solvents such as THF and
DMAc was observed, but all the samples aggregated in H2O.
This might be due to the presence of more hydrophobic
segments in G2 and G3. Therefore, all the organoclays could
disperse well in DMAc, along with the polyimide.

The d spacings of the various molar ratios derived from
the three generations of dendrons (G1, G2, and G3) and the
EO coefficients for the organoclays mixed with the polyimide
are shown in Figure 9. For the PI-G1MMT series nanocom-
posites, optical nonlinearity was not observed for the samples
containing organoclays with molar ratios lower than 0.5 CEC
equivalent. This might be due to the fact that the dendrons
preferred the tilting conformation at lower molar ratio,
resulting in a random arrangement. In addition, the nar-
rower d spacing of the modified organoclays also limited the
possibility for the migration of polyimide chains into the clay
galleries, leading to the intercalated morphology (inset of
Figure 9). As the amount of G1 dendron increased in the
range from 0.75 to 1.5 CEC in the nanocomposite samples,
the EO coefficients increased with increasing molar ratio.
In this case, the closely packed dendrons would develop into
an extended morphology and eventually form a perpendicu-
lar conformation: i.e., noncentrosymmetric alignment. More-
over, an increase of the hydrogen-bonding interactions,
dipolar attractions, and π-π stacking might also play a part,
resulting in ordered arrangement (12, 37, 48). However, as
the amount of G1 dendron increased up to 2.0 CEC equiva-
lent in the nanocomposite sample, the EO coefficient did not
increase further. This indicates the degree of noncentrosym-
metric alignment, i.e. ordered morphology, remained virtu-

ally the same for the samples comprising organoclays with
higher CEC equivalents. Similar nonlinear optical behavior
was also observed for PI-G2MMT and PI-G3MMT nanocom-
posites with various CEC equivalents. For a PI-G2MMT
sample with 0.5 CEC equivalent, the r33 value was 2.5 pm/
V. This is due to the presence of the larger d spacing of
G2MMT layered silicates at 0.5 CEC equivalent. This large d
spacing could easily provide the space for the polyimide
chain to intercalate into the galleries, leading to formation
of the exfoliated morphology. As mentioned earlier, the
exfoliated morphology is the essential prerequisite for or-
dered arrangement. In addition, this critical CEC equivalent
of the dendrons in organoclays provides a transitional
conformation change to the ordered arrangement.

The G3 dendron, with the largest molecular weight, is
capable of exhibiting film formability. G3MMTs (1.25 and

FIGURE 9. EO coefficients for the nanocomposites comprising
organoclays with different CEC equivalents and d spacing profile for
organoclays with different CEC equivalents: (a) G1 series; (b) G2
series; (c) G3 series. The inset is a TEM image of the PI-G1MMT
(0.25CEC).
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1.5 CEC) with exfoliated morphology were investigated for
their optical nonlinearity. The pristine G3MMT (1.25 CEC)
thin film exhibited an EO coefficient of 7.1 pm/V. Without
the presence of polyimide, the intermolecular interactions
wouldresultinself-associationamongthedendrons(24,36,49).
However, the association behavior resulted in a lower EO
coefficient for the G3MMT (1.25 CEC) organoclay (dye
content 30.1%). This is possibly because the nonionic-
exchanged dendrons would interfere with ordered align-
ment of the dendrons upon the silicate platelets. Further-
more, the effective relaxation temperature was also measured
to determine the orientation behavior. The effective relax-
ation temperature for the G3MMT (1.25 CEC) sample was
92 °C. The G3MMT (1.25 CEC) sample was thermally treated
at 80 °C for 1 h to investigate the ordered arrangement in
the same manner mentioned previously. As the thermal-
treated sample was cooled from 80 °C to room temperature,
the r33 value started to increase in an extremely slow
manner. It only reached approximately 40% of its original
value for a long period of time. In addition, as the thermal-
treated sample was annealed at 70 °C, the r33 value started
to increase in a relatively faster manner. This indicates that
the G3MMT sample recuperated more quickly to the original
ordered conformation at 70 °C. In addition, for the G3MMT
sample with 1.5 CEC equivalent, the EO coefficient was 4.9
pm/V, which was smaller than that of G3MMT (1.25 CEC).
The decrease of the EO coefficient further indicates that the
presence of more nonionic-exchanged dendrons would
interfere with the ordered alignment of dendrons upon the
silicate platelets to a greater extent.

CONCLUSION
Using the chromophore-containing dendrons (G1, G2,

and G3) as the intercalating agents allowed the preparation
of highly ordered silicates with the interlayer d spacing up
to 126 Å, which is 10 times the value for the pristine layered
silicates. The steric bulkiness of the dendrons and the
interaction between the layered silicates and ITO glass
substrates along with the polyimide capable of interaction-
induced orientation brought about the exfoliated morphol-
ogy, leading to ordered arrangement without applying the
poling process. The ordered arrangement behavior was
corroborated by UV-visible, VTIR, and EO recovery ratios.
Furthermore, the investigation on the dendron/MMT orga-
noclays with different molar ratios also provided the inter-
calation profiles, revealing that the d spacing was influenced
by the content of dendrons as well as dendron conformation
in the layered confinement. Up to a critical concentration
of dendrons in organoclays, the nanocomposites could
undergo a conformation change into the ordered arrange-
ment morphology. In addition, the modified organoclay
sample with G3 dendrons was also able to exhibit an ordered
morphology and subsequently NLO properties without ap-
plying the poling process.
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