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uest—host electrooptic (EO) polymers are composite ma-
Gterials consisting of nonlinear optical (NLO) chromophores
dispersed in a polymer host. Because of the relatively simple
sample preparation, guest—host EO polymers serve as ideal
model systems to study the structure—property relationships
of materials and to prototype proof-of-concept EO devices.
However, for practical applications, guest—host EO polymers
are limited by the phase separation between large dipole moment
chromophores and the polymeric matrix as well as the thermal
relaxation of poling-induced polar order. These problems are
associated with the plasticization of the polymeric matrix by the
introduction of the chromophoric dopant. In general, the
chromophoric dopants increase the free volume of polymer
composites; as a result, they lower the glass transition tempera-
ture (Ty) and compromise the temporal stability of poled EO
films. Over the past two decades, extensive research efforts have
been conducted to resolve these problems. Several major
approaches include the covalent incorporation of NLO chromo-
phores into the structures of main-chain polymers' and side-
chain polymers,” the self-assembly or the layer-by-layer deposi-
tion processes,” and a variety of cross-linkable EO polymers.*
Many of these systems have effectively addressed the stability
issues of EO polymers and provided additional advantages
includin§ high chromophore loading and good temporal
stability.” Nevertheless, compared to simple guest—host poly-
mers, these material systems are often more complex requiring
extra synthetic efforts to build multifunctional NLO chromo-
phores and delicate processing protocols taking into account
considerable chemical sensitivities.

Given the mixed success of previous systems, new design
principles are needed to develop highly efficient and thermally
stable EO polymers for a broader scale of photonic applications.
In this report, we focus our efforts on how to effectively improve
the material performance of guest—host EO systems in poly-
(bisphenol A carbonate) (BPAPC). BPAPC possesses an
excellent combination of desirable properties with price/perfor-
mance balance and is a premier choice of engineering plastics for
a variety of applications.’ Together with its analogues such as
amorphous co-polycarbonates (APC) containing a bisphenol
from the hydrogenated isophorone, these technically valuable
polymers have relatively high T,s ranging from 150 to 230 °C but
display extensive solid-state motion even at sufficiently low
temperatures around —100 °C.%” Theoretical calculations and
solid-state NMR studies showed that complete 180° flips of
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phenyl ring on the backbone of BPAPC could occur in the glassy
state of the polymer hundreds of degrees below its macroscopic
Tg.7 It has also been suggested that such free rotation occurs
possibly at both the ring—carbonate and ring—isopropylidine
connections with very low intramolecular activation barriers.
These analyses dictate the molecular relaxation mechanism for
the exceptional ductility and impact strength of polycarbonates
and are probably responsible for the good poling efficiency of
guest—host EO materials. The major challenge in the develop-
ment of polycarbonate-based guest—host EO polymers is how to
effectively stabilize the poling-induced polar order and enhance
the maximal loading density of large hyperpolarizability (/)
chromophores in the matrices without compromising other
desirable properties of polycarbonates. In this regard, we identi-
fied that triptycene moieties could introduce favorable intermo-
lecular interactions to create new guest—host EO polymers with
unique advantages over the previous systems.”®

Iptycene moieties are rigid molecules with the aromatic rings
attached to a [2.2.2]bicyclooctatriene bridgehead system. The
simplest member of this family is triptycene, in which three
phenyl rings are joined together through two bridgehead car-
bons. Recently, a growing number of research efforts have been
reported using the rigid three-dimensional structure of the
triptycene structures to introduce new supramolecular interac-
tions and achieve new material properties.” Swager et al. led
pioneering efforts in this subject, and they have discovered that
the internal molecular free volume (IMFV) of triptycene was
capable of directing the organization of polymer chains.'® In
particular, they suggested a molecular “threading” mechanism,
where the section of flexible polymer chains prefers to thread
through the cavities of triptycene units, minimizing the IMFV
and improving the mechanical properties of polymers.'" Such
“threading” interactions can also improve the shearing and
compressive properties of polymers through the interlocking
interactions of the triptycene structure with adjacent polymer
backbones. Furthermore, Long and Swager previously found the
IMFV of triptycene could be used to guide the alignment of
liquid crystalline molecules and even affect the alignment rate of
such phases under applied electric fields.'” Inspired by these key
findings, we have developed a new type of guest—host EO
polymer that is formulated by doping a triptycene-modified
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push—pull phenyltetraene chromophore into BPAPC. The study
reveals that the incorporation of the triptycene moiety remark-
ably improved the relevant physicochemical properties of guest—
host EO polymers in a manner that has not been previously
achieved in conventional systems.

The triptycene moiety was attached to the aniline donor of a
push—pull phenyltetraene chromophore to form the chromo-
phore AJPL172 (Figure 1). The chromophore AJPL170 was
synthesized as a comparison model compound. The synthesis of
the two chromophores follows the scheme we have reported
previously."® Structurally, these two chromophores have the
same conjugated backbone of push—pull structure, yet differ in
molecular weight by the triptycene modification at the donor end
of AJPL172. The differences in the physical and optical proper-
ties of the two chromophores are shown in Table 1. In solutions
and thin films, AJPL172 consistently displays a hypsochromic
shift of absorption maxima (4,,,,$) in comparison to AJPL170.
We attribute such differences to the introduction of the tripty-
cene moiety in AJPL172, in which the triptycene moiety provides
arelatively nonpolar nanoenvironment surrounding the donor of
the chromophore. As shown in Figure 2, when doped into
BPAPC, the thin film absorption spectrum of AJPL172 shows
reduced absorption inhomogeneous line-broadening. This result
can be also attributed to the “spacer” effect in the solid state from
the trig)tycene modification. Previous studies by Obata'* and
Barto'> have shown correlations concerning van der Waals
interactions between spacer groups of conjugated molecules
and host polymer matrices, respectively. Both studies found

AJPL172

AJPL170

Figure 1. Structures of the chromophores AJPL170 and AJPL172.

weak van der Waals interactions between the spacer groups
and the host polymer can reduce the absorption inhomogeneous
line-broadening of tetraphenylporphine and high- nonlinear
optical chromophores in polymer matrices.

Thermal analyses by differential scanning calorimetry (DSC)
were performed to investigate the possible impact of the tripty-
cene moiety on the phase transition behavior of the chromo-
phore and its guest—host polymers. In monolithic form, both
AJPL170 and AJPL172 have very similar glass transition tem-
peratures around 110 °C, and no melting points with the
chromophores decomposition temperatures at around 200 °C.
However, when doped into BPAPC, dramatic differences were
observed (Figure 3). For these doped polymer films, number
density was used to quantify the loading level of chromophores in
BPAPC for parallel comparison. Therefore, 17 and 34 wt % of
AJPL170 were doped into BPAPC (AJPL170/BPAPC here-
after), which correspond to a number density of 1.5 x 10
and 3.1 x 10*° cm °, respectively. To retain such equivalent
number densities, the formulation by doping 20 and 40 wt % of
AJPL172 into BPAPC (AJPL172/BPAPC hereafter) were used.
DSC showed that AJPL170/BPAPC exhibits relatively broad and
featureless glass transition, and its T, (onset) is around 132 °C
for 17 wt % of chromophore loading, which drops to 125 °C at 34
wt %. This result follows the general trend of guest—host EO
polymers, in which their Tgs decrease with higher chromophore
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Figure 2. Normalized UV—vis absorption spectra of AJPL170/PC and
AJPL172/PC with equal chromophore number density.

Table 1. Summary of the Physical Properties of AJPL170, AJPL172, and Their Guest—Host Polymers

Amax in solution (nm)

entries L4-dioxane CH3;CN  CHCl; T, (°C) of monolithic glasses®
AJPL170 718 763 803 111
AJPL172 716 754 799 109

guest—host polymers in BPAPC

Amax (nm)? T, (°C) (loading)®  r33 (pm/V)®  temporal stability (%)*
807 132 (17 wt %)
125 (34 wt %) 166 81
801 137 (20 wt %)
151 (40 wt %) 172 93

“ Glass transition temperatures of monolithic chromophores and guest—host polymers measured by DSC under nitrogen at the heating rate of 10 °C/
min. ” Thin films of AJPL170/BPAPC-17 wt % and AJPL172/BPAPC-20 wt %. “ EO coefficient measured at 1310 nm by a simple reflection technique.
4 Temporal alignment stability of poled films: the percentage of the initial 33 values after isothermal annealing at 85 °C for 130 h.
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Figure 3. Thermal analysis of AJPL170 and AJPL172 at different
concentrations in BPAPC by differential scanning calorimetry (DSC)
at 10 °C min~ " under nitrogen.

loading due to the plasticization effect. In contrast, the T, of
AJPL172/BPAPC is increased significantly by 16 °C, from
137 °C at the loading of 20 wt % to 151 °C at 40 wt %. The
glass transition peaks of AJPL172/BPAPC are much more
distinct and steeper than those of AJPL170/BPAPC. Further-
more, the T, of AJPL172/BPAPC with the chromophore loading
of 40 wt % stays constantly at 151 °C after multiple annealing
cycles, which is higher than the individual Tgs of AJPL172
(110 °C) and BPAPC (147 °C). These results cannot be simply
interpreted by the Fox equation for the analysis of miscible
polymer blends.'® The Fox equation gives the T, of blended
polymer by 1/T, = ¢1/Ty1 + ¢2/ Ty, where ¢; is the mass
fraction and Ty, is the glass transition for the ith component. The
Tgs of AJPL170/BPAPC composite from DSC are slightly lower
(by S °C) than the estimated values by the Fox equation.
However, the experimental T, of AJPL172/BPAPC with 40 wt %
of chromophore is much higher than expected. This variation
could suggest a stronger noncovalent guest—host interaction
through the triptycene modification in AJPL172/BPAPC. After
multiple annealing cycles, the distinct and unchanged glass
transition peaks of AJPL172/BPAPC preliminarily support this
hypothesis by illustrating the improved compatibility and mor-
phological stability of polymer composites. Another indirect
indicator is the reduced absorption inhomogeneous line broad-
ening in thin film spectra of AJPL172/BPAPC aforementioned,
since favorable guest—host interaction would provide a mecha-
nism to reduce the formation of chromophoric aggregates.

The enhanced T, of AJPL172/BPAPC-40% also motivated us
to test the temporal stability of its poled films. This test, once
being performed in parallel with AJPL170/BPAPC, should
provide direct evidence to the presence of strong guest—host
interaction and highlight the role of triptycene moiety in
affecting the temporal stability and molecular relaxation of poled
films. Therefore, the formulated solutions of AJPL170/BPAPC
and AJPL172/BPAPC in dibromomethane (6.0 wt % solid
content) were spin-coated onto ITO glass substrates and then
baked overnight at 80 °C under vacuum, yielding optical quality
thin films with thickness of around 1—2 y#m. The ITO substrates
from thin film devices were selected to have suitable conductivity,
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Figure 4. Temporal alignment stability of AJPL170 (34 wt %) and
AJPL172 (40 wt %) in BP-APC at 85 °C under a nitrogen atmosphere.

low reflectivity, and good transparency to minimize errors in EO
measurements. A thin layer (>100 nm) of gold was then sput-
tered on top of the polymer films to serve as the top electrode and
mirror. The sample is poled using a field of 100 V/um at an initial
temperature of 50 °C, while increasing the temperature at a rate
of 10 °C/min until the glass transition temperature was reached.
The poled sample was then cooled to ambient room tempera-
ture, and the applied field was removed. The r33 values of poled
films were measured by using the modified Teng—Man reflec-
tion technique at a wavelength of 1310 nm (Table 1)."

Both AJPL170/BPAPC and AJPL172/BPAPC exhibited
large r33 values of around 170 pm/V, suggesting the negligible
effect of the triptycene moiety on the achievable polar order of
poled films. A significant difference arises in the temporal
alignment stability of two EO polymers. As shown in Figure 4,
after being annealed at 85 °C for 130 h, the poled films of
AJPL172/BPAPC can retain more than 90% of its initial r33
value, and this percentage is considerably higher than those of
AJPL170/BPAPC and other higher T, guest—host EO poly-
mers such as CLD1/APC."® This much improved temporal
stability of AJPL172/BPAPC provides a direct measure that
the molecular relaxation in the poled films has been restricted
through the addition of the triptycene moiety on the chromo-
phore structure.

To further quantify the effect of the triptycene moiety on the
dipole relaxation of guest—host polymers, a series of thermally
stimulated discharge (TSD) studies were performed." In this
study, poled films of AJPL170/BPAPC-34 wt % and AJPL172/
BPAPC-40 wt % were connected to a Keithley 617 electrometer
in a short circuit configuration and put into a programmable
heater. The temperature was first held at 50 °C for 10 min
and then heated up to 180 °C at a ramping rate of 1 °C/min. The
current was recorded and plotted as shown in Figure 5. In
the TSD spectrum, a notable o peak and a large rising slope
after the glass transition can be observed. Previous studies have
shown the o peak of an EO polymer is a direct indication of
the dipole relaxation process."” The sharp rise after the Ty is
attributed to the p peak, which is related to the release of trapped
charges for poled films. Integration in the time domain of both
curves yielded total charge releases at the magnitude of 57 nC,
which confirms the peaks correspond to the dipole relaxation
behavior at the same magnitude. In the spectra, the o peak of
the AJPL172/BPAPC system appears at 137 °C, which is 16 °C
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Figure 5. TSD spectra of poled AJPL170/PC (34 wt %) and AJPL172/
PC (40 wt %) taken at 1 °C/min from 50 to 180 °C. Inset: depolariza-
tion rate measurements of 34 wt % AJPL170/PC and 40 wt % AJPL172/
PC.

higher than that of the o peak of the AJPL170/BPAPC system at
121 °C. Additionally, significant differences are further observed
in the rates of depolarization for the AJPL170/BPAPC and
AJPL172/BPAPC (see the inset of Figure S). In this regard,
the slope for the depolarization rate of AJPL172/BPAPC clearly
displays a marked difference. The sum of these TSD results
indicates that incorporation of the triptycene moiety in
AJPL172/BPAPC shifts the dipole relaxation to a higher tem-
perature range and decreases the depolarization rate of poled
films. This analysis clearly explains the enhanced temporal
stability of AJPL172/BPAPC.

The above experimental studies strongly support the hypoth-
esis of stronger guest—host interaction as the underlying mecha-
nism accounting for exceptional properties of AJPL172/BPAPC.
The higher activation energy barrier for depolarization is attri-
butable to the stronger noncovalent interactions or the pre-
existing entanglement between the triptycene moiety on the
AJPL172 chromophore and the polycarbonate backbone. During
the poling, two intertwined processes are expected: (i) the
orientational rotation of the chromophores in response to the
electric field and (ii) the local reorganization of segments in
response to the enhanced macroscopic polar order of materials.
After the poling, the polar order of chromophores is frozen in the
polymer matrix due to the decreased molecular rotational free-
dom of the polymer at the ambient temperature. This process can
reorganize the polymer composite into a more stabilized state by
minimizing the IMFV. More specifically, the polycarbonate
chains can be packed into the IMFV of the triptycene moiety,
thereby inducing the entanglement of the chromophore with the
polymer matrix.

This molecular behavior is also consistent with previous
studies of triptycene-containing materials.""'> In a study con-
ducted by Swager, the triptycene moieties were appended to the
mesogen guest molecules and physically hindered the switching
times of the liquid crystalline host, especially when the triptycene
moieties were appended at either end of the guest molecules. For
triptycene-containing polyesters and polycarbonates, Thomas

also revealed unconventional thermal behavior due to the incor-
poration of triptycene moiety in the copolymer backbone.'' The
polycarbonate copolymer with 25% of triptycene-based unit
expressed improved mechanical properties and a T, of 176 °C,
which is 24 °C higher than that of BPAPC. At this loading
ratio, they proposed that incorporation of triptycene moieties
could increase interchain interactions introduced by molecular
threading. Their data suggested that the triptycene units
interact with the phenyl units and interfere with cooperative
motions of the carbonate units, where the relaxation process of
BPAPC typically involves 6—9 connected repeating units.""
Our DSC studies also revealed the similar T, enhancement
and improved morphological stability against phase separation
for the guest—host polymer, which was doped with a high con-
centration (40 wt %) of triptycene-functionalized AJPL172.
The loading percentage of this composition corresponds to
the ratio of triptycene groups to the unit of bisphenol A
carbonate groups (BPA) at 1:5.5, which is close to that of
main-chain copolymers in Thomas’ study. Therefore, we
speculate that a strong guest—host interaction is present in
AJPL172/BPAPC-40 wt % and conserve the similar structural
motif, where the triptycene moiety of AJPL172 interacts with
the phenyl ring and/or carbonate unit of BPAPC through a
molecularly threaded interaction. This analysis is in accor-
dance with all the experimental results of this study and comp-
lies with previous relevant literature. In comparison, such
guest—host interaction is absent in AJPL170/BPAPC without
the triptycene modification or is less significant in AJPL172/
BPAPC-20 wt % due to a much smaller ratio of the triptycene
groups to the BPA unit at 1:11.

In conclusion, we have demonstrated a new type of triptycene-
functionalized dipolar chromophore (such as AJPL172) with
improved temporal stability and compatibility in a guest—host
polymer. A large EO coefficient of 172 pm/V at 1310 nm and
excellent temporal stability at 85 °C have been achieved in poled
films of AJPL172/BPAPC with a high chromophore loading
density of 3.1 x 10*° cm™>. This new design offers an elegant
approach for improving the temporal stability and compatibility
of guest—host EO polymers for device applications. It has been
elucidated that a strong guest—host interaction accounts for the
excellent properties of AJPL172/BPAPC through the molecular
threading effect of the triptycene moiety. The EO polymer is a
unique functional material platform, which can record the
possible IMFV effects of triptycene modification through multi-
ple electrooptic characterization tools, such as achievable polar
order, temporal stability of poled films, and thermally stimulated
depolarization spectrum. These studies have provided unique
and ample insight toward a deeper understanding of the relaxa-
tion mechanism in triptycene-containing molecular and poly-
meric materials for further understanding the poling/annealing
processes required for photonic applications.
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