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ABSTRACT: The research on the polymer-based solar cells
(PSCs) has attracted an increasing amount of attention in recent
years because PSCs pose potential advantages over mainstream
inorganic-based solar cells, such as significantly reduced
material/fabrication costs, flexible substrates, and light weight
of finished solar cells. The research community has made great
progress in the field of bulk heterojunction (BHJ) polymer
solar cells since its inception in 1995. The power conversion
efficiency (PCE), a key parameter to assess the performance of
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solar cells, has increased from 1% in the 1990s to over 8% just recently. These great advances are mainly fueled by the
development of conjugated polymers used as the electron-donating materials in BHJ solar cells. In this Perspective, we first
briefly review the progress on the design of conjugated polymers for polymer solar cells in the past 16 years. Since a conjugated
polymer can be arbitrarily divided into three constituting components—the conjugated backbone, the side chains, and the
substituents—we then focus on the rational design of conjugated polymers by separately discussing the influence of each
component on the physical and photovoltaic (PV) properties of these polymers. Special attention is paid to the design of donor—
acceptor type low-band-gap polymers because this approach is prevailing in the literature with its unique features. In doing so, we
strive to extract useful rules for the rational design of conjugated polymers with predictable properties. We conclude by proposing
future research opportunities to achieve even higher PCEs for PSCs.

1. INTRODUCTION

1.1. Background. Polymer solar cells (PSC) have attracted
an increasing amount of attention in the research community
due to the potential advantages of PSC over inorganic-based
solar cells, including low cost, light weight, and fast/cheap roll-
to-roll production.'~” Typically, p-type semiconductor (i.e.,
electron DONOR, such as conjugated polymers) and n-type
semiconductor (i.e., electron ACCEPTOR, such as fullerene
derivatives) are blended in a bulk heterojunction (BHJ)
configuration as the core component for PSC.*> The inter-
penetrated network of BHJ offers two advantages: (a) it
minimizes the traveling distance of excitons (electron—hole pair
generated upon light absorption) to the DONOR/ACCEPTOR
(D/A) interface and concurrently maximizes the D/A interfacial
area, thereby ensuring the exciton dissociation at the D/A inter-
face to generate maximum free charge carriers; (b) it offers
charge transport pathways to facilitate the charge collection at
electrodes, completing the conversion of the photon energy to
electrical energy (ie., photovoltaic effect). In a complete BHJ
solar cell, the active layer is sandwiched between a transparent
anode (typically tin-doped indium oxide, ITO) and a metal
cathode (Figure 1). Additionally, a thin layer of poly(3,4-
ethylenedioxythiophene)—poly(styrenesulfonate) (PEDOT:
PSS) is generally applied in between the ITO and the active
layer to improve the electrical contact between the ITO and the
active layer and to adjust energy levels.®
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Figure 1. Schematic illustration of the structure of a typical bulk
heterojunction polymer solar cell device.

The power conversion efficiency (PCE) of polymer solar cells
has improved rapidly from below 1% to over 8% in the past
16 years.” This impressive accomplishment is mainly achieved by
the molecular engineering of the structure of conjugated polymers
(as the DONOR materials),"*""* assisted by limited successes in
derivatizing the fullerenes (as the electron ACCEPTOR)."*™"®

Because of the limited solubility of buckminsterfullerene
(Cgo) in common organic solvents, a fullerene derivative, [6,6]-
phenyl-C61-butyric acid methyl ester (PCgBM), has been used as
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a standard and efficient ACCEPTOR material in PSC. The
photoinduced charge transfer from the conjugated polymer to
PC4BM occurs quantitatively on the picosecond time scale with
exciton dissociation rate near unity,’ a unique feature inherited
from the original C60."” Although some other high perfor-
mance fullerene derivatives have also been developed over the
years,”” %% the relatively cheap and commercially available
PC¢BM is still widely applied as the standard ACCEPTOR
material. In recent years, PC;,BM, a C,, analogue of PC¢BM, was
used in some research groups to increase PCE because of its better
light absorption in the visible region.'® In this Perspective, we will
focus on the rational design of conjugated polymers under the
assumption that PCsBM/PC, BM is used as the electron
ACCEPTOR. The seemingly narrow topic of conjugated
polymer-based solar cells in fact covers a much wider range of
active research thrusts, ranging from materials synthesis, physical
chemistry (e.g, exciton behavior and morphological study of active
layers), to device physics and involves multiple disciplines
(chemistry, physics, and engineering). Therefore, interested
readers should refer to other related reviews to grasp a more
comprehensive picture of the extremely active and productive field
of polymer solar cells."*'>*' = Finally, to avoid confusion, donor
and acceptor are generally referred to as building units for the
design of polymers, while DONOR and ACCEPTOR with all letters
capitalized are reserved to represent the DONOR polymer and
ACCEPTOR (e.g, fullerene) in the BHJ blend, respectively.
1.2. A Brief History of the Development of Con-
jugated Polymers for Polymer Solar Cells. The rather
short history of BHJ solar cells can be roughly divided into
three phases from the perspective of the conjugated backbones
of DONOR polymers. Phase one centered on poly(phenylene
vinylene)s (PPV), such as poly[2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene] (MEH-PPV) and poly[2-methoxy-5-(3',7-
dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV). Power
conversion efficiency as high as 3.3% was achieved in PPV-based
BH]J solar cells with PC4,BM as the ACCEPTOR material, mainly
through the apglication of chlorinated solvents to tune active layer
morphologies.3 SSA high open-circuit voltages (V) up to 0.82 V
was obtained as a result of the relatively low highest-occupied
molecular orbital (HOMO) energy level of —5.4 eV of MDMO-
PPV; however, the large band gap of MDMO-PPV limited the
short-circuit current density (J,.) to 5—6 mA/cm?® Therefore, in
phase two, a smaller-band-gap polymer, regioregular poly(3-
hexylthiophene) (rr-P3HT), was thoroughly investigated.””
P3HT-based BHJ devices provide a noticeably higher current
density (over 10 mA/cm?), attributed to its lower band gap (1.9 eV)
as well as to its increased z-stacking and crystallinity which
yields a higher hole mobility.**** Upon optimization of the active
layer morphology via thermal®® or solvent annealing® an
impressive PCE of 5% was achieved.””*" Unfortunately, the high
HOMO (— 5.1 eV) energy level of P3HT has restricted the V. to
~0.6 V in its related BHJ solar cells with PC4BM as the
ACCEPTOR, which consequently limits the overall efficiency.
Presently in phase three, numerous polymer backbones have
been reported. High V. over 1 A high J. over 17.3 mA/ am?’
and fill factor (FF) over 70%*** have been demonstrated
in different polymer-based BHJ solar cells. If all these
impressive values could be combined in one polymer solar
cell, it would give a PCE as high as 12%! However, due to the
interplay of polymer properties such as energy levels and band
gap and their correlation with V. and ], highest V . and
highest ], cannot be concurrently obtained.** In order to
achieve the highest possible PCE, one needs to carefully balance
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the V. and J. via judicious control over physical properties of a
conjugated polymer (i.e., in pursuit of “ideal polymers”).

1.3. Required Properties for Ideal Polymers. To design
ideal polymers as the DONOR in polymer-based BH]J solar
cells with high PCE (PCE = V. X J,. X FF/P,,), the following
issues need to be carefully addressed.

a. Open-Circuit Voltage (V,,). V. is tightly correlated with
the energy level difference between the HOMO of the DONOR
polymer and the LUMO of the ACCEPTOR (eg, PC¢BM).¥
In theory, polymers with low-lying HOMO levels would exhibit
higher V.. However, the HOMO level of the DONOR polymer
cannot go too low. This is because generally a minimum energy
difference of ~0.3 eV between the LUMO energy levels of the
DONOR polymer and the ACCEPTOR is required to facilitate
efficient exciton splitting and charge dissociation. When PC4 BM
with a LUMO level of —4.2 €V is used as the ACCEPTOR, the
lowest possible LUMO level of the DONOR polymer would be
near —3.9 eV. Continuously lowering the HOMO level of the
DONOR polymer would inevitably enlarge the band gap of the
polymer, diminishing the light absorbing ability of the DONOR
polymer (thereby a low J,.). The origin of V. is still under intense
debate, and recent data indicate that V. is decided by a couple of
other factors besides just the HOMO level of the polymer.***
Furthermore, bulkiness of side chains, interchain distances, and
morphology of active layer have also been demonstrated to have a
noticeable effect on the V,.>°

b. Short-Circuit Current (J,.). The theoretical upper limit for
Jsc of any excitonic solar cell is decided by the number of excitons
created during solar illumination. Ideally, the absorption of the
active layer should be compatible with the solar spectrum to
maximize the exciton generation. Since PCq;BM has a poor absor-
ption in the visible and near-IR region where most of the solar flux is
located, the DONOR polymer has to serve as the main light
absorber. Roughly 70% of the sunlight energy is distributed in the
wavelength region from 380 to 900 nm;”" hence, an ideal polymer
should have a broad and strong absorption in this range, which
requires the polymer band gap to be 1.4—1.5 eV. A narrower band
gap polymer could absorb more light, which would increase the J;
however, continuing to lower the band gap would require an
increase of the HOMO level of the DONOR polymer (since the
LUMO level cannot be lower than —3.9 eV with PC4BM as the
ACCEPTOR for efficient exciton splitting and charge dissociation)*"
and would reduce the V.

If one assumes a fill factor of 0.65, an external quantum efficiency
of 65%, and an optimal morphology, one can approximate the over-
all PCE from the optical band gap and the LUMO/HOMO of the
DONOR polymer in a polymer:PC¢;BM BH]J solar cell (Figure 2).*
It is clearly seen that a PCE of 10% can be achieved by an “ideal”
polymer with an optimal band gap of 1.5 eV and a HOMO level
around —5.4 eV.

Though the experimentally determined V. can be very close
to the predicted value based on the measured HOMO level of
the polymer, the actual ] extracted from a polymer solar cell is
usually significantly lower than the theoretical ], due to a number
of loss mechanisms (e.g,, monomolecular or bimolecular recombina-
tion) during the charge generation, transport, and extraction.””!
Thus a few other desirable features need to be included to
mitigate these losses, such as high molecular weight, high
charge mobility, and optimized active layer morphology, all of
which will help improve the actual .

¢. Fill factor (FF). From a semiconductor photovoltaic
device point of view, a high FF requires a small series resistance
(R,) and a large shunt resistance (Ry),* both of which are
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Figure 2. Calculated energy-conversion efficiency of P3HT and an
“ideal” polymer, assuming FF and IPCE at 65%. Reprinted with
permission from ref 47. Copyright 2006 Wiley-VCH Verlag GmbH &
Co. KgaA.

significantly impacted by the morphology of the polymer/
fullerene blend. Thus, the morphology of the active layer
should be optimized to promote charge separation and
favorable transport of photogenerated charges in order to
maximize the FF and the attainable J,.

Finally, besides high PCE, solution processability (offered by
side chains) and long-term stability of polymer solar cells
(related with both materials and encapsulation) are of equal
importance for future application and commercialization.

In short, the properties desired for a high performance
polymer are (1) good solubility, (2) high molecular weight,
(3) HOMO level around —5.4 eV, (4) LUMO level around
—3.9 eV, (5) high hole mobility, (6) optimal morphology, and
(7) long-term stability.

2. MOLECULAR ENGINEERING OF CONJUGATED
POLYMERS FOR POLYMER SOLAR CELLS

2.1. Structural Features of Conjugated Polymers: A
Bird’s Eye View. A typical conjugated polymer used as the
electron DONOR in polymer solar cells is illustrated in Scheme 1.

Scheme 1. Illustration of a Typical Conjugated Polymer for
Polymer Solar Cells

Side chains

Backbone
repeating unit

Substituent

Generally, a conjugated polymer can be arbitrarily divided into
three constituting components: the conjugated backbone, the
side chains, and the substituents. The conjugated backbone is
the most important component because it dictates most of the
PSC-related physical properties of the conjugated polymer, such as
energy levels, band gap, and inter/intra molecular interactions.
Hundreds of different backbones have been reported so far;'*~">
however, the design of polymer backbones has been quite empirical.
As a result, the discovery of high performance polymers is
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rather serendipitous. Therefore, the rational design of
conjugated backbone (i.e., the repeating units) is of utmost
importance in the further development of polymer solar cells.

On the other hand, side chains play a crucial role in improving
the molecular weight, solubility, and processability of conjugated
polymers. Furthermore, these side chains can adjust intermolecular
interactions and allow proper mixing with PC4,BM to form the
desired morphology. However, these insulating side chains also
dilute the chromophore density and disturb z-stacking of polymer
backbones, which could thwart the light absorption and charge
transport. In addition, improper attachment of side chains may
introduce steric hindrance and twist the conjugated backbone,
which could lead to a large band gap, low charge carrier mobility, and
poor photovoltaic properties. Finally, there are increasing evidence
showing that the shape and length of side chains have noticeable
impact on the photovoltaic properties of conjugated polymers.

Lastly, substituents (such as F and CN) are generally used as
fine-tuning methods to tweak the physical properties of conjugated
polymers, particularly the electronic properties (energy levels, band
gap, mobility, etc.). Since photovoltaic properties of conjugated
polymers are very sensitive toward their electronic properties,
sometimes substituents can have important influence on the
photovoltaic performance of related conjugated polymers.

2.2. Rational Design of Conjugated Polymer Back-
bones. All reported conjugated backbones for PSC can be
arbitrarily classified into a few categories based on the constitution
of the repeating unit, namely (a) homopolymer, (b) donor—
acceptor polymer, (c) quinoid polymer, and (d) other types of
polymers, as shown in Figure 3.

The repeating unit of the homopolymer usually consists of a
single aromatic unit or fused aromatics. The physical properties of
these polymers are largely determined by the intrinsic properties
of the constituting single or fused aromatics, with appreciable
contribution from steric hindrance between these repeating units.
Thus, most of the homopolymers have large band gaps (>1.9 eV),
which limit the light absorption of these materials. In addition,
very often the aforementioned steric hindrance forces the adjacent
repeating units off the desired coplanarity of these units, negatively
impacting the band gap and the crystallinity of the polymer,
thereby diminishing photovoltaic properties of related BHJ
devices.****** The best polymer of this type is the regioregular
P3HT with PCE over 5% after thorough optimizations.””*>*

On the other hand, it is fairly easy to construct low-band-gap
polymers with tunable energy levels via the donor—acceptor
(D—A) approach. The repeating unit of D—A polymers
comprises of an electron-rich “donor” moiety and an electron-
deficient “acceptor” moiety. The internal charge transfer between
the “donor” and the “acceptor” moieties leads to the observed low
band gap.>® This strategy was first proposed in 1993°*%” and best
illustrated by Tour et al. by using a copolymer of 3,4-amino-
thiophene and 3,4-nitrothiophene to reach a band gap of 1.0 eV,
as shown in Figure 3.>° The internal charge transfer (ICT)
intrinsic with the D—A structure leads to more desirable double-
bond characteristic between repeating units. Therefore, the
conjugated backbone adopts a more planar configuration to
facilitate the n-electrons delocalization along the conjugated
backbone, leading to a smaller band gap. One unique feature of
the D—A polymers is that the HOMO and LUMO energy levels
are largely localized on the donor moiety and the acceptor
moiety, respectively (though HOMO is more delocalized along
the D—A structure).”>® This feature offers an important
advantage of individually tuning the band gap and energy levels
of the conjugated polymer. For example, a smaller band gap can
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Figure 3. Different types of conjugated polymers with representative structures: (a) homopolymer; (b) donor—acceptor polymer; (c) quinoid

polymer; (d) other types.

be obtained by copolymerizing a more electron-rich donor moiety
and a more electron-deficient acceptor moiety, whereas the HOMO
and LUMO levels can also be adjusted by varying the electron-
donating ability of the donor moiety and the electron affinity of the
acceptor moiety.”” Most of the conjugated polymers for PSC
reported so far are based on this D—A concept, with several of them
showing over 7% efficiency in their BHJ cells.*>*~%

“Quinoid” polymers employ a different approach to
effectively lower the band gap. Typically two aromatic units
are fused in a particular geometry to take advantage of the
larger value of resonance energy of the first aromatic unit (e.g,
benzene, 1.56 eV) over the second unit (e.g,, thiophene, 1.26 V),
so that the second aromatic unit (e.g., thiophene) tends to
dearomatize to adopt a quinoid structure. Since the quinoid
resonance form is lower in energy than the aromatic form,
stabilizing the quinoid form will effectively reduce the band gap
of related conjugated polymers. Figure 4 shows a few successful

ﬁNHNﬁ

quinoid structure

aromatlc structure

The formation of the circled
benzene ring stabilizes this
resonance structure.

(a)

Figure 4. Aromatic and quinoid forms of poly(benzo[c]thiophene) (a),
poly(thieno[3,4-b]pyrazine (b), and poly(thieno[3,4-b]thiophene) (c).
Reprinted with permission from ref 7. Copyright 2010 American
Chemical Society.

examples, including poly(benzo[c]thiophene) (Eg = 11 eV)™
poly(thieno[3,4-bpyrazine (E, = 095 eV),”® and poly(thieno[34-
blthiophene) (E; = 0.8—0.9 V). The major drawback of these
tused systems lies in their relatively high-lying HOMO energy levels,
which explains that low-band-gap copolymers synthesized by

610

alternating these prequinoid monomers with other aromatic rings
such as thiophenes and fluorenes showed low V. in BHJ solar

cells.®®* Further engineering the substituents on these conjugated
backbone can lower the HOMO levels,”*™”” thereby leading to
impressive efficiency numbers (over 7%).”*”®

Rather than inserting electron-deficient acceptor moieties
into the conjugated backbone to lower the band gap, the bridge
polymer attaches them as the pendant groups to the backbone,
aiming to optimize the absorption and conserve/promote the
isotropic charge transport without any interruption by these
acceptor moieties.””* There are only a few examples of these
bridge polymers with limited success.”””®' One challenge for
this type of polymers is the understanding and control of the
active layer morphology.

The so-called “double-cable” approach was designed with the
hope of “building in” well-defined nanostructure/morphology,
rather than going through an arduous struggle in controlling
the morphology in typical BHJ cells of polymer/fullerene
blends. This “double-cable” design covalently links electron
acceptors such as fullerenes (ACCEPTOR cable) to electron
DONORS such as the conjugated backbones (DONOR cable).
The advantages of this design include (i) a larger DONOR—
ACCEPTOR interfacial area when compared with a typical BHJ
structure, (ii) absence of undesirable large phase separation,
(iii) relatively stable morphology, and (iv) variation of the
chemical structures of the DONOR and the ACCEPTOR and
length of the spacer between them, allowing to fine-tune the
electronic interaction among the double-cable components.*>*>
Several materials of this “double-cable” design have been
demonstrated in polymer solar cells.**"* However, the PCE of
such devices is still at a very low level, likely due to fast
recombination of opposite charges, 1neffect1ve interchain charge
transport, and low ACCEPTOR content.”

Because of the aforementioned advantages, the versatility in
design, and the popularity of the D—A polymers, we will focus
on the design of donor—acceptor polymers in this Perspective.

2.3. A “Weak Donor—Strong Acceptor” Approach
toward Ideal Polymers. As discussed in section 1.3, the ideal

dx.doi.org/10.1021/ma201648t | Macromolecules 2012, 45, 607—632



Macromolecules

conjugated polymer for BHJ solar cells should have a low-lying
HOMO energy level to ensure a high V. and a narrow band
gap to maximize the J. Because the D—A polymers offer the
unique feature of almost independently tuning the energy levels
and the band gap, a “weak donor—strong acceptor” strategy has
been proposed to maintain a low HOMO energy level via the
“weak donor” and to result a narrow band gap by employing a
“strong acceptor” via ICT (Figure 5).*° In addition, the charge

LUMO
———- -33 — -3
“« -39 <
'weak < a2 |— -8 i
donor” “ — -
strong &
acceptor” -5.2 — -5 g
) -5.4 S
l P3HT -60 | .
“Ideal”
HOMO ————
Polymer PCyBM

“weak “strong
donor” acceptor”

Figure S. “Weak donor—strong acceptor” concept and energy levels.
Adapted with permission from ref S9. Copyright 2010 American
Chemical Society.

mobility, molecular interaction, and stability of a conjugated
polymer can also be optimized by appropriate backbone design.

In the following sections, we will categorize various electron-
donating units and electron-accepting units from the literature
based on their structural features. The goals are to (a) sum-
marize structure—property relationships of these units, and
(b) identify principles that can facilitate future designs.

2.3.1. Selection of Donor Units. To design a suitable donor
unit, first and foremost is to control its electron-donating
ability, which has a large impact on the HOMO level and the
band gap of conjugated polymers. Fused conjugated units are
generally employed, since an appropriate fusion of a few single
aromatic units can not only tune the electronic properties but
also impact the charge mobility and intermolecular interactions
of related conjugated polymers.

2.3.1.1. Fused Three Rings: Control over the Energy
Levels. Figure 6a summarizes a few fused conjugated units with
three rings. For example, fluorene is one of the most popular
donor units used in D—A polymers for PSC due to a few
notable features of the polyfluorenes, such as good thermal and
chemical stability, high charge carrier mobility, and high
absorption coefficients. In addition, the synthesis and alkylation
of fluorene unit are readily accessible.”” *® Furthermore, the
central fused five-membered ring structure of the fluorene
eliminates the otherwise severe steric hindrance of adjacent
benzene units. Also, the alkyl chains are usually anchored on
the 9-position of the fluorene, which does not add any

a) R R R R R R
CcPT

Fluorene BDT isomer 1
R R R
R ; l s
x N N
- Ay, Y
STONTTS s s R
DTPn CPTz BDT isomer 2
(BnDT)
N s,
b) Ry R4 NN Rz R, NN
\ /) \
N~ m
S s7TS s” s n
PFDTBT R1= n-octyl PCPDTBT
R2= 2-ethylhexyl
R3= 3-butylnonyl
Ry R 8.
N/
a N
S N/ S n
PDTPn-BT

PBnDT-DTffBT

Figure 6. (a) Examples of fused-three-ring donor units. (b) Chemical
structures of related copolymers.

additional steric hindrance. All these lead to a planar backbone
of fluorene-related conjugated polymers, improving the inter-
molecular interaction and stacking of conjugated polymers.

Electronically, the fluorene unit is a very weak electron donor
because of the relatively electron-deficient benzene units.”
Therefore, most fluorene-based cm}g’u ated polymers have
low HOMO levels around —5.5 eV.”%'®7'% Ag a result, V,,
of polyfluorene-based BHJ solar cells are generally around
1 V (Table 1)."°%'% However, these polymers usually have
relatively large band gaps, which are not ideal for efficient light
harvesting. To address this band-gap challenge, the thiophene
analogue of the fluorene, cyclopentadithiophene (CPT) unit by
fusing two thiophene units, was developed.'®* The CPT unit is
much more electron-rich than the fluorene; thus, the ICT between
the CPT donor unit and the acceptor unit is much stronger,
leading to a significantly decreased band gap of related polymers
(eg, 14 eV). 04-106 The J.. of CPT-based polymers can reach
up to ~17 mA/cm’ by optimizing the morphology with additives,
which is among the highest J,. in polymer solar cells.>"
Unfortunately, the electron-rich nature of the CPT raises the
HOMO of CPT-based polymers to around —5.2 eV; therefore, a
small V. is generally observed (0.5—0.6 V).

Comparison between the fluorene and the CPT leads to the
conclusion that a weak donor with electron-donating ability in
between CPT and fluorene would be desirable toward the ideal
polymer of both a low HOMO energy level and a narrow band
gap. One natural choice is to fuse the benzene unit and the
thiophene unit, such as the BDT unit (and its isomers). Both

Table 1. Summary of Band Gaps, HOMO Levels, and Photovoltaic Properties of Conjugated Polymers in Figure 6b

polymer band gap (eV) HOMO (eV)
PEDTBT 19 =57
PCPDTBT 1.4 =53
PBnDT-DTffBT 1.7 =55
PDTPn-BT 2.1 -5.6

V. (V) Jic (mA/cm?) FF PCE (%) ref
1.04 4.66 0.46 22 92
0.62 16.2 0.55 5.5 93
091 12.91 0.61 72 61
0.31 0.75 0.37 0.09 94
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Figure 7. (a) Structures of donor units fused by bridging atoms. (b) Chemical structures of related copolymers.

R1= n-dodecyl

Table 2. Summary of Band Gaps, HOMO Levels, and Photovoltaic Properties of Conjugated Polymers in Figure 7b

polymer band gap (eV) HOMO (eV) V. (V) Joc (mA/cm?) FF PCE (%) ref
Si-PCPDTBT 14 =53 0.57 17.3 0.61 5.9 S
C-PCPDTBT 1.3 =53 0.37 15.5 0.48 2.7 S
PSiF-DBT 1.82 =54 0.90 9.5 0.51 S4 109
PDTP-DTDPP 113 —4.90 0.38 14.87 0.48 2.7 110
PCDTBT 1.9 =55 0.88 10.6 0.66 6.1 4
PGFDTBT 1.8 -5.6 0.79 6.9 0.51 2.8 111
P-Ge 1.69 -5.6 0.85 12.6 0.68 7.3 62

BDT isomers have a benzo core in the center and two flanking
thiophene rings. BDT units offer two advantages: the necessary
alkylation (to improve the solubility of resulting polymers) can
be fulfilled on the center benzene ring, and the two flanking
thiophene units render much less steric hindrance with adjacent
acceptor units, leading to a more planar backbone. The
differences of the isomers are on the linking position of these
three subunits and symmetry of the molecule (to be discussed
later in section 2.3.1.4). Both of the isomers exhibit weaker
electron-donating ability compared with that of the CPT.
Therefore, the HOMO levels of some BDT-based polymers are
closer to the ideal HOMO energy level.**>"'%7 Together with
a relatively narrow band gap, a few BDT-based polymers have
demonstrated PCE over 6% in their BHJ cells.*>*"!"
Particularly, BHJ PV devices based on PBnDT-DTffBT has
been shown with a V,_around 0.9 V and a J,. over 12 mA/cm?,
leading to a PCE over 7%.5!

Further decreasing of electron-donating ability of the donor
unit can be realized by changing the benzo unit to the pyridine
unit or switching thiophene units to thiazole units as
exemplified in Figure 6. Polymers based on both of the units
show significantly decreased HOMO levels.”*'*®
dithienopyridine (DTPn)-based polymers exhibit decreased V,
along with decreased J,. due to their larger band gaps. Possible

However,

612

reasons are non-ideal polymer—PC¢BM interaction and poor
exciton dissociations.”*

Further tuning of the electron-donating ability and other physical
properties of these donor units can be achieved via modifying
specific atoms of the donor units (Figure 7 and Table 2).

Replacing the center (the only sp®) carbon atom of the CPT
unit with silicon has been thoroughly studied by Brabec and
co-workers."">'" Since carbon and silicon have similar electron
negativity and outer layer electronic structure (s*p*), CPT and
silol dithiophene have a similar electron-donating ability. This
explains the fact that HOMO levels and band gaps of the Si-
bridged polymer (Si-PCPDTBT) and the C-bridged polymer
(PCPDTBT) are nearly identical. However, the larger silicon
atom and the longer C—Si bond modify the geometry of the
fused dithiophene unit, allowing a better stacking of the
polymer backbone. This helps improve hole and electron
mobilities of Si-PCPDTBT/PC,BM blend, a factor of 2—3
higher than those of the PCPDTBT/PC,,BM blend. Further
indication for the better stacking of Si-PCPDTBT can be found
from the absorption spectra of polymer thin films. In spite of
similar band gaps between Si-PCPDTBT and PCPDTBT, a
strong aggregation peak is present around 750 nm in the case of
Si-PCPDTBT. This is confirmed by grazing incidence X-ray
study (Figure 8). A pronounced diffraction peak at 5.2° (17 A),
typical for alkyl chains separating the backbones, and a weak
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Figure 8. Diffractometry images of films of pristine silicon-bridged
(squares) and carbon-bridged polymer deposited on quartz substrates.
Reprinted with permission from ref 112. Copyright 2010 Wiley-VCH
Verlag GmbH & Co. KgaA.

peak at around 20° corresponding to the backbone z—x
stacking are observed in thin films of Si-PCPDTBT. These data
support a much ordered stacking of backbone and side chains
of Si-PCPDTBT. Importantly, this enhanced aggregation
reduces the formation of charge-transfer complexes''* and
increases the formation of free charge carriers. Thus, this
seemingly small change from carbon to silicon leads to
pronounced increases on both the V,. (from 0.37 to 0.57 V)
and the J,. (from 15.5 to 17.3 mA/cm?) under the same
processing condition, with a PCE of 5.9% achieved for Si-
PCPDTBT (vs 2.7% for PCPDTBT).?

However, changing the bridging atom of the fluorene from
carbon to silicon has a strong effect on the electron-donating
ability and energy levels of related polymers (PFDTBT vs
PSiF-DBT).'” Furthermore, silafluorene-based polymers have
higher electroluminescent efficiency, thermal stability, and slightly
larger hole mobility."'> Therefore, a larger J,. has been demon-
strated with a little drop on V,, and a PCE over 5% has been
realized for a silafluorene-based polymer.'%

On the other hand, pyrrole is much more electron-rich than
the cyclopentadiene (the center structural unit of the CPT). By
replacing the bridging carbon atom of the CPT unit with a
nitrogen atom, the resulting dithienopyrrole unit should have a
stronger electron-donating ability than that of the CPT."*° This
leads to a more pronounced ICT between the dithienopyrrole
and the acceptor unit; therefore, a decreased band gap is
generally observed for dithienopyrrole-based polymer when
compared with those of CPT-based D—A polymers. The FET
mobility of dithienopyrrole-based polymers is slightly increased
due to an enhanced polymer chain planarity and chain—chain
interaction.''” However, because of the electron-rich nature of
the dithienopyrrole, the HOMO levels of dithienopyrrole-based
polymers are elevated to around 5.0 eV,"'*"'%"'® which would
lead to significantly decreased V. and environmental instability
of related solar cells. In addition, since only one side chain is
allowed on the N atom, a long and bulky alkyl chain is required
to render reasonable solubility in common organic solvents.
In general, these long and bulky side chains have negative
impacts on the PV properties (further discussion will be pro-
vided in section 2.5.2). Nevertheless, a high J,. of 14.87 mA/cm”
and a respectable total efficiency of 2.7% were demonstrated
for a dithienopyrrole-based polymer in its BH]J solar cells with
PC,,BM, despite a V. of just 0.4 v.Ho

However, substituting the center carbon in the fluorene unit
with a nitrogen (i.e., converting the fluorene into the carbazole)
received more success for a number of reasons. First, since
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fluorene unit itself is relatively electron-deficient (compared with
the CPT), the addition of an electron-donating nitrogen would
slightly increase the electron density of the resulted carbazole
unit. Therefore, the HOMO energy levels of carbazole-based
D—A polymers would increase, closer to the ideal HOMO level
(Figure S). Second, the polycarbazoles have been successfully
used in polymer LED''” and FET,"*® demonstrating excellent
p-type transport properties. Third, the carbazole unit is fully
aromatic and not too electron rich, offering a decent chemical
and environmental stability.'*" Therefore, it is not surprising
that a carbazole-based polymer (PCDTBT) has been
demonstrated with a V_ of 0.88 V, a J,. of 10.6 mA/cm? and
an impressive FF around 66%, leading to an overall PCE over
6% in its BHJ cells with PC,BM.*

Other hetreoatoms have also been explored as the bridging
atoms (Figure 7). For example, germafluorene-containing
polymers have been reported.''! Germanium is in the same
group (group 14 on the periodic table) with C and Si, but with a
larger radius. The optical band gap and the HOMO level of
polygermafluorene are similar to those of poly(silafluorene)s,
indicating a similar electron-donating ability of the germalfuor-
ene. Interestingly, polymers based on germafluorene do not
show as good PV performance as poly(silafluorene)s, largely
because of a decreased V, in spite of lower HOMO levels than
these of poly(silafluorene)s. Similarly, dithienogermole with Ge
as the bridging atom was also reported by Amb et al.> Similar
energy levels and band gaps were reported for silol—dithiophene-
and dithienogermole-based copolymers. Both copolymers exhibit
great photovoltaic properties with PCEs over 6% in inverted BHJ
solar cells with PC,;BM as the acceptor.

2.3.1.2. High Level of Fusion: Ladder Type Donors. Inspired
by the success of fused three rings, high level of fusion of the
aromatic units on the conjugated backbone has also been
actively explored because it can facilitate 7-electron delocalization
to increase the effective conjugation length, offering an effective
method to reduce the band gap, in addition to controlling energy
levels (Figure 9)."*'% Moreover, the resulting coplanar geo-
metries and rigid structures can suppress the rotational disorder
around interannular single bonds and lower the reorganization
energy, which in turn can enhance the charge mobility.'**">° This
high level of fusion can be achieved by either covalently fastening
adjacent aromatic units in the backbone (ie., ladder type) or by
fusing three or more aromatic units into an enlarged conjugated 7
unit. However, excessively strong interchain 77— stacking
interactions arising from this high degree of coplanarity could
make the conjugated polymers insoluble and unprocessable.'””

For example, the poly(fluorene) and the poly(CPT)
discussed above can be considered as fused poly(phenylene)
and poly(thiophene), respectively. Besides the benefits such as
band gap reduction and charge mobility enhancement, the
symmetry of these alkylated fused thiophene units eliminates
any possible regioregularity issue of poly(3-alkylthiopene)s,
which could decrease effective 7-conjugation of the conjugated
backbone.>***

The higher level of fusion can help increase environment
stability of related polymers and fix possible isomerization of
conjugated polymer backbones. For example, in the poly-
(phenylenevinylene) (PPV), the photo-oxidation via [2 + 2]
cycloaddition of excited-state singlet oxygen and vinylene group
would result in an irreversible chain scission with consequent
reduction of the conjugation length and a blue-shifted
absorption.”**"*! To address the issue of the easy oxidation
of the vinyl linkage, Song et al. cyclized the vinylene group with
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Figure 9. (a) Chemical structures of ladder-type donor units. (b) Chemical structures of related copolymers.

Table 3. Summary of Band Gaps, HOMO Levels, and Photovoltaic Properties of Conjugated Polymers in Figure 9b

polymer band gap (eV) HOMO (eV)
PININE-DTBT 1.84 —5.4S
PTPTBT 1.57 -5.36

V,. (V) Jo. (mA/cm?) FF PCE (%) ref
0.47 593 0.43 1.88 128
0.85 112 0.67 6.41 129

adjacent benzene units using two S-membered rings with
carbon as the bridge."*® This conversion of PPV into ININE
copolymers would prevent backbone scission by singlet oxygen.
Thus, polymers containing ININE show significantly enhanced
UV—vis and PL stability after irradiation with white light in air.

More ladder-type donor units by fusing three or more adjacent
units have been developed (Figure 9).**'**7'*® In addition to the
advantages mentioned above for these fused systems, these ladder-
type systems may additionally lead to broader, more intense
absorption bands which will result in enhanced solar light harvesting.
Furthermore, for every repeating unit in the ladder-type donor
containing polymers, there are more positions to attach solubilizing
chains, which may provide a better solution processability of the
related polymers.*® Some typical ladder-type donor units are
summarized in Figure 9. All the constructing subunits are just
benzene and thiophene rings. With different bridging atoms,
the electronic properties of these ladder-type donors can be
adjusted as discussed above. The highest PCE over 6% with a
high V. of 0.85 V has been achieved by a conjugated polymer
containing ladder-type donor unit TPT with a low HOMO level of
5.36 eV (Table 3).!*

2.3.1.3. High Level of Fusion: Fused Conjugation over
Three or More Aromatic Units. Another method to achieve
the high level of fusion is to fuse three or more aromatic units
into an enlarged conjugated unit with extended 7-conjugation
(Figure 10). Similar to ladder type systems, these extended
m-conjugation systems feature enforced planarity and more
effective z-electron delocalization, which can lead to broader
light absorption and improve z—7 interactions between
polymer chains in thin solid films to enhance the charge
carrier mobility."** In addition, the HOMO energy levels of
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related polymers can be tuned through adjusting the fused
aromatic moieties within these polycyclics.

For example, replacing the benzene core of benzodithio-
phene (BDT isomer 1) with a more electron-deficient
naphthalene core leads to the naphthalenedithiophene (NDT
isomer 1). NDT-based polymers exhibit both small band gaps
and low HOMO levels."*' Noticeably, a NDT-based polymer
(PNDT-DTPyT) exhibited a large J. of 14.16 mA/cm? and a
decent V. of 0.71 V, with a PCE of 6% in its BH]J solar cells
(Table 4)." To further decrease the electron-donating ability
of the donor unit for a deeper HOMO level, dithienoqui-
noxaline (QDT) with a more electron-deficient quinoxline
core was designed. Indeed, QDT-based polymers exhibited
enhanced V,, but smaller ], in related BH]J solar cells due to
decreased HOMO levels but concomitantly larger band gaps
when compared with those of NDT analogues.*®'”'*! In
another example, quadrathienonaphthalene (QTN) with an
even larger pancake-like 7-conjugation prompts better electron
delocalization, molecular interaction, and hole mobility. There-
fore, the QTN-based polymers exhibit smaller band gaps
and slightly decreased HOMO levels. The homopolymer of
QTN has a band gap of 2.0 eV, and an efficiency over 2% was
demonstrated."*

Besides cyclic extension of the conjugation, linear extension on
the donor unit has also been explored to adjust energy levels and
enhance molecular interaction and charge mobility. However,
there are only a few reported cases due to synthetic difficulties of
these units (structures on the second row of Figure 10a).1427146
Further, it is quite a challenge to attach solubilizing chains on
these linearly extended aromatic systems. Nevertheless, some
unique properties of this type of donor units do exist. For
example, these donor units have very stiff backbones, long
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Table 4. Summary of Band Gaps, HOMO Levels, and Photovoltaic Properties of Conjugated Polymers in Figure 10b

polymer band gap (eV) HOMO (eV) V. (V) exp Jo (mA/cm?) FF PCE (%) ref
PNDT-DTPyT 1.53 -5.36 0.71 14.16 0.62 6.2 107
PQDT-DTPyT 1.56 —5.50 0.75 13.49 0.55 5.6 107
HMPQTN 2.00 -5.39 0.72 5.69 0.50 2.06 139
a) R R
= @
D, 82
s s | |
S S
BDT isomer 1 NDT isomer 1 QDT QTN
R R R
S S S
O~~~
S S S
R R R
BDT isomer 2 NDT isomer 2
b)
R1= n-octyl

X=CH PNDT-DTPyT
X=N PQDT-DTPyT

R2= 2-ethylhexyl
R3= 2-hexyldecyl

HMPQTN

Figure 10. (a) Chemical structures of polyaromatic donor units. (b) Chemical structures of related copolymers.

effective z-conjugation length, good environment stability,
and moderate electron-donating properties. They usually have
strong z-stacking, which allows effective overlap of 7-orbitals;
thus, they are good candidates for OFET applications with
excellent charge carrier mobilities. These high mobilities also
render related polymers promising candidates for PSC. In
addition, the distance between side chains can be adjusted
by varying the number of (unalkylated) fused aromatics between
alkylated ones, which allows tuning of the intercalation of
PC, BM.! 47148

Interestingly, sometimes unfused rings offer additional
advantages, especially when these unfused additional aromatic
units are pendant to the conjugated backbone, without
introducing steric hindrance to the backbones.>'* Figure 11

Figure 11. Chemical structures of donor units with aromatic side
chains.

provides two such examples where these pendant thiophene
units are not coplanar with the conjugated donor units on the
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polymer main chain. However, these pendant thiophene units
would prohibit excessive z-stacking of polymer backbones;
thus, they can be used to adjust molecular interaction and active
layer morphology. Reduced 7-stacking would also lead to better
solubility of the conjugated polymers. Unlike these insulating
alkyl chains, these aromatic rings can potentially help the
charge transport. In addition, polymers containing these
unfused rings exhibit significantly increased V. in BHJ solar
cells.** The same enhancement has also been reported in
small molecule solar cells and systematically studied.*®

2.3.1.4. Symmetry of Donor Units. As already alluded in the
previous discussion, fused aromatics often lead to isomers. In this
scenario, symmetry of the molecule plays an important role.
Recent studies have indicated that symmetry of the monomers
and the related curvature of the polymer chains have large impacts
on HOMO levels and charge mobility of conjugated polymers.

A comprehensive investigation on the impact of the symmetry
was recently completed with the linear- and angular-shaped
naphthodithiophenes (NDTs) (Figure 12).150151 Takimiya et al.
discovered that NDTs of angular shapes (NDT3 and NDT4)
showed lower HOMO levels and larger band gaps than their
linear counterparts (NDT1 and NDT2)."*" Interestingly, when
it comes to the mobility, NDTs of centrosymmetry (NDT1,
NDT3, and NDT4) have enhanced mobilities than that of the
NDT of axis symmetry (NDT2). Further, NDT4 with sulfur
atoms facing outward presumably has a larger intermolecular
orbital overlap through sulfur-involved nonbonding contact than
that of NDT3 with sulfur atoms embedded in the bay region,
which explains the observed higher mobility of NDT4.
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chains were replaced with methyl groups to simplify the calculation. Reprinted with permission from refs 150 and 151. Copyright 2011 American

Chemical Society.

Lower HOMO levels are also observed in polymers
containing angular-shaped NDTs. In addition, stacking of
polymer chains is much stronger in polymers containing NDT's
of centrosymmetry than in polymers with NDTs of axis
symmetry. However, the mobility of polymers are affected by
other factors than just the shape and symmetry of the donor
unit (NDT)."*® A different mobility rank was summarized for
these polymers containing NDT and two thiophene units
(PNDT3BT > PNDT4BT > PNDTIBT > PNDT2BT). This
difference in mobility rank between the polymers and NDT
molecules can be related to the curvature of the backbone of these
polymers. As shown in Figure 12, though NDT1 has a linear
shape and NDT3 has an angular shape, the PNDT3BT could adopt
a pseudostraight-shaped backbone (rather than a zigzag-shaped
one in the case of PNDT1BT), which would lead to an effective
packing of PNDT3BT into most highly ordered structure
among all these four polymers, thereby the highest mobility.
Similar results were reported by Miillen and co-workers, who
also studied the impact of the shapes and curvature of the
molecules on mobilities.'>>'

To conclude this discussion on the donor units, Figure 13
shows an empirical electron-donating ability trend of
representative donor units. This donor unit trend is based on
the comparison of oxidation potentials and band gaps of
polymers with identical acceptor units. Due to the influences of
other factors, such as steric hindrance and significant
differences on 7-stacking, this trend may vary. Generally, a
“weak donor” with moderate electron donating ability is needed
to create polymers with ideal HOMO levels around —54 eV.
High mobility, proper intermolecular interaction, enhanced
m-electron delocalization, and bonding geometry also need to
be taken into consideration in order to design high perform-
ance conjugated polymers.

2.3.2. Design of Acceptor Units. Similar to the donor units,
the acceptor units are of equal importance in controlling the
energy levels and band gaps of conjugated polymers. However,

616

compared with the great variety of donor units reported (e.g., a
few successful examples discussed in previous section), the
design and synthesis of functional acceptors only received
moderate success. Nevertheless, several novel acceptor units
have been developed, which contributed significantly to the
enhanced photovoltaic performance of related polymers.

Perhaps the most commonly employed acceptor unit is the
2,1,3-benzothiadiazole (BT). Because of its strong electron-
accepting ability and commercial availability, BT has been very
popular in constructing low-band-gap conjugated poly-
mers.”>1%1%* Moreover, these two N atoms in the thiadiazole
ring could possibly form hydrogen bonding with adjacent units
(e.g, the hydrogen atom on the thiophene ring), leading to a
more planar backbone. With all these good features, many
polymers with a BT acceptor unit have shown low band gaps and
good photovoltaic properties.”'**'>* The best example comes
from a conjugated polymer copolymerizing dithienosilole (Si-
PCPDTBT) with the BT unit, which exhibited a band
gap of 1.37 eV and thereby a J, of 17.3 mA/cm?, with a PCE up
to 5.9% in its BHJ devices.’

Adding one thienyl group on both sides of the BT
converts BT into di-2-thienyl-2,1,3-benzothiadiazole (DTBT)
(Figure 14),¥ALARI9IS57IST (hich has a few more advantages
when compared with the original BT unit. First, the two flanking
thienyl units relieve the otherwise possibly severe steric hindrance
between the BT unit and donor aromatic units (especially when
benzene based aromatics are used).'”® Thus, the synthesized
donor—acceptor polymers adopt more planar structures, thereby
reducing the band gap by enhancing the D—A conjugation. In
addition, a more planar conjugated backbone facilitates the
chain—chain interactions among polymers in the solid state,
improving the charge carrier (usually hole) mobility. Second,
while the electron-accepting BT unit maintains the low band gap,
the two electron-rich, flanking thienyl units would help improve
the hole mobility, since thiophene-based polymers (such as
P3HT) have shown noticeably high hole mobility.">® Third, the
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BT unit has limited positions for addition of solubilizing chains or
substituents, and attaching these units would likely introduce
steric hindrance. To this end, these flanking thienyl units can
provide more possible positions for further modification of
electronic properties and solubility of conjugated polymers, with
minimal steric hindrance involved if properly introduced.'”
However, due to the electron-rich nature of these thienyl units, in
some cases, the two flanking thienyl units slightly increase the
HOMO levels of the conjugated polymers when compared with
BT-based polymers.'>*'**

Similar to the design of donor units (Figure 7), the electron
affinity of acceptors can also be fine-tuned by varying specific
atoms. Figure 15 lists a series of such units which can be treated
as structurally related with the BT. For example, replacing the
sulfur atom of the BT unit with a nitrogen atom, the electron-
accepting ability of the triazole is significantly reduced when
compared with that of the BT. It is because the lone pair on
the middle nitrogen atom of the triazole unit is more basic than
the lone pairs on the sulfur of the BT and is more easily
donated into the triazole ring, making it relatively electron-rich
when compared with the original BT. Thus, conjugated
polymers incorporating triazole unit usually show a larger
band gap around 2.0 eV (Table 5).*> On the other hand, the
electron-accepting ability of the quinoxaline (Qx) is in between
the triazole and BT. One advantage of Qx is that it can be
alkylated to improve the solubility of conjugated polymers
without introducing steric hindrance.'® In addition, alkylated
benzo units can be introduced to the periphery of the Qx
instead of alkyl chains, which provides additional control to
adjust molecular interactions and may increase V. and charge
mobility."*'®> Benzoxadiazole (BX), the oxygen containing
analogue to the BT unit, has very similar electron-accepting
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ability to that of BT. Thus, polymers containing the BX unit
have very similar HOMO and LUMO levels to those of BT-
based analogues. Interestingly, these BX-based polymers usually
do not perform as well as these BT-based analogues, possibly
due to lower mobilities of these BX-containing poly-
mers. %1516 Lastly, the selenium analogue of the BT unit,
2,1,3-benzoselenadiazole (BSe), demonstrates many interesting
properties in photoelectronic devices.'**'** In general, BSe-
based polymers exhibit smaller band gaps and lower HOMO
and LUMO levels (from CV).%'%'% However, the photo-
voltaic properties of BSe-based polymers are restricted by the
weak absorption of the active layer and the imbalance in the
hole and electron transport of the active layer which may result
from bad morphology.

In most of the high performance D—A conjugated polymers
reported, close to ideal HOMO energy levels were achieved
(e.g, —5.4 eV), which lead to an observed open-circuit voltage
(V,) as high as 0.92 V.5*6! However, very often the band
gaps of these materials are still larger than the proposed 1.5 eV
of ideal polymers, resulting in mediocre short-circuit currents
(Jio)- In order to further improve the efficiency, a smaller band
gap is needed to achieve a higher ], while the low HOMO
energy level should still be maintained (for a high V).
According to the proposed approach of “weak donor—strong
acceptor”, one should incorporate “strong acceptors” with large
electron deficiency in the conjugated backbone to lower the
LUMO levels, thereby decreasing the band gap of related
polymers. We will elaborate on this concept by discussing
several such strong acceptors.

One such example is the dithienylthiadiazolo[3,4-c]pyridine
(DTPyT), which differs from the original DTBT by only
one atom (Figure 16). Compared with benzene, pyridine is
m-electron deficient. Therefore by replacing the benzene in the
BT unit with pyridine, the new acceptor, thiadiazolo[3,4-c]-
pyridine (PyT), would be one such stronger acceptor. Polymers
incorrsporating DTPyT unit were first reported by Leclerc et
al,"® and their PV performances were then enhanced up to
6.3% by You et al. (Table 6)'”” by copolymerizing with “weak
donors” to adjust energy levels and attaching solubilizing chains
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Table 5. Summary of Band Gaps, HOMO/LUMO Levels, and Photovoltaic Properties of Conjugated Polymers in Figure 15b

polymer band gap (eV) HOMO (eV) LUMO (eV)
PBnDT-HTAZ 1.98 —-5.29 —-2.87
PCDTQx 2.02 —5.46 —-3.42
PCDTBT 1.88 —5.4S§ —3.60
PCDTBX 1.87 —5.47 —3.65
HI11 1.52 —4.88 -3.33

Ve (V) exp J.. (mA/cm?) FF PCE (%) ref
0.70 11.14 0.55 4.30 45
0.95 3.0 0.56 1.8 156
0.86 6.8 0.56 3.6 156
0.96 37 0.60 24 156
0.55 1.05 0.32 0.18 69
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Figure 15. (a) Chemical structures of trizole, Qx, BT, Bx and BSe
units. (b) Chemical structures of related copolymers.

to improve the molecular weight and the film morphology. All
the DTPyT-containing polymers reported by You and co-
workers showed noticeably reduced LUMO levels, slightly
reduced HOMO levels, and thus smaller band gaps than
those of their DTBT counterparts. The smaller band gap signi-
ficantly improves the observed J,. of the related BHJ devices,
while the low HOMO energy level maintains the high V.
Therefore all three polymers (PNDT-DTPyT, PQDT-DTPyT,
and PBnDT-DTPyT) achieved high efficiency numbers in
their BHJ devices, demonstrating the great utility of DTPyT
acceptor moiety in designing high performance solar cell
materials.

Similarly, tetrazine (Tz) which has a very high electron
affinity has also been used as a strong acceptor to construct
low-band-gap polymers with over 5% efficiency achieved.'®’
When incorporated into D—A conjugated polymers, both
HOMO and LUMO levels of Tz-based copolymers are lower
than those of BT-based copolymers, indicating a stronger
electron affinity of the Tz unit. Interestingly, the Tz unit shows
more impact on HOMO levels than on LUMO levels, which is
different from most acceptor units. This results in slightly
broader band gaps of Tz-based polymers when compared with
these of BT-based polymers.

Isoindigo is a symmetrical and perfect planar 7z-conjugated
molecule consisting of two indolin-2-one units, which are strongly
electron withdrawing.168’170’171 A few conjugated polymers based
on isoindigo units possess near-ideal low HOMO levels around
—54 eV and low LUMO levels around —3.9 eV. However,
relatively low PCE up to 3% was obtained, with a large V. of
0.9 V but a low J,. around 5 mA/cm'®® Further improvement
can be anticipated by choosing proper donor units and side chains
as well as by improving the active layer morphology.

Structurally similar to isoindigo, pyrrolo[3,4-c]pyrrole-1,4-
dione (DPP) has also been used in a number of D-—A
conjugated polymers in the past 3 years."*#!!$191727176 [ oy
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band gaps around 1.3 eV are generally obtained, which is
beneficial for J,; however, HOMO levels of DPP-based polymers
are significantly elevated when compared with those of their
analogues with other acceptors, possibly due to these two flanking
electron-donating thienyl units. Nevertheless, efficiency numbers
as high as 5.5% were reported for DPP-based polymers.'*'7®

The thieno[3,4-c]pyrrole-4,6-dione (TPD) unit was recently
intensively explored. The symmetric and planar structure of
TPD could improve the electron delocalization, enhancing the
polymer chain—chain interactions and increasing the hole
mobility. Similar to DPP and isoindigo, electron-withdrawing
amide groups render TPD a strong acceptor. It was first
incorporated in BnDT-based copolymers by Leclerc and co-
workers.'”” The resultant copolymer not only has a small band
gap (thereby a potentially high J.), also maintains a low
HOMO energy level of —5.56 eV. Therefore a high V. of
0.85 V was achieved in the BHJ device with PC,BM as
the acceptor. Along with a J,. of 9.81 mA/cm® and a FF of
0.66, a PCE of ~5.5% was obtained. It is particularly worth
mentioning that Leclerc et al. obtained these impressive values
from devices with an active area of 1.0 cm® Achieving high
efficiencies on devices of large area is advantageous for real
world application of PSC because efficiencies obtained on areas
smaller than 0.2—0.3 cm® may become strongly substrate size-
dependent, in addition to the possible overestimation of the J
from a very small area device. Similar polymers with identical
conjugated backbone but having different solubilizing chains
were independently reported by Jen’s group and Xie’s group
with PCEs varying from 3.42% to 4.79% after certain
optimization.'”®'” Fréchet and co-workers later did a detailed
study on the impact of these side chains on the TPD—BDT
copolymer.'® PCEs up to 6.8% were reported just by varying
the side chains of the conjugated backbone. More recently,
TPD-based polymers of efficiency as high as 7.3% were
reported by Amb et al. and Tao and co-workers.5>*>%>'8! 1n
their studies, the TPD acceptor was copolymerized with fused
bithiophene with different bridging atoms. All of these
copolymers exhibit high PCEs over 6% in BHJ solar cells,
which indicates a great potential of TPD unit in constructing
novel materials for PSC.

However, acceptors should not be too electron withdrawing.
As discussed earlier, the LUMO of the conjugated polymer
should be at least 0.3 eV larger than the LUMO of the n-type
material to facilitate efficient exciton dissociation. Too strong
an acceptor in the D—A polymer would lead to too low a
LUMO level and the inability to split excitons at the interface
between the polymer and fullerenes. Thus, no photocurrent or
extremely small J,. would be observed. Several examples include
benzo[1,2-c:4,5-cTbis([1,2,5 thiadiazole) (BBTD),'®* [1,2,5]-
thiadiazolo([3,4-g]quinoxaline,"**'** pyrazino[2,3-g]quinoxa-
line,"®* and [1,2,5]thiadiazole[3,4-d]pyridazine.'®°

2.4. Substituents. Though the energy levels and band gap
of a conjugated polymer are mainly determined by the selection
of conjugated aromatic units (e.g, D and A in D—A polymers),
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Table 6. Summary of Band Gaps, HOMO/LUMO Levels, and Photovoltaic Properties of Conjugated Polymers in Figure 16b

polymer band gap (eV) HOMO (eV) LUMO (eV) Ve (V) exp Joe (mA/cm?) FF PCE (%) ref
PBnDT-DTPyT 1.51 —5.47 —3.44 0.85 12.78 0.58 6.3 107
PCPDTTTz 1.68 —-5.34 —3.48 0.75 12.2 0.59 54 167
PTI-1 1.60 -5.85 —3.88 0.89 5.4 0.63 3.0 168
PDPPTPT 1.53 -5.35 —-3.53 0.80 10.3 0.65 5.5 169
P-Ge 1.69 -5.6 NA 0.85 12.6 0.68 7.3 62
a) R
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Figure 16. (a) Chemical structures of some “strong acceptor” units. (b) Chemical structures of related copolymers.

substituents can be used to further tune energy levels, band
gaps, molecular interaction, and even morphology.

Using archetypical PPV as the model polymer, the
substituent effect on conjugated polymers was systematically
studied by Bredas and Heeger with the valence effective
Hamiltonian (VEH) method (Figure 17).'%7 Attaching

OCHy
Oy o
nu,co - (G C\)-}—" :Q'\N 9-" wed 7 st
N A

E@V) N
N l ' .
-3

Figure 17. HOMO and LUMO of the compound investigated, relative
to the work functions of calcium and aluminum.'®”

electron-donating methoxy groups to the benzene unit of the
PPV would raise the HOMO energy level when compared with
the original PPV (with similar LUMO level). This effect was
® When switching to the
electron-withdrawing group (such as cyano), stabilization on

also observed experimentally.'®
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both HOMO and LUMO levels would be expected. However,
calculations found that the band gaps of the cyano PPVs would
be larger than that of PPV because of the asymmetry in the
stabilization of the HOMO and LUMO levels by the cyano
substituent. Furthermore, the position of the cyano (either on
the phenylene or on the vinylene) affects the energy levels and
band gap. When cyano was added on the vinylene, the
calculated LUMO level was noticeably lower than that of the
analogue with cyano on the phenylene, with less difference on
the HOMO energy levels. The authors attributed this effect to
the different number of z-electrons on the vinylene and
phenylene. Since vinylene unit only has two x-electrons
whereas phenylene unit has six, substitution on the vinylene
would introduce a relatively larger perturbation to the conjugated
backbone, further lowering the LUMO level. All these results
presented above indicate that electron-donating substituents (such
as methoxy) would have a more significant impact on the HOMO
level, while electron-withdrawing ones (such as cyano) would affect
more strongly on the LUMO level. Therefore, by attaching both
methoxy group and cyano group on the phenylene and the
vinylene part of PPV, respectively, the resulting polymer exhibited a
similar HOMO level with that of the methoxy PPV and a similar
LUMO with that of the cyano PPV, leading to a significantly
decreased band gap."® This result is in good agreement with the
proposed “weak donor—strong acceptor” strategy to design ideal
polymers.*’

Another interesting substituent is the fluorine. Fluorine is
the smallest electron-withdrawing group with a van der
Waals radius of 135 A and a Pauling electronegativity of 4.0.
Fluorinated organic molecules exhibit a series of unique features
such as great thermal and oxidative stability,'”’ elevated
resistance to degradation,'" enhanced hydrophobicity, and
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high lipophobicity in perfluorinated substances.'”> In addition,

these fluorine atoms often have a great influence on inter- and
intramolecular interactions via C—F---H, F--S, and C—F---7;
interactions.'”"'”> Applying fluorine substitution in the D—A
polymers was investigated by You and co-workers in two recent
studies.*>*" In one report, they added two fluorine atoms to the
commonly employed benzothiadiazole (BT), converting BT
into fluorinated benzothiadiazole (ffBT) (Figure 18).°" The

R
N’S‘N N’N‘N
\ / s \ \ / s
[ Q | Q
S S
F F F F
DTffBT FTAZ
BnDT-TT series

Figure 18. Chemical structures of fluorine atom containing acceptor
units and conjugated polymers.

tfBT-based polymer showed decreased HOMO and LUMO
levels but a similar band gap when compared with those of its
nonfluorinated analogue. Preliminary PV tests on BH] devices
demonstrated both increased V,. (0.91 V) and J. (12.9 mA/cm?).
Together with an also enhanced fill factor of 0.61, an im-
pressive PCE of 7.2% was thus obtained without special
treatments. In another related study, BnDT-based copolymers
(PBnDT-FTAZ) with $,6-difluoro-2H-benzo[d][1,2,3]triazole
(FTAZ) as the acceptor unit was synthesized.* This polymer
exhibited a medium band gap of 2.0 eV when compared with that
of the DTBT-based polymer due to the weaker electron affinity of
the FTAZ unit. Surprisingly, in spite of a band gap of ~2.0 eV, the
Jc of PBnDT-FTAZ based BHJ solar cells could reach over
12 mA/cm?® (depending upon the thickness of the active layer),
which can be explained by the high molecular weight and the large
hole mobility of PBnDT-FTAZ. The BHJ devices based on
PBnDT-FTAZ consistently showed a higher FF and J,. than those
of devices based on the polymers without fluorine substituents
(PBnDT-HTAZ) at comparable thicknesses. A peak PCE of 7.1%
was obtained in BHJ devices of PBnDT-FTAZ:PC,BM without
annealing or any additives. Remarkably, PBnDT-FTAZ:PC4BM
solar cells can still achieve over 6% efficiency even at an unpre-
cedented thickness of 1 um (of the active layer).

Besides the study on the fluorine substituent effect in D—A
polymers, the fluorine atom has also been applied in quinoid
polymers. For example, Yu and co-workers studied a series of
polymers based on fluorinated thienothiophene (TT).”*7%19%19%
As expected, the substitution of electron-withdrawing fluorine
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onto the polymer backbone reduced the HOMO energy levels of
polymers when compared with the nonfluorinated analogues.
Furthermore, this structural modification optimized the polymers’
spectral coverage of absorption and their hole mobility as well as
their miscibility with PC;BM. All these contributed to an
enhanced polymer solar cell performance up to 7.4%, which is
one of the highest efficiencies within the literature reports.”*”®
Further, using the original conjugated backbone (BnDT-TT) as
the subject of study, Son et al. showed that the incorporation of
the fluorine onto various positions of the polymer backbone
significantly affected the performance of related solar cells
(Figure 18).7 Depending upon which hydrogen of the
conjugated backbone is substituted by the fluorine, PCE of
corresponding BHJ devices can vary from 2.3% to 7.2%. They
also observed that fluorination of the BnDT unit lowered both
the HOMO and LUMO levels of the conjugated polymer but
widened the band gap. Finally, perfluorination of the polymer
backbone led to a poor compatibility of the polymer with
PC,BM; thus, poor solar cell performance was observed. In
addition, the authors found that perfluorination of the polymer
backbone resulted in poor photochemical stability against singlet
oxygen attack.”® These interesting effects of substituents on
physical properties of conjugated polymers are still under active
investigation.

2.5. Side Chains. For conjugated polymers used in organic
solar cells, solubilizing side chains are required to allow solution
processability, which is the key feature for future low-cost mass
production of these flexible solar cells. Without solubilizing
chains, the conjugated backbone would adopt a more planar
structure, thereby facilitating the chain—chain interactions
among polymers and leading to unprocessable “bricks”. In
addition to imparting the solubility to conjugated polymers,
side chains have been discovered to play important roles in
certain key properties of conjugated polymers, such as
molecular weight, inter- and intramolecular interactions, charge
transport, and active layer morphology.*® In this section, these
recently emerged understandings of the side-chain effect will be
discussed, followed by the suggested guidelines of designing
solubilizing chains.

2.5.1. Position. It is well-known that decorating the polymer
backbone with side chains can effectively improve the solubility
of the polymer, which is a crucial prerequisite toward achieving
high molecular weight of the resulting conjugated polymer.
However, substituting the small hydrogen atoms on these
aromatic units with rather big alkyl or alkoxy chains often result
in significant steric hindrance between these aromatic units on
the conjugated backbone. For example, a computational
simulation revealed that severe steric hindrance introduced by
these alkyl/alkoxy chains on the DTBT would lead to a twisted
conjugated backbone in polymers incorporating the substituted
DTBT."® Therefore, the hole mobilities of the polymers
incorporating such substituted DTBT were noticeably lower
than that of the polymer with unsubstituted DTBT, which
accounted for a smaller J,. in the former case.'”® In an earlier
study, the homopolymers of alkylated DTBT were prepared
by Jayakannan et al. by varying alkyl chains on either 3- or
4-positions of the thienyl groups."”” Though relatively high
molecular weight polymers were obtained, the steric hindrance
introduced by these alkyl chains in these polymers led to much
larger band gaps than that of the homopolymer of
unsubstituted DTBT."® Later, Wang et al. synthesized a series
of internal donor—acceptor type of copolymers containing
benzothiadiazole (BT) and four thiophenes incorporating side
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chains on different position as shown in Figure 19."”> Despite
indentical alkyl side chains, the positions where these alkyl side

PFO-M3

Figure 19. Chemical structures of PFO-M1, PFO-M2, and PFO-M3.

chains are attached to different thiophene rings have significant
influence on the physical properties and photovoltaic performance
of resulting polymers. Positioning these alkyl chains close to the
fluorene renders large steric hindrance during polymerization,
which results in a significantly lower molecular weight of PFO-
M2 and consequently a poor PV performance of related BH]J
cells when compared with 1.82% for PFO-M1 and 2.63% for
PFO-M3 based BH]J solar cells.

Most recently, You and co-workers systematically inves-
tigated what effect the side-chain positions had on the optical,
electrochemical, and photovoltaic properties of conjugated
polymers using PBDT-DTBT as the model polymer (Figure 20).'%

CigHaz_~ CieHaz

Dihedral angle 2

Dihedral angle 1

R‘*‘\ Dihedral angle 3

Ri Ry Ry
R1=H R2=H R3=H PBDT-DTBT
R1=4-ethyloctyl R2=H R3=H PBDT-DTsoIBT
R1=H R2=octyl R3=H PBDT-3DTBT
R1=H R2=H R3=octyl PBDT-4DTBT

Figure 20. Chemical structures of PBDT-DTBT, PBDT-4DTBT,
PBDT-3DTBT, and PBDT-DTsolBT. Reprinted with permission from
ref 159. Copyright 2010 American Chemical Society.

These three polymers with alkyl chains attached on DTBT
have similar molecular weights (much higher than that of
PBDT-DTBT without alkyl chains on DTBT), thereby
minimizing the potential complication from the influence of
different molecular weights. Thus, all observed differences in
properties (optical, electrochemical, and photovoltaic) can be
ascribed to the difference in where these side chains were placed.
They quantitatively measured the steric hindrance introduced by
these alkyl chains by calculating the dihedral angles between two
thienyl groups with the center BT unit as well as with the donor
BDT. There is only a slight increase of the dihedral angle between
the 4-substituted thienyl group and the BDT unit in PBDT-
4DTBT when compared with the original PBDT-DTBT,
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indicating a minimum steric hindrance introduced by the
4DTBT. Moreover, the DFT calculation showed that the electron
density is delocalized in the HOMO of PBDT-4DTBT, similar
to that of PBDT-DTBT. This results in an almost negligible dif-
ference between the HOMO energy level of PBDT-DTBT and
that of PBDT-4DTBT. On the other hand, moving these
alkyl chains away from the vicinity of BDT unit in the case
of PBDT-3DTBT and PBDT-DTsoIBT decreases the steric
hindrance between substituted DTBT and BDT unit, recovering
small numbers on the dihedral angle 3. However, greater steric
hindrance is formed between the thienyl groups and the center
BT unit, as shown by a dramatic numerical increase in the dihedral
angles 1 and 2. This severe steric hindrance essentially breaks the
conjugation at the linkages between these thienyl groups and the
BT, thereby rendering large band gaps for these two polymers
(221 eV for PBDT-3DTBT and 2.48 eV for PBDT-DTsolBT).

The thorough investigation of this library of structurally
related polymers clearly indicates that attaching alkyl chains on
the 4-positions of these thienyl groups (ie, 4DTBT) only
introduces minimum steric hindrance into the related D—A
polymer. Therefore, PBDT-4DTBT maintains almost identical
band gap and energy levels when compared with those of PBDT-
DTBT. However, these additional side chains offer a high
molecular weight and excellent solubility of PBDT-4DTBT, the
latter leading to a more uniform mixture with PCqBM with
better control on the film morphology. All these features of
PBDT-4DTBT contribute to a noticeably enhanced efficiency
(up to 2.2%) of PBDT-4DTBT-based BH]J cells, significantly
higher than that of PBDT-DTBT-based devices (0.7%).

2.5.2. Shape and Length. Even when the side chains are
“properly” anchored on the conjugated backbone, the length
and shape of these side chains also have a noticeable
(sometimes substantial) impact on the properties of resulting
conjugated polymers. Gadisa et al. completed a comparative
investigation on the photovoltaic properties of BHJ devices
based on a series of poly(3—alkylthi0(§)hene)s of butyl (P3BT),
pentyl (P3PT), and hexyl (P3HT).>® FF of 0.529, 0.624, and
0.675 were obtained from solar cells based on P3BT:PC4,BM
(1:0.8), P3PT:PCoBM (1:1), and P3HT:PCoBM (1:1),
respectively. Bipolar measurements made by field-effect
transistors showed a decrease in the hole mobility and an
increase in the electron mobility with increasing alkyl chain
length, which is attributed to the an increase in the degree of
phase separation. The longer side chains facilitate the clustering
of PC4,BM molecules and establish fast electron-percolation
pathways, leading to improved electron mobility. Since holes
and electrons exhibit well-balanced mobilities in the case of
P3HT:PCg;BM, a better fill factor was observed.

In another study, Egbe et al. grafted different side chains to the
backbone of a series of anthracene-containing poly(p-phenyl-
eneethynylene)-alt-poly(p-phenylenevinylene) (PPE—PPV)
copolymers to tune the 7z—x stacking ability of the materials
(Figure 21).*°' Polymers with octyloxy substitution close to the
AnE units (ab, ad, ae) arrange in a stacked manner, whereas
asymmetric (cc) or branched side chain substitution (bb, ba)
near the AnE unit yields less organized or even amorphous
polymers. The best performance of 3.14% was achieved from
BH]J devices based on ab ANE-PV which shows both stacking
ability and biggest 7— stacking distance of 0.386 nm as opposed
to 0.380 nm for the other polymers in this series. Lower efficiency
values were obtained for the BHJ devices based on amorphous
polymers ba and bb, due to a high miscibility of components in

the active layer resulting in insufficient percolation paths for the
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AnE-PV R1 R2 R3 R4
ad octyl octyl decyl decyl
ae octyl octyl dodecyl dodecyl
ab octyl octyl 2-ethylhexyl 2-ethylhexyl
cc  methyl 2-ethylhexyl  methyl 2-ethylhexyl
ba 2-ethylhexyl 2-ethylhexyl octyl octyl

bb 2-ethylhexyl 2-ethylhexyl 2-ethylhexyl 2-ethylhexyl

Figure 21. Chemical structures of PPE-PPV with different alkyl side
chains. Reprinted with permission from ref 201. Copyright 2010
American Chemical Society.

photogenerated charges. Moreover, BHJ devices based on ad and
ae with higher side chain density (number of carbons) exhibited
lower photovoltages and fill factors and thus lower photovoltaic
performance when compared with those of ab based BHJ devices.
The authors believed that high density side chains dilute the
concentration of the light absorbing conjugated species per
volume unit and reduce the amount of light absorbed by the active
layer. High density side chains also reduce the interfacial area
between the DONOR polymer and the PC4BM, leading to a
strong phase separation and concomitant poor PV performance.
Finally, a large V. change from ~0.65 V to ~0.90 V was observed,
which is likely influenced by the shape and size of these side
chains. However, the relationship between the V. and the side
chains (shape and size) was not further investigated in the report.

The first quantitative analysis of the influence from the size
of these side chains on photovoltaic properties of polymer—
fullerene solar cells was carried out by You and co-workers.>® In
their report, six polymers with an identical polymer backbone
(PNDT-DTBT) but different side chains (i.e., size and
branching) were synthesized and investigated (Figure 22a). In
good solvent and at high temperature, all polymer chains are
completely solvated with minimum intermolecular interactions,
which leads to almost identical UV—vis absorptions due to the

identical backbone of PNDT-DTBT. However, BHJ solar cells
employ the polymer:PC4BM blend at the solid state where the
intermolecular interactions (i.e., between polymers and
between the polymer and the PC¢BM molecules) play a
crucial role. Since these seemingly subtle differences in the
polymer structures (size and branching of these side chains)
affect the intermolecular interactions in the solid state, the
observed V. and J,. of these polymer-based BHJ devices can
vary as much as 100%. Consequently, the overall efficiency of these
solar cells has shown a significant variation as much as 2.5-fold
(from 1.20% to 3.36%). More importantly, the observed V. change
was quantitatively correlated with a pre-exponential dark
current term, J,, which accounts for the intermolecular
interactions in the polymer/PCg BM blends. There is excellent
agreement between the experimentally observed V,_ values and
the calculated ones using the following theoretical equation
(Table 7), a clear indication of the viability and effectiveness of
this simulation for V.

i’lk_T In & + _AEDA
q Jeo 2q

V.

oc ™~

where g is the fundamental charge, n is the diode ideality factor,
and AEp, is the energy difference between the LUMO level of
the ACCEPTOR and the HOMO level of the DONOR.
Specifically, the polymer with the long and branched side
chains (C10,6—C6,2) displayed the highest V. of 0.81 V in its BHJ
cells. As the long branched chains were systematically converted to
short linear chains—until the extreme of the polymer C8—
C8—the measured V. gradually decreased to a minimum of
041 V (Table 7). From the XRD spectrum, the very weak
(010) peak intensity in the C10,6—C6,2 polymer indicates a
weak 7-overlapping among individual conjugated polymer chains
which results in weak intermolecular interaction (Figure 22b).
This weak intermolecular interaction leads to a small
J that is beneficial to the V. (see above equation). On the
other hand, short and straight side chains would promote the

€10,6-C8
R1=2-hexyldecyl R2=2-ethylhexyl C10,6-C62

R1=octyl R2=octyl C8-C8
R1=octyl R2=dodecy! C8-C12
R1=octyl R2=2-ethylhexyl C8-C6,2

R1=2-ethylhexyl R2=2-ethylhexyl C6,2-C6,2
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Figure 22. (a) Chemical structures of six polymers based on the PNDT-DTBT backbone. (b) XRD spectra of conjugated polymers:PC¢BM (1:1)

blends in thin films (arrows indicating (010) peaks).*

Table 7. Measured and Calculated Performance Parameters for All Devices of PNDT-DTBT Series>®

polymer Jeo (mA/cm?) HOMO (eV) V. (V) cal
C10,6—C8 148 =532 0.60
C10,6—C6,2 3.38 —-5.33 0.83
C8-C8 399 -5.13 0.39
C8-C12 254 —-5.27 0.53
C8—-C6,2 68.8 -5.30 0.60
C6,2—C6,2 226 —5.34 0.70

622

Voo (V) exp Joc (mA/cm?) FF PCE (%)
0.59 7.98 0.46 217
0.81 5.62 0.44 2.01
0.41 6.97 0.42 1.20
0.52 5.88 0.42 1.28
0.59 10.93 0.46 3.00
0.69 10.67 0.46 3.36
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intermolecular interaction, as confirmed by the highly intense
(010) peak. This improved intermolecular interaction (repre-
sented by a large J,,) renders a small optical band gap and
better charge transport, which should increase the J,. (though at
the expense of V,). The short and branched side chains
(C6,2—C6,2) strike a desirable balance between V,_ and ], to
reach the optimum efficiency via an appropriate .. Therefore the
C6,2-C6,2 polymer based BHJ cells exhibited the highest
efficiency of 3.36% in this study with a V. of 0.69 V and a J,. of
10.67 mA/cm®,

A similar impact of these side chains has also been observed
by Yu and co-workers on a series of low-band-gap polymers
with identical conjugated backbone of poly(thieno[3,4-b]-
thiophene—benzodithiophene) (Figure 23).7419%202 The first

PTB1: X=H, R1= n-dodecyl,
PTB2: X=H, R1= 2-ethylhexyl,
PTB3: X=H, R1= 2-ethylhexyl,
PTB4: X=F, R1= n-octyl,
PTB5: X=H, R1= n-octyl,
PTB6: X=H, R1= 2-butyloctyl,
PTB7: X=F, R1= 2-ethylhexyl,

R2 = n-octyloxy

R2 = n-octyloxy

R2 = n-octyl

R2 = 2-ethylhexyloxy
R2 = 2-ethylhexyloxy
R2 = n-octyloxy

R2 = 2-ethylhexyloxy

Figure 23. Chemical structures of polymers PTB1-PTB7.2%

six polymers (PTB1 to PTB6) have similar weight-averaged
molecular weights between 19.3 and 25.0 kg/mol with a
relatively narrow polydispersity index (PDI) between 1.25 and
1.50, indicating that the changes in monomer structures did not
lead to significant changes in the polymerization reaction. A clear
relationship between properties and structure was observed
from the careful study of these six polymers. Generally, the
branched side chain grafted polymers (PTB2 through PTB6)
show larger V,_ in their related BHJ devices than that of PTBI
with only straight side chains, partly due to lower HOMO energy
levels of these polymers of branched side chains. However, too
bulky side chains reduce the miscibility of polymer with PCBM,
leading to excessive phase separation between polymer chains
and PC4BM molecules and thereby reducing the interfacial
areas for charge separation in PTBS- or PTB6-based solar cells.
The related smaller currents lead to the diminished solar cell
performances in the case of PTBS or PTB6.

To further understand the effect of side chains on the
performance of solar cells based on the PTB series, both
GIWAXS and GISAXS were employed to investigate the film
morphology of these six polymers and their blends with
PC4,BM/PC, BM, along with PTB7 which shows an
impressive efficiency as high as 7.4% of its BHJ cells.”** Both
the m—r stacking interactions in the polymer domains and
PC¢BM/PC,BM incorporation into these domains are very
sensitive to the structure of the side chains attached to the TT
or the BnDT subunits of the PTB polymers. The branched side
chains attached on the BnDT unit cause an increase in the 7—7z
stacking spacing in thin films and a decrease in the efficiency of
related BHJ devices, while the branched side chain attached on
the TT unit does not interfere with the 7— stacking spacing in
the film and enhances the device efficiency. On the other hand,
linear alkyl side chains occupy less space than branched alkyl
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side chains, resulting in a 7—7 stacking distance of 3.65 A for
PTB1 vs 3.89 A for PTBS. A striking relationship between the
fill factor (FF) of related BH]J devices and the z—7x stacking
distances of the seven PTB polymers was also revealed, which
indicates that a closer 7—7 stacking distance in the polymer film
gives a larger FF of its corresponding BHJ device. This behavior
was ascribed to the fact that the PTB polymers with the strongest
m—n stacking should have the most crystalline polymer
domains and bind most strongly to the anode interfacial
layer, facilitating electronic communication across the interface.

The studies on PTB polymers also reveal that devices based
on the fluorinated polymers (PTB4 and PTB7) show larger
V,. than those of other PTB polymers, mainly because the
electron-withdrawing nature of these fluorine atoms leads to
observed lower HOMO energy levels of PTB4 and PTB7.
Moreover, the comparison of PTB2 and PTB3 discloses that
replacing the octyloxy side chains with octyl side chains
improves the V. of related BHJ devices from 0.6 V of PTB2
to 0.74 V in the case of PTB3. These alkoxy groups anchored
on BnDT ring are strongly electron-donating, which can
raise the HOMO energy level of resulting polymers and lead
to the observed reduction in V. The differences between
alkyl chains and alkoxy side chains will be further discussed
in the next section.

2.5.3. Alkoxy vs Alkyl. Compared with alkyl groups, alkoxy
groups are more electron-donating, which usually raise up the
HOMO energy level of related conjugated polymers when they
are attached with alkoxy side chains. Shi et al. studied a series of
poly(thiophene)s with alkoxy side chains.”®® Table 8 compares

Table 8. Optical and Electronic Properties of P3HT,
P3DOT, and POT-co-DOT

Amax (D)
CHCl, EoP* HOMO LUMO
polymer soln film (e%/') (eV) (eV)
P3HT 425 514 1.92 —4.75 —2.83
P3DOT 565 624 1.60 —4.47 —2.87
POT-co-DOT 538 621 1.64 —4.55 —-291

the optical and electronic properties of regioregular P3HT,
regioregular poly(3-decyloxythiophene-2,5-diyl) (P3DOT),
and regioregular copolymer poly(3-octylthiophene-2,5-diyl-co-
3-decyloxythiophene-2,5-diyl) (POT-co-DOT). P3DOT demon-
strates an optical absorption maximum at longer wavelength than
that of the P3HT. This can be attributed to both the electron-
donating effect of the alkoxy group and the more coplanar
backbone of the P3DOT than that of the P3HT (because of the
smaller size of O than that of CH,). It is not surprising that when
the alkyl chains are only partially replaced by alkoxy groups in the
case of POT-co-DOT, the HOMO energy level and band gap of
this regioregular copolymer are in between those of P3DOT and
P3HT. Similar effect of the electron-donating alkoxy group was
also reported by Hou et al. on conjugated polymers with benzo-
[1,2-b:3,4-b]dithiophene (BnDT) and 4,7-dithiophen-2,1,3-
benzothiadiazole (DTBT) units.***

When the steric hindrance is not a primary concern,
employing alkyl chains rather than alkoxy chains will lower
the HOMO energy level of resulting polymers and increase the
V.. of related BHJ solar cells. This was best illustrated by the
studies on PBDTTT series (structures shown in Figure 24).”%*%
The HOMO level of the original PBDTTT-E was successfully
reduced by replacing the alkoxy group on the carbonyl of the
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thieno[3,4-b]thiophene unit with an alkyl side chain (hereafter
referred to as PBDTTT-C). Because of its low HOMO level, a V,,
of 0.70 V was obtained in the device based on PBDTTT-C, 0.12 V
higher than that of the PBDTTT-E/PC,BM-based device.
Interestingly, the substitution of the alkoxy by the alkyl group
almost has no influence on the band gap for this kind of
polymer, implying a complete delocalization of electronic states
in low-band-gap polymers based on quinoid structures.
Therefore, devices based on PBDTTT-C maintain a high J,
of 14.7 mA/cm?, with an overall PCE reaching 6.58%. Further
structural modification was accomplished by substituting the
hydrogen atom on the thienothiophene with a fluorine (as
discussed in section 2.4), which converted the PBDTTT-C into
PBDTTT-CEF. As expected, the introduction of fluorine further
lowered both the HOMO and LUMO levels, resulting in a similar
band gap when compared with those of other PBDTTT-based
polymers. Thus, the V,_ of devices based on PBDTTT-CF can
be further increased to 0.76 V. Combined with a high J,. and a
fill factor (FF), a very impressive average PCE of 7.38% was
achieved in the PBDTTT-CF-based BH]J cells.”* The highest
measured PCE is 7.73%, which is the highest efficiency value
for polymer solar cells as reported in the literature.

2.5.4. Other Side Chains. Adding additional aromatic units
(not fused) to the conjugated backbone as part of the side
chains has also been explored. For example, Yang and co-
workers incorporated additional thienylene units to the original
PBnDT-DTBT (Figure 25).° The resulting polymer PBDTT-
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DTBT-based solar cells exhibited a high V. of 0.92 V and a
high J,. of 10.7 mA/cm?, which are almost 0.1 V and 3 mA/cm”
larger than those of PBnDT-DTBT-based solar cells.%
Consequently, the overall efficiency increased from 3.85% of
PBnDT-DTBT-based devices to 5.66% of PBDTT-based ones.
Interestingly, since both PBDTT-DTBT and PBnDT-DTBT
exhibited similar HOMO levels and band gaps, the improved
V. and J,. of PBDTT-DTBT-based devices cannot be simply
attributed to a lower HOMO level or a smaller band gap
introduced by these thienylene groups. It is plausible that these
side chains with bulky thienylene groups decrease the inter-
molecular interaction between polymer and fullerene deriva-
tives, leading to an enhanced V. Also, it is likely that an
improved carrier transport introduced by these thienylene
groups helps increase the J.

Lastly, Bangis et al. reported characterization of BHJ solar cells
based on two new squaraine dyes, substituted at the pyrrolic
nitrogen with n-hexyl (squaraine 1) or n-hexenyl (squaraine 2)
chains (Figure 26).””” Squaraine 2-based devices invariably
outperform those based on hexyl-substituted squaraine 1. This
performance improvement predominantly arises from the J
enhancement. To further understand the property differences
between squaraine 1 and squaraine 2, the crystal structures of
these two dyes were investigated. The data reveal that the
n-alkenyl substituent affords a more compact solid-state
structure, enhancing charge mobility (thin film transistor hole
mobility is increased by ~S times) and hence increasing J,..
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Although this report investigated only the side-chain effect on
small molecules, it implies a new structural strategy of conjugated
polymer to enhance charge transport efficiency via noncovalent
alkenyl—phenyl contacts by incorporating alkenyl side chains to
the polymer backbone.

3. OUTLOOK AND CHALLENGES

3.1. Maximum Efficiency Reachable with Polymer:
Fullerene BHJ Solar Cell. Tremendous progress has been
made in the past 16 years in the field of polymer solar cells,
particularly in the design and synthesis of novel conjugated
polymers as discussed in previous sections. The record high
efficiency has been constantly updated in the past 3 years by
the synergistic efforts between the academic researchers
(e.g., design and synthesis of new polymers) and companies
(e.g, device optimizations). Furthermore, the design and
synthesis of these novel polymers would not have been
possible without a deeger understanding of the governing
physical principles,**?°**% device physics,>"*"*'® and mor-
phology investigation and control.>''™>'® As a result of the
synergy in the community (including both academia and
companies), the ], can reach as high as 17.3 mA/cm?>*" the
highest V. obtained has been over 1 V,*'™* and the highest
obtained FF has breached 70%.*"* If we could achieve all these
impressive values with one system, this champion BHJ solar cell
would offer an unprecedented value of 12%! This is the bright
future of the exciting field of polymer solar cells and also the
goal that numerous researchers strive for. Unfortunately, all these
high values are obtained from different polymer-based BHJ systems,
partly due to an intrinsic “tug of war” between J. and V,,, as
elaborated on in section 1.3*” and experimentally demonstrated.
A more rigorous model calculation on the ultimate perform-
ance of polymer:fullerene BH]J cells was recently accomplished
by Blom and co-workers (ref 218 and references therein). They
predicted a maximum power efficiency of 11.7% for single
junction cells and 14.1% for tandem structures. This is very
encouraging, and the community is steadily approaching these
numbers: for example, a new record high efficiency of 9.2% for
organic solar cells has been recently reported.”

3.2. Even Higher Efficiency Possible? However, if polymer
solar cells (and organic solar cells in general) intend to compete
with other thin film PV technologies (such as CIGS or CdTe)
as a viable economic solution for renewable energy future, higher
efficiencies (15—20%) will be strongly desirable if not required.
For example, flexible thin film solar cells based on copper indium
gallium (di)selenide (CIGS) can reach an energy conversion
efficiency as high as 18.7%,”" and the efficiency of mass-
produced CIGS thin film modules has breached 13%.**° Can
polymer (organic) solar cells achieve similar performances? To
answer this challenge, one has to analyze the ], V., and FF
individually, since these three parameters ultimately decide the
efficiency of any solar cells. To facilitate the discussion and related
recommendations, we collected roughly 200 data sets from dif-
ferent polymer/fullerene BHJ systems in the literature reports
and plotted the J. versus the band gap of the polymer (Figure 27)
and V. versus the HOMO energy level of the polymer
(Figure 28). To make the analysis meaningful, we averaged all
the experimental values in related intervals in both figures.

o ] Figure 27 clearly shows that a smaller band gap favors a
higher short-circuit current. However, this trend reaches its
maximum around 1.3 eV. Polymers with even smaller band gap
than 1.3 eV fail to offer more current as expected from their
absorption extending into the near-IR. Two possible reasons
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Figure 27. E_ vs ] plot. A total of ~200 data points were taken and
summarized with 0.1 eV interval, e.g,, 0.80—0.89, 0.90—0.99 eV.

account for this observation. The first is related with the energy
levels of these polymers having extremely small band gaps.
Often a very strong acceptor (such as benzobisthiadiazole) was
paired with a strong donor to achieve the small band gap via the
donor—acceptor low-band-gap approach; however, these strong
acceptors could lower the LUMO level below —3.9 eV, leading
to an inefficient exciton dissociation when PCy;BM was used as the
electron ACCEPTOR in the BHJ solar cells. The second is the
usually small full width at half- maximum (FWHM) of these con-
jugated polymers, normally on the order of 200 nm. Thus,
continuously shifting the absorption of the polymer toward the
IR end of the solar spectrum would inevitably diminish its ability
to absorb the light in the visible region. In addition, these near-IR/
IR absorbing polymers usually have low absorption coefficients,
which exacerbate the light harvesting. On the basis of these analyses,
we identify a few potential directions worth of further research:

a. Choosing appropriate structural units in D—A polymers: In
order to achieve a narrow band gap, a strong electron-accepting
structural unit is required in donor—acceptor copolymers.
However, one should develop appropriate “strong” acceptors
such that they would bring the LUMO level close to but not
lower than the ideal LUMO level (Figure S). As discussed in
section 2.3.2 which is focused on the design of acceptors, the
relative easier approach is to fine-tune existing acceptors by
attaching substituents (e.g, changing DTBT to DTfBT®') or
changing specific atoms (e.g., switching DTBT to DTPyT'?").
A better approach—though more challenging—is to envision
new designs of chemical structures. For example, one can
certainly benefit from a close look at dyes and pigments since a
number of of the recently developed “strong” acceptors were
adapted from existing dyes. Equally important in achieving a
narrow band gap is the fine-tuning of HOMO levels of these
electron-donating structural units, which certainly require
deliberation. As indicated in section 2.3.1 which is dedicated
to the design of donors, polyaromatic units with fused aromatic
rings offer noticeable advantages as donor moieties. The rigid
and planar structures of these fused aromatics usually lead to
strong z-interactions, which help improve the hole mobility and
decrease the band gap of related conjugated polymers in the
solid state. However, appropriate side chains need to be
carefully selected to maintain the beneficial polymer—polymer
interactions and polymer—PCBM interactions, while still
providing enough solubility to the polymer (for high molecular
weight and easy processability).

b. Increasing FWHM: Two possible solutions have emerged
to increase the FWHM, both of which used random
copolymerization to bring more than two monomers into the
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conjugated backbone, though in a slightly different manner.
Liang et al. incorporated the pre-quinoid unit of thieno[3,4-b]-
thiophene (TT) into the polythiophene backbone, basically
introducin_g the low-band-gap character of the TT into the
backbone.”* Depending upon the feed ratio of the TT vs
thiophene, the band gap and the energy level of the random
copolymer can be tuned. In an earlier report, Li and co-workers
added another conjugated oligomer (bithienylenevinylene) to
the 3-position of the thiophene and polymerized this modified
thiophene unit with 3-hexylthiophene and unsubstituted
thio})hene monomers in a random manner into the biTV-
PT.**' These conjugated side chains add strong absorption
from 350 to 480 nm, thereby leading to a broad absorption
spectrum from 350 to 650 nm of these copolymers. Both
reports did obtain better performance from these random
copolymers than that of the benchmark P3HT in their studies,
though the obtained efficiency numbers are still noticeably lower
than that of the optimized P3HT-based cell (~5%). Nevertheless,
considering the effective broadening of the absorption by these
approaches, further investigation is still warranted.

c. Making n-type material absorb: Alternatively, one can
employ electron-accepting materials that absorb the comple-
mentary part of the solar spectrum in regard to the absorption
of the electron-donating polymers, thereby broadening the light
harvesting of the active layer. The most successful example is
the PC,,BM, whose lesser symmetry (compared with PC4,BM)
renders a much enhanced absorption from 300 to 600 nm."
This strong absorption in the UV—vis region by the PC, BM
effectively complements the main absorption in the visible to NIR
region by these narrow-band-gap polymers (600 to 900 nm),
offered by these narrow-band-gap polymers, thereby leading to an
appreciable increase (20% or more) in the ] of related solar cells
when compared with that of PCqBM-based ones. Almost all
reported polymer/PCBM-based solar cells with over 7% efficiency
have used PC,,BM,%*%>7*78 yiith only few exceptions.*®" A more
elegant solution comes from the design and synthesis of electron-
accepting polymers with tunable absorption. Though these
polymer:polymer solar cells have not reached high efficiency
(highest around 2.5%*) as polymer:fullerene solar cells, the full
tunability (e.g, energy level and band gap) of these electron-
accepting polymers offers a viable approach toward not only a
higher ;. but also a high V. in these all polymer solar cells.

d. Improving EQE: In contrast to the internal quantum
efficiency (IQE) which already reached 100% in some recent
reports,® the external quantum efficiency (EQE) remains
relatively low (50%—80%), even in these highly efficient
polymers/fullerene BHJ solar cells. For example, the highest
reported ] of 17.3 mA/cm? could have been 30 mA/cm? based
on its band gap of 1.3 eV, if the EQE were 100% instead of the
observed ~55%.> This is mainly due to the low mobility of
charge carriers in these polymer:fullerene blends and the
intrinsically disordered morphology of the BHJ cells, which
limits the optimal film thickness of the active layer to less than
200 nm. A thicker film would be able to harvest all the light
within the film absorption; however, the generated charges
after dissociating these excitons would not be able to
transverse the thick film and reach the individual electrode
before various recombination mechanisms kick in to annihi-
late these energy carrying charges. Thus further improving the
carrier mobilities (both holes and electrons), controlling the
morphology, and finding methods to slow down or even
eliminate charge recombination should be among research
priorities.
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® V . A similar trend has been observed for V,. vs HOMO
level (Figure 28). The open-circuit voltage increases as the
HOMO energy level lowers, reaching the maximum of 1.02 V
around a HOMO level of —5.56 eV, and then drops.102 This
observation is not surprising since after years of investigation, it
is generally accepted that the V.  is proportional to the
difference between the HOMO of the DONOR and the
LUMO of the ACCEPTOR, though recent advances in under-
standing the origin of the V,. have provided further
insights.**7>%***> Thus, a lower HOMO energy level (but not
too low) is desirable. As shown in earlier discussion (e.g,
section 2.3.1), polyaromatic units with flanking thiophene units
are good candidates of such “weak” donors to offer appropriate
HOMO levels in D—A conjugated polymers. This is because
the electron-donating ability of those units can be fine-tuned by
varying fused aromatic units and/or attaching substituents.
Moreover, thiophene units are less likely to have steric hindrance
with adjacent units than benzene would have. Therefore, having
thiophenes as the finish for these polyaromatic units can lead to a
more planar backbone with better conjugation. But is achieving a
Vo of 1.1 V indeed applaudable? If we took —4.2 eV as the
LUMO of the PC¢;BM, we would still have lost 0.4 eV from the
energy difference (ELUMO(ACCEPTOR) - EHOMO(DONOR)) which
was not converted to the V. This loss of 0.4 eV or more is
typically observed in polymer solar cells. If we consider another
source of the voltage loss, the empirical 0.3 eV between the
LUMO:s of the DONOR polymer and the fullerene, we have lost
~0.7 eV altogether, which could have doubled the V. if all
contributed to the V, ! Therefore, much more work needs to be
done on two possible fronts:

a. Further understanding the origin of V,,. and searching for new
acceptors: First, is the empirical 0.3 eV required for effective
exciton splitting at the interface really necessary? With a
recently developed new 7-electron ACCEPTOR (D99'BF),***
Heeger and Wudl showed that a V. of 1.2 V could be obtained
from the P3HT/D99'BF BH]J solar cell,”** as opposed to the
usually obtained 0.6 V in the case of P3HT/PCy;BM solar cells.
More importantly, these authors demonstrated that electron
transfer could still occur even with only 0.12 eV in the LUMOs
offset. Apparently, the exciton binding energy could be as small
as 0.1 eV (at least in the case of P3HT). This exciting discovery
points to a potential further increase on the V. via designing non-
fullerene-based acceptors. However, even in this successful
demonstration, a loss of over 0.5 eV was still observed since the
difference between the LUMO of D99BF and the HOMO of
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P3HT was 1.78 eV. This leads to the second question: can we
minimize the commonly observed loss of 04—0.6 eV from the
energy level difference between Ejymo(acceprTor) and
Epomomonor)? There have been some suggestions that reducing
the electron—phonon coupling of these excitons thereby smaller
Stokes shift would help diminish this loss mechanism.”® This
would call for well-ordered polymers with delocalized excitons.
Further, recent advances in further understanding of the V.
suggest that reducing the electronic coupling between the polymer
and the fullerene would increase the V,.**7%*** Nevertheless,
there is still a lot to be done to determine a clearer structure—
property relationship regarding the V,, so the synthetic chemists
will know how to design better materials (both electron-donating
and electron-accepting materials).

b. Engineering the fullerene: Alternatively, before we find new
acceptors that can replace the fullerene on all fronts, we can still
modify the structure of this fascinating group of molecules to raise
up their LUMO energy levels in order to gain a higher V. There
have been successful examples such as trimetallic nitride
endohedral fullerenes (TNEFs, in particular Lu,N@C80),"
indene-Cg, bisadduct (ICBA),"® among others.”*” The V. of
related P3HT:modified fullerene BH]J cells can be increased
as much as 0.26 V'® when compared with P3HT/PC¢,BM cells
because of the raised LUMO energy level of the modified
fullerene.

e FF: Unlike silicon solar cell or even dye-sensitized solar
cells, both of which give high fill factors (75%—80% or higher),
the polymer solar cells usually only offer a fill factor around
60%. The fill factor is ultimately determined by the series
resistance (R,) and the shunt resistance (Ry,) of the devices.
Because of the low charge carrier mobilities (especially holes)
and the disorded nature of the BH]J film, BHJ solar cells usually
have a relatively high R; and relatively low Ry,. In order to get a
high FF, one would require to achieve both a low R; and a high
Ry, Research efforts are needed to reach a balanced and rapid
charge transport (holes vs electrons), to optimize and control
the film morphology into more ordered structure, and to
improve all electric contacts.

o Morphology: The full potential of any conjugated polymer
for solar cells can only be realized with an optimized
morphology. Though there is a general consensus regarding
what defines a preferred morphology (i.e., interpenetrating
network at nanometer scale), the “ideal” morphology could
vary from one polymer/fullerene system to the other. How to
control the morphology poses an even big%er challenge, though
considerable progress has been made,”® particularly the
annealing (via thermal or solvent) and the discovery of
processing additives.*'"*'3!® The interactions between
DONOR polymers, between DONOR polymer and fullerene
ACCEPTORS and between fullerene ACCEPTORS all contribute
to the formation of the morphology in a thin film. First, the
interaction between DONOR polymers is dominated by the
m—7 interaction among conjugated backbones, which can bring
polymer backbones close enough to form stacked polymer
clusters. This stacking is beneficial for charge transport between
polymer chains. However, too strong 7— interactions can lead
to the formation of large polymer-rich domains, resulting in a
low hole mobility across the entire film due to multiple crosses
over grain boundaries. In addition to the conjugated backbone,
the side chains can also impact the intermolecular interaction as
discussed in section 2.5. Therefore, both conjugated backbone
and side chains need to be carefully designed in order to
control the polymer—polymer interaction such that these
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polymers can form desired “channels” to facilitate the charge
transport. Second, the polymer—fullerene interactions and their
contribution to the morphology are even more complicated.
Progress has been made, though. For example, McGehee and
co-workers showed that fullerene derivatives were intercalated
between the polymer side chains in some polymer:fullerene
blends."*”'**** This intercalation is important in determining
the optimal polymer:fullerene ratio. For example, in blends
where intercalation occurs, fullerenes must fill all available space
between the polymer side chains prior to the formation of a
pure electron-transporting fullerene phase. This intercalation
would also affect some important device characteristics such as
mobility, light absorption, photoluminescence, and recombina-
tion due to the intimate mixing of the polymer DONORS and
fullerene ACCEPTORS in the intercalated phase. In short, we
are still in the early stage of fully understanding the morphology
of polymer:fullerene blends in thin films. Further development
of analytical tools to unveil the “true” morphology of highly
efficient BH]J systems, and novel approaches to render the ideal
morphology (via chemical design or physical methods), should
remain on the top of research priorities.

3.3. Other Pertinent Issues. Though the constitution of
the active layer (i.e, polymer and fullerene or other ACCEPTORS)
ultimately determine the maximum efficiency achievable with
the BHJ cell, one still needs to solve a number of other issues
before reaching the full potential of any given cell. Listed below
are a few other active research fronts:

o Interfaces: The interface between organic active layers and
these two contact electrodes (cathode and anode) needs to be
optimized to facilitate the charge collection and minimize any
loss.>?”**' Metal oxides recently emerged as versatile interface
modifiers, such as NiO,** MoQ;,***7>*° and WO,>**** as the
hole transport layer and TiO,””**® and ZnO>’7** as the
electron transport layer.

o Device engineering: Progress has been made in the inverted
cells (to increase the air stability),*** applying light trappin% for
better light harvesting,244 and using tandem structure®® to
increase the overall efficiency of polymer solar cells.

In addition, to achieve the commercial viability, the
community still needs to work on the following issues:

o Transparent contact electrode (TCO): ITO has been the
standard TCO for polymer solar cells. However, the physical
nature (brittleness) and the high price associated with ITO
prevent a large-scale production of polymer solar cells based on
this particular material. Carbon nanotubes, graphenes,z‘m_254
and metal nanowires**>*>® have been proposed, and respect-
able results have been obtained.

o Stability: Significant progress has been made; for example,
Konazrslga has shown a lifetime of 3 years for their polymer solar
cells.

All these challenges (also opportunities) compose the major
part of the rather long wish list for the research community of
polymer (organic) solar cells. This is a tall order; however, if
we could achieve these goals via collaborative efforts, the
payoff would be huge—single junction polymer solar cells
with 15% efficiency would be within reach (for example, a
band gap of 1.3 eV with an EQE of 80%, a V. of 0.8 V, and a
FF of 0.75)!
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ABSTRACT: The synthesis of a disiloxane-functionalized
[2.2]paracyclophane and its polymerization to the correspond-
ing siloxane-substituted poly(p-xylylene) via chemical vapor
deposition (CVD) has been described. Because of the en-
hanced solubility of the siloxane substituted poly(p-xylylene)
analysis of the molecular structure by NMR, molecular weight,
and polydispersity by gel permeation chromatography (GPC),
and processing by film casting as well as nanofiber formation

by electrospinning was possible. Structural isomers were found by NMR which was expected due to the isomeric mixture of the
precursor. High molecular weights at moderate polydispersities were found by GPC which was unexpected for a vapor phase
deposition polymerization. The amorphous morphology in combination with a low glass transition temperature led to high
elongation at break for the siloxane substituted poly(p-xylylene). Significant difference for the wetting versus water was found for
as-deposited films, solution cast films, and nanofibers obtained by electrospinning with contact angles up to 135° close to

superhydrophobic behavior.

1. INTRODUCTION

Poly(p-xylylene)s (PPXs) form an important class of polymers
which is in use as barrier coatings for packaging, medical,
automotive, aerospace, and electronic applications." The most
important features are their biocompatibility, excellent
insulation properties (in terms of the high dielectric constant),
low dissipation factor, and high chemical and thermal stability,
including excellent moisture barrier properties.”

In the technical process PPXs (trade name parylene) are
obtained via chemical vapor deposition (CVD) using the so-
called Gorham process.’” The vaporization of [2.2]para-
cyclophanes, followed by pyrolysis of these precursors at temp-
eratures between 500 and 700 °C under reduced pressure yields
quinodimethanes, which polymerize spontaneously on nearly
any solid substrate at ambient temperatures.* The final product
of this process is a highly conformal pinhole free coating
(coating thickness >0.7 ym®) of PPX on the given substrate.
The main advantages of this process are solvent and initiator-
free products, no side products, quantitative yields, and mild
reaction temperatures.”” Although four precursors are
commercially available the overall number of suitable
precursors is limited and thereby the full potential of this
interesting class of polymers with its unique combined process
of polymerization and film formation cannot be fully exploited.
Major limitations for new precursors are their volatility and the
thermal stability of attached substituents.® PPX derivatives from

-4 ACS Publications  © 2011 American Chemical Society
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[2.2]paracyclophanes equipped with iodine, bromine, ethyl,
aminomethyl, cyano groups or different degrees of fluorination
attracted some attention but were never commercialized.”

In the past few years, mainly surface techniques provided an
easily applicable tool for changing the properties of inert PPX
films. Plasma or (photo)chemical treatment hydrophilized the
PPX surface by not well-defined functionalization, and these
treatments were often accompanied by a loss of the char-
acteristic optical and mechanical properties of the PPXs.'’
Grafting techniques offer another easy access to surface
functionalization but all benefits of the CVD process are lost
by usage of catalysts and solvents.'" Copolymerization of dif-
ferent functionalized [2.2]paracyclophanes or other vinylic
copolymers led to either inhomogenous films, undesired side
reactions, or high contents of starting materials present in the
obtained films.'*™*®

For example film compositions using a monofunctionalized
[2.2]paracyclophane can be changed by temperature con-
trolled deposition, even a separated deposition of completely
functionalized and unfunctionalized PPX is possible.'?
Pyrolysis of monofunctionalized [2.2]paracyclophanes often
does not lead to desired compositions of 50:50 e. g. for
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poly(alkinyl-p-xylylene-co-p-xylylene) a composition of 80 to 20
for functionalized to unfunctionalized units was found.'*'®
Easily different gradient copolymers can be formed'® but a
copolymerization basically faces the same problems known for
monofunctionalized [2.2]paracyclophanes used as starting
materials in the CVD process because at least two different
quinodimethanes (reactive species) with different deposition
properties are present in the gaseous phase.

Using acrylic comonomers in CVD often leads to high
amounts of unreacted acrylates deposited as liquid in the
deposition chamber which have to be removed by annealing.'”
Also the proper control of the film composition is hardly
achieved'” or a gradient film can be formed instead.'® To avoid
these problems often droplets of acrylic comonomer (low vapor
pressure) are placed in the deposition chamber and a PPX film
is polgmerized on this substrate to form a surface functionalized
film. !

Recently, the synthesis of various monofunctionalized
[2.2]paracyclophanes has been successfully accomplished.
Subsequent CVD led to a reactive coatin% material to which
biomolecules or dyes could be attached.'®*° In these cases
composition and homogeneity of the obtained film were often
not well-defined or differed from the expected composi-
tion.'"#'>*! Another tool for changing the surface properties
was the growth of PPX nanorods by setting an angle of 15°
(oblique angle) between the monomer flow and the substrate,
which has been further developed to a powerful tool for
engineered PPX films with unidirectional wetting proper-
ties.”*> The field could surely be further developed with
advanced PPX derivatives by CVD and by better character-
ization of molecular properties like molecular configuration,
molecular weight, and polydispersity. Improved mechanical
properties would be of importance for numerous coating
applications typically for PPX coatings, e.g., stent coatings.

We wondered, whether the mechanical properties with
respect to a drastic increase in strain at break could be achieved
by bulky substituents at the PPX backbone. Our concept was to
use siloxane substituents at the phenylene moieties, which
otherwise also provide high inertness to bases and acids,
insulation, and high thermal stability. Furthermore, it is
expected, that siloxane substituents would hydrophobize
PPX which has been shown previously for other materials,
e.g, inorganic surfaces.”* Another important outcome of
such bulky substituents could be enhanced solubility of the
resulting PPX derivatives, which could give chance for
molecular weight analysis by GPC, which has not been done
to for CVD-based PPX to the best of our knowledge.
Although film formation indicate enhanced molecular weight
of Gorham-type PPX the unusual polymerization of a solid-
state type polymerization in combination with vapor deposi-
tion of a gaseous monomer raises interesting questions
with respect to molecular chain growth, chain length, and
molecular chain length distribution.

2. EXPERIMENTAL PART

2.1. Materials. Methyltriphenylphosphonium bromide (Fisher
Scientific, 98%), sodium hydrogen carbonate (Fisher Scientific) magne-
sium sulfate (Acros, 97%), n-butyllithium (Sigma-Aldrich, 2.5 M solu-
tion in hexane), s-butyllithium (Sigma-Aldrich, 1.4 M solution in
cyclohexane), propylene carbonate (Sigma-Aldrich, 99%), hydrochloric
acid 37% (VWR, AnalaR Normapur), xylene (VWR, isomeric mixture,
98%), (Pt(0)-1,3-divinyl-1,1,3,3-tetramethylsiloxane complex (Kar-
stedt catalyst) (Heraeus GmbH, 20% Pt in xylene), sodium chloride
(Carl Roth), chloroform-d; (CDCl,) (C. Roth, 99.8 atom % D) were

634

used as obtained. Tri-o-tolylphosphine was synthesized according
to the literature.>> THF, DMF, diethyl ether, and cyclohexane
(BASF) were dried over phosphorus pentoxide and distilled prior
to use. Hexane, toluene, and ethanol (BASF) were distilled prior
to use.

2.2. Analytical Techniques. 'H (400 MHz), *C (100 MHz),
and #Si NMR (100 MHz), 'H,"*C-HSQC, and 'H,'H—COSY spectra
were recorded on a Bruker DRX 400 or Avance 300 A, respectively, at
room temperature with CDCI; as solvent.

GPC analysis was performed with S—10 mg of polymer (directly
after pyrolysis) in 10 mL chloroform with toluene as the internal
standard. The flow rate was 0.5 mL/min, and the setup included a
Knauer Smartline 1000 pump, three SDV columns (pore size 1000;
100 000; 1000000 A) from PSS and a Knauer Refractive Index
Detector (RI 2300). Calibration was performed by using linear
polystyrene purchased from PSS.

GC/MS measurements were done with a QP5050 A instrument
from Shimadzu with a 30 m FS-SE-54-CB-0.25 column, electron
ionization unit and helium as carrier gas. A program from 100 to 280 °C
with a heating rate of 10 °C and an additional 20 min at 280 °C was
chosen. The injection temperature was 300 °C and the interface tem-
perature was maintained at 230 °C.

Mechanical properties were determined using a Zwick Roell BT-
FRO.STN.D14 equipped with a KAF-TC load sensor. The samples
were prepared with a Rayran manual press using a dogbone cutter ISO
5272—1BB. For cyclic measurements, grip-to-grip separation of 20 mm,
test speed of 10 mm/min, and preload of 0.1 N was used. Elongation
was 100% for each of the 25 cycles with 20 s between them. For
elongation to break, a grip-to-grip separation of 20 mm, test speed of
25 mm/min, a starting speed of 1 mm/min and a preload of 0.1 N
were used.

For differential scanning calorimetry (DSC), a 821 DSC module
from Mettler calibrated with indium and zinc standards was used.
Then, 10—15 mg of the sample was placed into a sealed aluminum
pan and heated/cooled under nitrogen with a heating/cooling rate
of 20 K/min. The glass transition temperature was taken at the
inflection point of the observed shift of the baseline of the second
heating run.

Thermogravimetric analysis was performed by means of a 851
TG module from Mettler under nitrogen atmosphere (flow rate:
50 mL/min), 10—12 mg of the sample was placed in an alumina
crucible which was heated to 800 °C at a rate of 10 °C/min. Thermo-
gravimetric analysis under synthetic air or nitrogen respectively with a
flow of 30 mL/min and a temperature range between 25 and 900 °C
were accomplished with a TGA 209 F1 from Netsch coupled with an
IR Tensor 27 (4000—600 cm™) from Bruker and a mass spectrometer
QMS 403C Agolos from Netzsch (range: 0 to 140 m/z). In an alumina
crucible 10 mg of the polymer was heated at a rate of 10 °C/min.

For static contact angle measurements the contact angle measure-
ment System G10 from Kriiss equipped with a CCD video camera
module was used. For evaluation, 5—10 values were measured at
different points of the sample surface.

Electrospinning of a 2.9 wt % solution of siloxane modified PPX,
pyrolized at 500 °C in chloroform, led, due to the low conductivity, to
fiber production with a narrow spinning area. The addition of 5 wt %
of benzyltributylammonium bromide led to a broader spinning area.
The best results were obtained using a high voltage (15 to 20 KV) of
the cathode and with no voltage applied to the collector electrode at
an electrode distance of 15 cm. The temperature was 18 °C, and the
air humidity was 45%.

For IR measurements, an UMA 600 from Digilab with an ATR unit
from Pike Miracle with diamond as the top plate was used.

SEM images were taken on a 7S00F SEM from Jeol.

2.3. Precursor Synthesis. Synthesis of 4,12-Diformyl[2.2]-
paracyclophane (2). A 2 L three-necked, round-bottom flask
equipped with a dropping funnel and an argon inlet was filled with
46.13 g (126.00 mmol, 1.00 equiv) of 1 dissolved in 1.2 L of THF.
The solution was stirred under argon at —65 °C then 300 mL
(420.00 mmol, 3.33 equiv) of s-butyllithum solution (1.4 M) in
cyclohexane was added dropwise. The solution immediately turned
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orange. After stirring for 2 h at —65 °C, 48.5 mL (630 mmol, 15 equiv)
of dimethylformamide were added dropwise, and the solution was
stirred without cooling for 1 h. The solution was washed three times
with 400 mL of brine, twice with 400 mL of saturated sodium
hydrogen carbonate solution and dried over magnesium sulfate. The
solvent was removed under reduced pressure at 60 °C. The raw
product was recrystallized from toluene to yield 26.64 g (108.00 mmol,
80%) of colorless crystals.

"H NMR (300 MHz, CDCl,): § (ppm) = 9.93 (s, 2H), 7.04 (d, 2H,
J=2.0Hz), 6.62 (2H, dd, ] = 2.0 Hz, ] = 7.8 Hz), 6.52 (d, 2H, ] = 7.8
Hz), 4.17-4.08 (m, 2H), 3.32—3.24 (m, 2H), 3.19-3.10 (m, 2H),
3.05-2.96 (m, 2H).

13C NMR (75 MHz, CDCL,): § (ppm) = 191.9, 142.9, 140.5, 136.9,
136.5, 135.2, 34.3, 32.8.

Mp: 166 °C.

IR: v (em™) = 3019, 2930, 2855, 2750, 1672, 1589, 1552, 1485,
1399, 1277, 1219, 1183, 1134, 946, 868, 791, 721, 651, 618.

MS (EL m/e): M* = 264, M*/2 = 132, 99%.

Synthesis of 4,12-Divinyl[2.2]paracyclophane (3). In a three
necked, round-bottom flask equipped with dropping funnel, cooler
and an argon inlet, a suspension of 88.38 g (247.4 mmol, 3.8 equiv) of
methyltriphenylphosphonium bromide in 1.2 L of THF was cooled to
0 °C. Then 100 mL (250.0 mmol, 3.8 equiv) of n-butyllithium in
hexane was added dropwise, and the temperature was maintained
between 0 and S °C. After 2 h an orange solution was obtained and the
solid was nearly dissolved. Then 17.19 g (65.10 mmol, 1.00 equiv) of
2 was added in portions, and the temperature increased slightly
(3—5 °C). At room temperature, the solution was stirred for 2 h. Then
the reaction was stopped by adding S00 mL of hydrochloric acid (5%)
dropwise. The organic phase was separated, and the aqueous phase
was diluted with brine and extracted with three portions of THF. The
combined organic layers were washed with a saturated sodium chloride
solution and a saturated sodium hydrogen carbonate solution.
Afterward, the solution was dried over magnesium sulfate and the
solvent was completely removed under reduced pressure at 60 °C. The
solid containing phosphonium salt was extracted with hexane (4 times
600 mL). After evaporation of the solvent, the raw product was
recrystallized from ethanol to yield 13.73 g (52.73 mmol, 81%) of
colorless crystals.

'"H NMR (300 MHz, CDCl;): § (ppm) = 6.83—6.62 (m, 6H),
3.37(dd, 2H, J = 7.7 Hz, ] = 1.8 Hz), 5.57 (dd, 2H, ] = 17.3 Hz, ] =
1.3 Hz), 5.29 (dd, 2H, J = 10.8 Hz, ] = 1.3 Hz), 3.46—3.34 (m, 2H),
3.16—3.06 (m, 2H), 3.00—2.90 (m, 2H), 2.83-2.72 (m, 2H).

3C NMR (75 MHz, CDCL,): § (ppm) = 139.4, 137.7, 137.5, 135.3,
133.4, 130.1, 129.3, 114.3, 34.2, 33.0.

Mp: 178 °C.

IR: v (cm™) = 3041, 2936, 2891, 2852, 1896, 1580, 1533, 1474,
1450, 1389, 1188, 1028, 827, 646.

MS (EI, m/e): M* = 260, M*/2 = 130, 99%.

Synthesis of the Siloxane-Modified [2.2]Paracyclophane (4). A
suspension of 4.00 g (15.38 mmol) of 3 in toluene, cyclohexane and
pentamethyldisiloxane was added with S mL of a solution of 4.2 mL of
Karstedt-catalyst in 22 mL of propylene carbonate. The light yellow
suspension turned bright orange and then yellow again after 10 min, as
the solid dissolved slowly. A GC/MS measurement showed
quantitative conversion. The product was obtained as black oil, and
propylene carbonate was removed via steam-distillation. The obtained
black oil was purified by column chromatography (hexane:Et,O, 10:1)
to yield 7.53 g (85%) of colorless oil, which crystallized slowly within
a few days. The product contained three different constitutional iso-
mers with amounts of 56% (4a), 35% (4b), and 9% (4c), respectively
(Scheme 1).

'"H NMR (300 MHz, CDCL,): § (ppm) = 6.59—6.56 (m, 0.8H),
6.49—6.44 (m, 1H), 6.37—-6.24 (m, 22H), 6.17—6.07 (m, 2H), 3.42—
327 (m, 2H), 3.09—-2.93 (m, 4.1H), 2.83—2.59 (m, 3.4H), 2.39-2.25
(m, 2H), 1.43—1.40 (m, 2.0H), 0.77-0.64 (m, 2.5H), 0.17-(—0.15)
(m, 30H).

13C NMR (75 MHz, CDCL): § (ppm) = 144.4, 142.4, 139.7, 139.3,
139.1, 1389, 136.7, 136.7, 136.5, 133.8, 133.7, 133.7, 133.6, 133.5,
133.4, 133.0, 129.6, 129.1, 127.6, 127.6, 126.3, 126.2, 124.9, 34.0, 34.0,
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Scheme 1. Synthesis of the Siloxane-Modified
[2.2]Paracyclophane 4 Starting with 4,12-
Dibromo[2.2]paracyclophane 1

O 5 0

1 2
I Wittig reaction,

1) s-BuLi

Br 2) DMF

methyltriphenylphosphonium
bromide, n-BuLi,
THF, 0 °C

Hydrosilylation reaction,
karstedt catalyst,
pentamethyldisiloxane,
cyclohexane, toluene, proplyene
carbonate, 40 °C

4
SiMe,0SiMe;
|O IO .

SiMe,0SiMes
Me;SiOMe,Si ‘ E
Me3SiOMe,Si
4a 4b
SiMe,0SiMe;
- 0O

SiMe;0SiMe,

33.9, 33.6, 33.5, 32.9, 27.8, 27.8, 27.0, 19.1, 19.0, 12.5, 124, 2.1, 1.8,
0.3,0.3, —1.6, —1.9.

#Si NMR (CDCLy): § (ppm) = 7.12, 7.10, 5.60.

MS (EIL m/e): M* = 557 (M*), 263 (Me;SiOSiMe,CsH,"), 147
(Me,;SiOMe,*), 133 (Me;SiOSiMe,").

Mp: 42 °C.

IR: v (cm™) = 2951, 2901, 2857, 1589, 1438, 1408, 1251, 1173,
1048, 867, 833, 802, 779, 752, 684.

Anal. Caled for C4,H,,Si,0,: C, 64.68; H, 9.41; Si, 20.17. Found: C,
64.45; H, 9.46; Si, 20.57.

2.4. Polymer Synthesis (5). The siloxane-containing polymer
was obtained via CVD in a custom built apparatus with 3 heating
zones, each with a diameter of 5.5 cm and a length of 35 cm. The
working pressure was between 1.8 and 2.2 X 10™° mbar. Precursor 4
(0.50 g) was sublimed at 135 °C (heating zone 1) and the vapor was
led through a quartz glass tube maintained between 420 and 580 °C
(heating zone 2) where the corresponding quinodimethanes formed,
heating zone 3 was set to 300 °C. In the deposition chamber, a
borosilicate glass chamber with a cooling jacket, the reactive monomer
gas polymerized spontaneously to form the desired siloxane containing
polymer on the chamber walls, which were maintained at 0 °C. For
GPC measurements the polymer was used without further purification.
For thermo analysis, mechanical and NMR measurements the polymer
was dissolved in chloroform, precipitated in methanol and then dried
for 48 h at 1S mbar and 60 °C.

2.5. Characterization of 5e. Yield: 100% substance in deposition
chamber, 69% after reprecipitation in methanol

IR: v (cm™') = 2955 (m), 1497 (w), 1447 (w), 1413 (w), 1252 (s),
1169 (w), 1047 (s), 833 (s), 802 (s), 785 (m), 687 (w), 631 (w).

'H NMR (300 MHz, CDCL;): § (ppm) = 7.36—6.64 (m, 3H),
3.05—2.41 (m, 5.6H), 1.37 (bs, 0.9H), 0.89 (bs, 1.3H), 0.29 to —0.17
(m, 1SH).

BC NMR (100 MHz, CDCLy): § (ppm) = 143.4, 1429, 140.1,
136.89, 129.2, 129.0, 128.6, 127.2, 125.8, 124.4, 38.0, 37.8, 35.6, 34.9,
34.1, 26.2, 20.5, 159, 2.1, 1.9, 0.3, —0.9.

Ty, = 444 °C, T, = —10.4 °C, M, = 620 000, M, = 1176 000, M,, =
1314000, D = 2.11.
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Anal. Caled (5f): C, 64.68; H, 9.41; Si, 20.17. Found: C, 64.02; H,
9.15; Si, 19.93; N, 0.12.

3. RESULTS AND DISCUSSION

3.1. Synthesis of the Siloxane-Modified [2.2]Para-
cyclophane. The precursor 4 was synthesized by a three-step
procedure according to Scheme 1. 4,12-Dibromo[2.2]para-
cyclophane 1 was reacted with s-BuLi and DMF to form the
corresponding 4,12-diformyl[2.2]paracyclophane 2, which was
converted to 4,12-dinvinyl[2.2]paracyclophane 3 by the Wittig
reaction. The siloxane substituted precursor 4 was obtained as
a product mixture (isomers 4a, 4b, 4c) by hydrosilylation
reaction.

3.2. Polymer Synthesis. The siloxane-substituted PPX §
was synthesized according to the Gorham procedure by
pyrolysis of 4 (isomeric mixture) at different pyrolysis
temperatures (Scheme 2). In contrast to most of the known

Scheme 2. Synthesis of Siloxane-Modified PPX 5 by CVD at
Various Temperatures

SiMe,0SiMes

SiMe,0SiMe;

CVD-process

4 (isomeric mixture)

Tyap= 135 °C, T, = 420-580 °C,
Tep=0°C 5

PPXs obtained by the Gorham process, 5 showed excellent
solubility in organic solvents like toluene, THF, and
chloroform, which allowed work-up by reprecipitation and
analysis in solution. The yield after pyrolysis was nearly
quantitative, but work-up of the raw product by reprecipi-
tation showed a maximum yield for Se at S00 °C (Figure 1).

10 9 8 7 6 5 4 3 2 1 ppm
Figure 2. 28i NMR spectra of 5d, Se, and Sh.
| ]
1,2
ﬁ
a by a

6 5 4 3 2 1 ppm

Figure 3. 'H NMR spectrum (300 MHz, CDCl,) of Se. Numbers
show hydrogen signals belonging to both possible structure elements
(A, B). Letters show signals only belonging to one structure element.

s
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= yield after CVD  + yield after reprecipitation
Figure 1. Yield of Sa—i depending on different deposition temper-
atures T, between 420 and 580 °C directly after pyrolysis and after ’5_’,Ly
work up procedure (dissolving in chloroform and reprecipitation in aa
methanol). M r [ Jbz 1
L W, . . L Lﬂl I\ .
All further analytical data, with the exception of the GPC T T T " T T 7 T 7 1
analysis, refer to Se. Analysis of the filtrate of Se by MALDI— 140 120 100 80 60 40 20 ppm

TOF proved that the raw product was mainly contaminated
by unreacted 4 and cyclic trimer of 5. The IR spectra of
Se showed strong signals at 1250 cm™' (Si—CH,;) and
1050 cm™ (Si—O-Si) indicating siloxane moieties, which
was confirmed also by *’Si NMR spectra showing signals at
7.75, 7.56, and 6.84 ppm (Figure 2). 'H and *C NMR
spectra of Se display the substitution pattern of the isomeric
mixture of 4 (Figure 3, 4). The broad '"H NMR signals and
the multiple 3¢ NMR signals also indicate a head-to-head, a
head-to-tail and a tail-to-tail connection within the polymer.
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Figure 4. *C NMR spectrum (100 MHz, CDCl;) of Se.

'H,'H-COSY and HSQC NMR were employed for further
structural characterization and showed the presence of
segment A and segment B deriving from the isomeric mixture
of the precursor (Figure S, 6).

S showed very high molecular weights with relatively
polydispersities between 1.3 and 3.0 (Table 1). The peak
molecular weight went through a maximum in correlation with
the pyrolysis temperature, where Se showed the highest and Si
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Figure 6. "H,"*C-HSQC spectrum of Se.

the lowest peak molecular weight. The GPC traces of Se and 5i
showed slight shoulders (Figure 7).

refractiveindex / a. u.
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1.000.000
logarithmic plot molecular weight/ Da
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== 520°C seeeeeees 540°C — - =560°C
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Figure 7. GPC traces of § pyrolized at different temperatures between
440 and 580 °C. The calibration curve was obtained by retention times
of polystyrene standards with toluene as the internal standard.

The physical appearance of Se was like a soft colorless
amorphous material, which was confirmed by DSC measurement
where only a glass transition temperature (Tg) was detected at
—10 °C. In comparison, the monochloro-substituted PPX is a
crystalline polymer with a T, of 80 °C.2% No crystalline melting
temperature was detected by DSC prior to thermal
decomposition, which was found to be by TGA above
400 °C with a 5% weight loss at 442 °C. The IR spectrum of
the degradation products showed typical signals at 3800 and
2364 cm™!, which indicate water and carbon dioxide, and the
presence of silicon is verified by Si—H, Si—CHj, and Si—O—Si
vibration (2128, 1257, 1061, and 694 cm™). Signals at 3015,
2960, 1600, 914, and 845 cm ™! reveal the presence of aromatic
and aliphatic moieties (Figure 8). The mass spectrum also
showed the presence of water (m/z 18) and CO, (m/z 22
and 44) as well as ion series for [C,H,,,3Si]" with m/z 45, 59,
and 73 and [C H,,,;SiO]* with m/z 75 and 89 indicating
the cleavage of the Si—O—Si bond and formation of tri-
alkylsilanol and trialkylsilane groups during decomposition.
Also characteristic signals for aliphatic groups (m/z 39, 52) as
well as benzene and benzyl groups (m/z 78, 103, 105, 117,
133) were detected. On the basis of these results the de-
gradation model depicted in Scheme 3 is suggested. According
to the bond dissociation energy values, the Si—C bond with
76 kcal/mol was the first bond cleaved leading to alkyl
disiloxane groups. Then a cleavage of the backbone C—C bond
(83 keal/mol) led to a formation of benzene and benzyl fragments,
and cleavage of the strongest Si—O bond (110 kcal/mol) led to
trialkylsilane and trialkylsilanol groups.

Table 1. GPC Results of Sb—i Including Number Averaged Molecular Weight (M,

), Weight-Averaged Molecular Weight (M,,),

Molecular Weight at Peak Top (M,), and Polydispersity (PD)

sample Mol “C
b 440
[ 460
d 480
e 500
f 520
g 540
h 560
i 580

pressure/mbar

24 %1073
32 %1073
32 %1073
22 %1073
34 %1073
1.8 x 1072
1.8 x 1073
1.8 x 1073

M,/Da M,,/Da MP PD
393 000 602 000 698 000 1.53
453 000 696 000 734 000 1.54
801 000 1243 000 1292 000 1.29
622 000 1314000 1176 000 2.11
508 000 715 000 716 000 141
389 000 704 000 740 000 1.81
385000 555000 578 000 1.44
233 000 711 000 440 000 3.04
637 dx.doi.org/10.1021/ma2021369 | Macromolecules 2012, 45, 633—639
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Figure 8. Release of gaseous products analyzed by IR and MS from Se maintained at different temperatures.

Scheme 3. Decomposition Model and Mass Fragments for Siloxane-Modified Polymer Se from Degradation Studies
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The soft nature of Se was confirmed by stress—strain
experiments at 20 °C, which showed an average Young’s
modulus of 0.02 GPa (Table 2). Compared to technically used

Table 2. Average Values for Mechanical Measurements of Se

Young's maximum force/ elongation at
modulus/GPa MPa break/%
average value 0.0202 320 469
standard 16.7 13.6 7.5
deviation/%

monochloro-substituted PPX with an elongation at break of
200% the average elongation at break of Se is 470%.>> Cyclic
measurements showed that the polymer remained elongated by
10% after elongation to 100% but in the following cycles the
polymer nearly maintained its shape (Figure 9).

Significant differences in the wetting behavior of water on
different surfaces of Se were found by contact angle measure-
ments. The as-deposited film of Se (135°, attention: con-
taminated by precursor and trimer) as well as the electrospun
sample (135°) of Se showed significantly larger contact angles
of water as compared to the solution cast film (103°) (Figure 10).
The difference in contact angle is most likely due to more
structured surfaces of the as-deposited film and the electrospun
sample (Figure 11). For comparison unsubstituted PPX (81°)
and monochloro-substituted PPX (90°) have significantly lower
contact angles,™ but structured PPX films showed exceptional
wetting behavior.”>**

stress / MPa

0 10 20 30 40 50 60 70 80 90 100 110
strain / %
—cyclelto 7 —cycle 8to 14 cycle 15to 19 — cycle 20 to 25

Figure 9. Cyclic stress—strain tests of Se, which was elongated to
double its size 25 times with a rate of 25 mm/min and a break of 20 s
between each cycle.

Figure 10. Contact angles on different surface morphologies of Se:
(A) film as-deposited, (B) solvent-casted film, and (C) electrospun
fiber mat.
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Figure 11. (A and B) SEM images of electrospun Se obtained from
CH;Cl (2.9 w%): solution A, magnification 3.3000; solution B,
magnification 10.000. (C) SEM image with magnification of 3.000,
film surface Se deposited horizontally to the monomer flow at 0 °C
directly after pyrolysis. (D) SEM image with magnification of 3.000,
film surface of solvent casted-film of Se.

4. CONCLUSIONS

PPX with siloxane substituents can be prepared by the
technically well established Gorham process with [2.2]para-
cyclophanes as precursors. In contrast to other PPXs obtained
by the Gorham process the siloxane substituted PPX § is
soluble in organic solvents at ambient temperatures, which
allowed analysis by NMR techniques and by GPC. Very high
molecular weights were found for S, which is surprising as the
reaction is heterogeneous by vapor deposition of the monomer
on a solid polymer. The solubility of § and the relatively low
polydispersities also indicate no cross-linkings and, if at all, a
low degree long chain branching, which was a matter of debate
for many decades.

Not unexpectedly, S is an amorphous polymer with a low
glass transition temperature, which is most likely due to the
bulky and flexible siloxane substituents and the isomeric sub-
stitution pattern of the precursor. Somewhat surprisingly, the
contact angle did not increase as expected from siloxane sub-
stituents but enhanced hydrophobicity could be found with
electrospun nanofiber surfaces of Se. Nevertheless, Se and
related PPX derivatives could show interesting wetting behavior
with structured PPX films similar to the work of Demirel et al.
by shadowing growth mentioned before.
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ABSTRACT: 1-Hexene polymerization catalyzed by dicationic rare earth metal alkyl species [Ln(iPr-
trisox) (CH,SiMe;)]** (Ln = Sc and Y; trisox = trisoxazoline) has been computationally studied by using
QM/MM approach. It has been found that the initiation of 1-hexene polymerization kinetically prefers
1,2-insertion (free energy barrier of 17.23 kcal/mol) to 2,1-insertion (free energy barrier of 20.05 kcal/mol).
Such a preference of 1,2-insertion has been also found for chain propagation stage. The isotactic
polymerization was computed to be more kinetically preferable in comparison with syndiotactic manner,
and the dicationic system resulted in lower insertion free energy barrier and more stable insertion
product in comparison with the monocationic system. The stereoselectivity was found to follow chain-
end mechanism, and the isospecific insertion of 1-hexene is mainly controlled by kinetics. In addition,

2

(Ln=ScandY)

the current computational results, for the first time, indicate that the higher activity of Sc species toward
1-hexene polymerization in comparison with the Y analogue could be ascribed to lower insertion barrier, easier generation of the

active species, and its larger chemical hardness.

B INTRODUCTION

Poly(1-hexene) as an important long-chain poly(a-olefin) is a
pectinate polymer with special properties. It can be used as oil
additive, which is suitable for lowering setting point, lowering
dynamic viscosity, and limiting shear tension of paraffin oils
under transportation and storage conditions. Generally, the
microstructure of synthetic polymer has significant influences
on its physical and chemical properties, and hence for certain
usage. Therefore, the synthesis of poly(1-hexene) with certain
microstructure has attracted more and more interests. In this
context, group 4 and late transition metal complexes have been
widely used as precatalysts."*> For example, ansa-zirconium
catalysts,”® zirconium and rhodium heterobimetallic complex-
es,”® and chiral [N,N,N] ligated titanium/zirconium catalysts’®
have been reported for 1-hexene polymerization. These cat-
alysts have C, or C, symmetric feature and show excellent
isospecific control in 1-hexene polymerization. However,
catalyst systems showing both high activity and stereoselectivity
for 1-hexene polymerization remained rare.”® The zirconium
amine bis(phenoxide) complexes have been reported to be
highly active precatalysts for 1-hexene polymerization, whereas
the polymers obtained were atactic in spite of the C; symmetric
feature of the ancillary ligand.z‘jl Kol and his co-workers
reported a Ti diamine bis(phenolate) catalyst showing high
activity toward 1-hexene polymerization, but the polymer
obtained had low-to-medium degree of isospecificity.”® There-
fore, studies on the search for highly active and stereoselective
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catalysts for 1-hexene polymerization are of much interest and
importance.

Recently, cationic rare earth alkyl complexes have been
reported to act as a new family of polymerization catalysts.> For
example, the cationic half-sandwich scandium alkyl species,
such as [(CsMe,SiMe;)Sc(CH,SiMe;)]*, showed excellent
activity and selectivity for the polymerization and copoly-
merization of a wide range of olefins, such as syndiospecific
polymerization and copolymerization of styrene with ethylene,
dienes and other olefins.* However, this catalyst showed no
stereoselectivity for the polymerization of 1-hexene, yielding
poly(1-hexene) in both 1,2- and 2,1-fashions.”> The cationic
scandium alkyl species bearing a neutral 1,4,7-trithiacyclono-
nane ligand, [Sc([9]aneS;)(CH,SiMe;),]*, was also reported to
polymerize 1-hexene but without showing stereoselectivity.®
Gade et al. reported that a series of cationic rare-earth metal
alkyl species, such as those of 2¢. (2y) and 3. (3y) shown in
Scheme 1, bearing a Cy-chiral trisoxazoline (trisox) ancillary
ligand could be generated by the reaction of a trialkyl complex
Ln(iPr-trisox) (CH,SiMes);, such as 1g. (1y), with 1 and 2
equiv of a borate compound [Ph;C][B(CF;),] as an activator,
respectively (Scheme 1).” Among these species, the dicationic
Sc alkyl species showed extremely high activity (36200 kg mol™
h™) and isoselectivity toward the polymerization of 1-hexene.
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Scheme 1. Generation of Cationic Rare Earth Metal Alkyl Species Bearing C;-Chiral Trisoxazoline Ancillary Ligand
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However, other dicationic rare-earth metal alkyl species showed
rather low or no activity,” and all of the monocationic species
showed lower activity in comparison with their corresponding
dicationic analogues. However, the related mechanism and factors
governing the activity and regio- and stereoselectivity remain unclear.

Numerous computational studies® " have been widely and
successfully conducted to investigate the mechanism of various
olefin polymerizations catalyzed by group 4 and late transition
metal complexes. In this context, studies on a-alkenes have
almost been limited to propylene possibly due to the bulky
substituent of higher alkenes. A palladium-catalyzed polymer-
ization of propylene has been computationally explored.'®
It was found that 2,1-insertion is more favorable than 1,2-
insertion in the palladium catalyst system, and the insertion
barrier of propylene was higher than that of ethylene. However,
the polymerization of propylene catalyzed by a series of Ti
complexes featuring fluorine-containing phenoxy-imine chelate
ligands was computationally found to occur exclusively via 1,2-
insertion at the initial stage and 2,1-insertion as the principal
mode in the chain propogation.'™ Caporaso et al. reported a
more general picture of the enantioselectivity in the process of
chain transfer to monomer during propylene polymerization.'”

In comparison with computational studies on the polymer-
ization of propylene and other olefins, the polymerization
1-hexene has received much less attention.® Carpentier et al.
optimized a variety of possible cationic zirconium species, which
was used in the stereospecific polymerization of 1-hexene.''* The
first determination of empirical and computed '*C/"*C kinetic
isotope effects for metallocene-catalyzed polymerization of
propylene as a model of the I-hexene was also reported.'”
Thomson and co-workers studied the quantitative effects of ion
pair and sterics on chain propagation kinetics in 1-hexene poly-
merization catalyzed by mixed Cp’/ArO ligated complexes.''¢
They found that the Ti-based catalyst exhibiting unusually high
reactivity has lower ion-pair separation energy in toluene in
comparison with the Zr analogue. Extensive theoretical studies
on the mechanism of olefin polymerization by late and group 4
transition metal complexes effectively promoted the design and
development of homogeneous transition metal catalyst.

In contrast, computational studies on the mechanism of olefin
polymerization catalyzed by rare-earth metal catalysts have been
much less explored despite recent progress.'>'> Recently, Maron
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et al. conducted a series of computational studies on the syndio-
specific polymerization of styrene by single-component ansa-
lanthanidocenes,'*”" the polymerization of conjugated dienes by
cationic species [Cp*ScR]*, and the copolymerization of conju-
gated dienes with olefins (including 1-hexene) by a hemilan-
thanidocene [(Cp*)(BH,)LnR]."**™ A computational study on
styrene polymerization catalyzed by ansa-bis(indenyl) allyl rare
earth complexes was reported by Carpentier and co-workers.
The results suggested a favorable secondary insertion of styrene
during both chain initiation and propagation stages.'>
Mountford et al. performed a DFT study on the ligand binding
ability in Ln(L)(CH,SiMe;); (Ln = Sc or Y; R = Me or
CH,SiMe;; L = Me;[9]aneN; or [9]aneS;) complexes. They
found that the electron-deficient base-free dialkyl cations
[Ln(L)(CH,SiMe;),]* were usually stabilized by a $-Si—C
agostic interaction.'** During our computational studies on rare
earth metal complexes,"® we have also carried out a series of
theoretical calculations on olefin polymerization catalyzed by
cationic rare earth metal complexes in combination with experi-
mental studies.'*"™® We recently found that the mechanism of
styrene—ethylene copolymerization catalyzed by a cationic half-
sandwich scandium alkyl species is different from that involved
in group 4 catalyst systems.'*" In spite of these recent achieve-
ments in this field, an in-depth study on 1-hexene polymer-
ization catalyzed by a rare earth metal catalyst has not been
reported previously.

In this paper, we report a QM/MM (quantum mechanics/
molecular mechanics) study on the mechanism of 1-hexene
polymerization catalyzed by the dicationic alkyl complex [Sc-
(iPr-trisox) (CH,SiMe; ) ]**. The catalytic activity of this cationic
species has also been computationally compared with its Y
analogue. There are three purposes in this study. The first is to
clarify whether the 1-hexene insertion preferably adopts a 1,2-
insertion or 2,l-insertion manner in the chain initiation and
propagation stages. The second is to find out the reason why
such kind of catalyst system produced isotactic poly(1-hexene).
The third is to computationally clarify the origins of the higher
activity of dicationic active species in comparison with the
monocationic ones and the higher activity of Sc species com-
pared to Y analogue. We hope that the results reported here
would be helpful for better understanding of the polymerization
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mechanism of 1-hexene and for the development of new rare-
earth metal polymerization catalysts.

B COMPUTATIONAL DETAILS

The dicationic scandium alkyl species [Sc(iPr-trisox)-
(CH,SiH,)]**(3s.) (Figure 1) was used for modeling the initial

Figure 1. Optimized cationic species 35, showing a f#-Si—H agostic
interaction as suggested by the Sc:~-H1 distance of 2.211 A, Si—H1
bond length of 1.575 A, and Sc—C3—Si angle of 92.6°. The similar
geometrical feature, viz. f-Si—C agostic interaction, was also observed
in real structure [Sc(iPr-trisox)(CH,SiMe;)]** (3¢, see Figure S-3 in
Supporting Information).

catalytic species in the computations. The QM/MM calculations were
carried out with ONIOM(B3LYP:UFF) approach,* as implanted in
Gaussian 09 program.15 In the ONIOM(B3LYP:UFF) calculations,
one methyl and three isopropyl groups of the ancillary ligand are
placed in the outside layer treated by the universe force field (UFF)'¢
for saving computational time and consideration of steric effects. The
other atoms, including those in the monomer molecules, constitute the
inner layer. During the calculations on the generation of ion pair and
its separation, the species [Ln(iPr-trisox)(CH,SiMe;)]** (Ln = Sc
and Y) and counterion [B(C4F;),] were adopted. The ONIOM-
(B3LYP:UFF) method was used for geometry optimization and
subsequent analytic frequency calculation. The treatment of [Ln(iPr-
trisox) (CH,SiMe;)]** species for the ONIOM calculation is same as
that described above. As to the part of [B(C4F;),]anion, the B atom
and the —C¢Fs group interacting directly with the metal atom are
included in the inner layer. While the remained three —C4F; groups
are placed in the outside layer. The ONIOM energy of the whole
system is calculated as

E(ONIOM) = E(high-level, inner layer) + E(low-level, real)
— E(low-level, inner layer)

where the E(high-level, inner layer) is the energy of the inner layer
calculated with the high-level method (B3LYP), E(low-level, real) is
the energy of the whole system calculated with the low-level method
(UFF force field), and E(low-level, inner layer) is the energy of the
inner layer calculated with the low-level method. For the B3LYP
calculation, the 6-31G* basis set was used for C, H, N, O, B, and F
atoms, and the Sc, Y and Si atoms were treated by the Stuttgart/
Dresden effective core potential (ECP) and the associated basis sets.'”
In the Stuttgart/Dresden ECP used in this study, the most inner 10
electrons of Si and Sc and the most inner 28 electrons of Y are
included in the core, respectively. The 4 valence electrons of Si atom
and 11 valence electrons of Sc and Y atoms were treated by the
optimized basis sets, viz. (4s4p)/ [2s2p] for Si, (8s7p6dif)/
[6sSp3d1f] for Sc, and (8s7p6d)/[6sSp3d] for Y, respectively. The
basis set for Sc atom contains one f-polarization function with
exponent of 0.27. One f-polarization function (exponent of 0.84) and
one d-polarization function (exponent of 0.45) were augmented for Y
and Si, respectively. Normal-coordinate analyses were performed to
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verify the geometrically optimized stationary points and to obtain the
thermodynamic data. In the present study, the complexation energy
was defined as the energy difference in free energy between a 77-complex
and separated species. The more negative the complexation energy,
the more favorable the formation of a 7-complex. Insertion barriers
were calculated as the difference between the transition state and the
most stable structures (separated species or z-complex). Reaction
energies were calculated as the energy difference between the insertion
product and the energy sum of isolated monomer and active species.
All optimizations were carried out in the gas phase without any symmetry
constraint. Energy profiles were described by relative free-energies
obtained from gas-phase ONIOM calculations (AG, kcal/mol).

The basis set superposition error (BSSE) correction was included in
the calculation of interaction energy between the active species and 1-
hexene motif. For estimation of BSSE, single point calculations were
performed for the ONIOM-optimized geometries. To estimate the
changes in enthalpy during the formation of ion pair and their separa-
tion via the coordination of olefin, single-point energy calculations
were also performed on optimized ONIOM geometries. In such
single-point calculations, the larger basis set 6-31+G** was used for
nonmetal atoms, and the basis sets for metal atoms are same as those
in geometry optimizations. The enthalpy correction obtained from
analytic frequency calculation was added to the single-point energy to
estimate enthalpy change. Such single-point calculations were also
performed for some structures to obtain chemical hardness.

B RESULTS AND DISCUSSION

1. Regioselectivity in the Insertion Reaction of 1-Hexene.
For d°-metal complex catalyst, the insertion reaction of alkenes
was proposed to follow the Cossee—Arlman mechanism,'® in
which the olefin initially approaches the metal center to form a
m-complex and then the reaction proceeds via a four-center
transition state (TS) leading to the insertion product (Scheme 2a).
This general mechanism is also suitable for hexene insertions
into the Sc—CH,SiH; bond of 35.. The hexene polymerization,
however, has some differences from ethylene polymerization.
Two C atoms of the ethylene are equivalent when inserting the
metal—alkyl (M—R) bond, while the insertion of a hexene into
the M—R bond can adopt two manners with two enantio-
faces,"” viz. 1,2-insertion (primary insertion with re- and si-faces
in the transition state, respectively) and 2,l-insertion(secondary
insertion with re- and si-faces in the transition state, respectively)
because of the existence of an n-butyl group (Scheme 2b).
Therefore, the issue of regioselectivity appears in the polymerization
of an a-olefin.

In the present paper, we investigated in detail the regio-
selectivity of 1-hexene polymerization. Considering that the
regioselectivity is determined by an insertion TS structure, four
TSs for the insertion of 1-hexene into Sc—CH,SiH; bond of
3. have been located with respect to 1,2-si-, 1,2-re-, 2,1-si-, and
2,1-re-insertion manners, respectively. It was found that free
energies (relative to the energy sum of 3¢/ and 1-hexene)
of these TSs are 18.70, 19.51, 25.07, and 30.19 kcal/mol for
1,2-si-, 1,2-re-, 2,1-si-, and 2,1-re-insertion manners, respectively
(see Figure S-4 in Supporting Information). This result
indicates that the 1,2-si-insertion TS is most stable among
these four TSs and that the 2,1-si-insertion TS is more stable
than 2,1-re-insertion TS. Therefore, the 1,2-si-insertion pattern
was considered in the following, and the 2,1-si-insertion manner
was also investigated for comparison. The computed energy
profiles for 1,2- and 2,1-insertion of 1-hexene into the Sc—
CH,SiH; bond of 3¢ are shown in Figure 2. As shown in this
figure, the free energies are relative to the energy sum of active
species 3¢/ and m (monomer, 1-hexene). The 1,2-insertion
starts with the formation of complex C,g. and proceeds via a
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Scheme 2. (a) Cossee—Arlman Mechanism for Alkene Insertion into a Metal—Alkyl Bond and (b) Four Possible Transition

States for the Insertion of a Hexene into the M—R Bond
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Figure 2. Computed energy profiles (energy in kcal/mol) for 1,2- and
2,1-insertion of 1-hexene at the chain initiation stage.

four-center transition state Tj,s, leading to the insertion
product Pj,g. The C,,5. is lower in free energy than the energy
sum of 3g. and m by —2.37 kcal/mol. This insertion process,
which overcomes a free energy barrier of 17.23 kcal/mol, is
exergonic by —3.08 kcal/mol. However, the 2,1-insertion needs
to overcome a free-energy barrier of 20.05 kcal/mol and is
exergonic by —2.50 kcal/mol. Both the prereaction complex
(Cyise) and transition state (T,;g.) for 2,1-insertion are higher
in energy than those for 1,2-insertion by 2.04 and 4.86 kcal/mol,
respectively. The 1,2-insertion product Pj,g. is also slightly
stable than the 2,1-insertion product P,;g. Single-point calcula-
tions at the level of B3LYP were also performed on the opti-
mized stationary points involved in Figure 2. In the single-point
calculations, the basis set 6-311+G** was used for C, H, O, and
N atoms and the basis set for Sc and Si atoms are same as that
in geometry optimizations. The results show that the inser-
tion free energy barrier for 1,2-insertion is smaller than that
for 2,1-insertion by 6.12 kcal/mol, and the Py,q is more stable
than P, by 3.39 kecal/mol (see Figure S-1 in Supporting
Information). To corroborate this result, the MPWI1K func-
tional has been also utilized to compute the energy profile.
The MPWIK functional developed by Truhlar’s group was
suggested to be an efficient method for predicting reac-
tion energy and barrier heights and was comparable to multi-
reference methods.”® The MPWIK calculations also indicate
the preference of 1,2-insertion over 2,1 insertion (see Figure S-2

in Supporting Information). These results suggests that the 1,2-
insertion is both kinetically and energetically more favorable
than the 2,1-insertion at the chain initiation stage. To elucidate
the origin of the kinetic preference for such a regio-
selectivity, we further analyzed the energies and geometries of
T1ssc and T,y An analysis of energy (electronic energy, AEr)
decomposition of T ,g. and T, was performed. The energies
of the fragments Sc(iPr-trisox)(CH,SiH;)** (A) and 1-hexene
(B) in the geometry they have in the two TSs were evaluated in
single-point calculations. Such single-point energies of the frag-
ments and the energy (corrected by BSSE) of TS were used to
estimate the interaction energy AE, . These energies, together
with the energy of the respective fragments in their optimal
geometry, allow for the estimation of the deformation energies
of the two fragments, AE;(A) and AE;«(B). As the energy of
the TS, AEry, is evaluated with respect to the energy of the two
separated fragments, the relation AErg = AE;, + AE4{(A) +
AE4¢(B) holds. The following components were found for
Tiase: AE;, = —37.21 kcal/mol; AE;(A) = 18.83 kcal/mol;
AE {(B) = 25.10 kcal/mol; and therefore AEg = 6.72 kcal/mol.
While the following components were found for T, AE;, =
—28.08 kcal/mol; AE;«{A) = 20.08 kcal/mol; AE;«B) =
20.71 kcal/mol; and therefore AE;g = 12.71 kcal/mol. The
AErg value of 12.71 kcal/mol for T, is larger than that for
Tiasc by 5.99 kecal/mol. It is obvious that the total AEg of
43.93 kcal/mol in Ty, is larger than that (40.79 kcal/mol) in
T,,s.. However, the increased deformation energy could be
compensated by the favorable AE;, (—37.21 kcal/mol) in
T 250 and resulted in lower AErg (6.72 kcal/mol) for Ty, in
comparison with that (12.71 kcal/mol) for T,;s.. Therefore, the
more favorable interaction of A with B in T,g. could account
for more stability of T, in comparison with T, .. Structurally,
in T, (Figure 3), a repulsive interaction between the ancillary
ligand and the CH;(CH, ), group of 1-hexene moiety could exist,
which destabilized T,;g., whereas such an interaction is absent in
T1sse The C1=C2 bond length of 1-hexene moiety is 1.440 A
in Ty and 1425 A in T, suggesting that the C1=C2
double bond was more activated in the former. The T;,¢. has a
shorter Sc—C1 (2.218 A) bond length than the Sc—C2 (2.268 A)
in T,s., which suggests that the 1-hexene moiety interacts with
the metal center more tightly in T,g. compared with T,,s.. This
is in line with the analysis of energy decomposition described
above. The geometrical character associated with the f-Si—H
agostic interactions in Ty,g. (2.331 A for Sc-~-H1, 1.524 A for
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Si--H1 and 90.4° for the Sc—CH,—Si angle) and that in T,

P2isc

Figure 3. Geometric structures (distance in A and angle in deg) involved in the energy profiles of 1,2- and 2,1-insertion of 1-hexene at the chain

(2.387 A for Sc—H1, 1.521 A for Si—H1 and 92.2° for the Sc—
CH,—Si angle) indicates the shorter Sc--H1 distance and
smaller Sc—CH,—Si angle in T, This suggests that such an
agostic interaction in T, is stronger than that in T, and
may also account for the more stability of T,5.. The similar geo-
metrical feature was also observed when using the real structure
of active species [Sc(iPr-trisox)(CH,SiMe;)]** (see Figure S-S
in Supporting Information for more details).

To further access the regioselectivity in the chain propaga-
tion stage, the insertion of monomer into the Sc—CH, bond
of Pj,g. was also investigated. As the insertion of the first
monomer does, both 1,2- and 2,1-insertions of the incoming
monomer into the Sc—C bond of Py,¢. were calculated, and the
energy profiles are shown in Figure 4. As shown in this figure,

the 1,2-insertion of the second monomer starts with the forma-
tion of complex C,,55, (stereoselectivity discussed below, vide
infra), which is slightly lower in free energy than the energy

sum of separated P,5. and m by 1.03 kcal/mol. This insertion
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Figure 5. Geometric structures (distance in A) involved in the energy profiles of 1,2- and 2,1-insertions of 1-hexene at the chain propagation stage.

process, which overcomes an energy barrier of 15.04 kcal/mol,
is exergonic by 4.66 kcal/mol. Whereas, the 2,1-insertion pro-
cess, which goes through prereaction complex C,,,, and transi-
tion state T,,, leading to insertion product P ,,,, is kinetically
less favorable in comparison with 1,2-insertion reaction. This is
suggested by the higher insertion energy barrier of 20.47 kcal/mol
for 2,1-insertion (15.04 kecal/mol for 1,2-insertion, Figure 4).
However, the energetic superiority of 1,2-insertion manner is so
slight since the relative free energies of for Cy,,; (0.85 kcal/mol)
and P,y,; (—4.42 kcal/mol) and are close to those for C;; 150
(—1.03 kcal/mol) and Py, (—4.66 kcal/mol), respectively.
To elucidate the origin of the kinetic preference of 1,2-insertion,
we further analyzed the structures and energies of T ,;,5, and
T1221- As shown in Figure S, the Sc—C3 distance of 2.229 A and
C1--C4 contact of 2.141 A in Ty, are shorter than the
corresponding interatomic distances in Ty,,; (Sc—C4 distance
of 2.271 and C1---C3 contact of 2.185 A). This indicates that the

645

1-hexene moiety binds more tightly to the metal center of T},
in comparison with that of T},,,. A further analysis of energy
decomposition of Ty,;,5, and Ty,; has also been carried out.
The decomposition scheme is similar to that for T,g. and T, ;g
(vide ante). The interaction energies AE;,, between Pi,¢. and
1-hexene moieties in T},1,1,, and in T, are —35.16 and —24.98
kcal/mol, respectively, which could partly offset the unfavorable
item AEg (total deformation energy, 42.04 kcal/mol for
T 21210 and 36.40 kcal/mol for T,,;). Therefore, the AErg
(—35.16 + 42.04 = 6.88 kcal/mol) obtained for Ty, is lower
than that (—24.98 + 36.40 = 11.42 kcal/mol) for T ,,,. Like the
case of T, and T, g, the less stability of T,,; is mainly due
to the weaker interaction between Pj,¢. and 1-hexene moiety.
Furthermore, taking a closer look at the structures of T};514,
and T,,;, one may find that there are significant interactions
between Sc and a H atom of SiHj in the preinserted CH,SiH;
group, as suggested by the Sc---H distances (2.210 A in Ty51550
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and 2.323 A in T),,,), the elongated Si—H bond lengths (1.534
A'in Ty and 1.526 A in T,,;) compared with the normal
Si—H contact of 1.48 A, and the more negative NBO charges
(—=0.33 in T 1515160 and —0.31 in T5,;) on the H atom interacting
with Sc atom (Figure S). In comparison with T15,1, Ta1216 has a
shorter Sc-H distance (2210 A), longer Si—H bond length
(1.534 A), and more negative NBO charge (—0.33). As a whole,
these geometrical and electronic features could account for the
more stability of T 550
2. Stereoselectivity in the 1-Hexene Polymerization.
To computationally interpret the stereoselectivity of 1-hexene
polymerization observed experimentally, it is necessary to con-
duct calculations for both iso- and syndio-specific manners. The
coordination of 1-hexene in 1,2-si and 1,2-re manner to the
metal center of P,s. could lead to the iso- and syndio-tactic
polymers, respectively. Figure 6 shows the computed energy

could avoid the repulsive interaction between the polymer
chain and the (CH,);CH; group of the coordinated 1-hexene
moiety (see Ciyipre0 and Ty, in Figure S). While, the re-
coordination of the incoming monomer resulted in significant
repulsion between the polymer chain and the (CH,);CH,
group of the coordinated 1-hexene moiety (see Cjyzy, and
T 2125y in Figure 7). Such repulsion could destabilize Ty56,m-
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Figure 6. Computed energy profiles (energy in keal/mol) for isotactic
and syndiotactic insertion processes of 1-hexene.

profile for re-coordination of 1-hexene to the metal center of

P55 and subsequent insertion process. Since C, 1555, Shows the

si-coordination fashion of 1-hexene (Figure S) and the resulting

product Py, 5y, is isospecific, the energy profile for the process
of Cpaar0 = Ti1a10 = Praraiso (Figure 4) is also included in

Figure 6 for comparison. As shown in this figure, the isospecific

insertion of 1-hexene starts with its si-coordination to metal

center (formation of Ciyyy,), and goes through a transition
state Tyy15, leading to corresponding product Pjyiap
However, the syndiospecific insertion occurs through the re-
coordination of monomer to the metal center and then pro-
ceeds via a transition state T 2128y tO give insertion product
P12y In comparison, the lower insertion free-energy barrier
of 15.04 kcal/mol for Ty, lends kinetic advantage to iso-
tactic polymerization over syndiotactic polymerization, which has
a higher insertion energy barrier of 21.71 kcal/mol (Figure 6).
The syndiospecific product and the isospecific enantiomer are
almost isoenergetic (energy difference of 0.48 kcal/mol, Figure 6).
That is to say, the microstructure of polymer is mainly controlled
by kinetics. In this sense, the current computational results are in
agreement with the isoselectivity observed experimentally.

For better understanding of the origin of isospecific poly-
merization, the structure characters of some stationary points
have been analyzed. In C,,,,, the 1-hexene moiety interacts
with the metal center via si-coordination, which gives rise to
isospecific product Py, with R-configuration (refer to the
chiral C4 atom, see Figure S). Such a si-coordination manner
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Figure 7. Geometric structures (distance in A) involved in the energy
profile of the syndiotactic insertion process.

The re-coordination manner could lead to syndiotactic product
Py5126yn With S-configuration (refer to the chiral C4 atom). It is
therefore concluded that the steric effects of the growing chain-
end could be the main factor governing the stereoselectivity in
this system.

3. Activity Comparison of Dicationic and Monoca-
tionic Species. Experimental studies have shown that the di-
cationic species [Sc(iPr-trisox)(CH,SiMe;)]** has higher
activity for 1-hexene polymerization than the monocationic
analogue [Sc(iPr-trisox)(CH,SiMe;),]" by 3 orders of mag-
nitude.”* For comparison, calculations on [Sc(iPr-trisox)-
(CH,SiH;),]" (2¢/) modeling the monocation of 2. has
been also performed. The computed energy profile is shown in
Figure 8. The energy profile for 3¢ -involved process Cj,s. =
Tasc = Ppas. is also included in this figure for convenience in
discussion. Insertion processes catalyzed by monocationic 2,
and dicationic 3g./ start with the formations of prereaction
complexes Cyc and Cjy. and then goes through four-center
transition states Ty and Ty, to give the insertion products

Pyc and Py, respectively. The coordination complex C;,
(complexation energy of —2.37 kcal/mol) is more stable than
Cyc (complexation energy of 7.42 kcal/mol). The complex
Cyic is higher in free energy by 7.42 kcal/mol in comparison

dx.doi.org/10.1021/ma202414k | Macromolecules 2012, 45, 640—651
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Figure 8. Computed energy profiles (energy in kcal/mol) for 1-hexene
polymerization catalyzed by dication (35;) and monocation (2g.)
species at the chain initiation stage.

with separated species (25 + m). The higher relative free
energy of 7.42 kcal/mol for Cpc could be due to over-
estimation of translational entropy in gas-phase. The insertion
process catalyzed by 3. has a lower free-energy barrier of 17.24
kcal/mol and is exergonic by —3.08 kcal/mol. This process is
both kinetically and energetically favorable than the 2. -
catalyzed one (free-energy barrier of 25.09 kcal/mol and
endergonic by 6.01 kcal/mol). In the 2¢/-catalyzed process, the

endergonic feature and the insertion energy barrier of 25.09
kecal/mol, which is higher than that (~20 kcal/mol) for the
usual olefin insertion reaction, could add better understanding
to the fact that the monocationic species has a very low activity
toward 1-hexene polymerization.”

Geometrically, the two alkyl groups of 25, (Figure 9) make
their respective metal centers more crowded in comparison
with 3¢, (Figure 1) having one alkyl group. Such a situation
sterically hampered the binding of 1-hexene moiety to the
metal center of 2g/, which accounts for the less stabilities of
Cyic and Ty in comparison with Cjyg. and Ty, respectively.
To further access the origin of the higher activity of 3¢, the
analyses of energy and electronic character have also been
performed. The interaction energy AE;, between 1-hexene
moiety and the active species (iPr-trisox)Sc(CH,SiH;)** in
T1asc and (iPr-trisox)Sc(CH,SiH;)," in Ty were computed to
be —37.21 and —23.37 kcal/mol, respectively. The sum of
deformation energy AE, of the active species and the 1-hexene
moiety were computed to be 43.93 and 38.28 kcal/mol for
T1ss and in Ty, respectively. The energy of TS (AErg) could
be obtained for T s (—37.21 + 43.93 = 6.72 kcal/mol)
and Ty (—23.37 + 3828 = 14.91 kcal/mol), respectively.
Therefore, the less stability of Ty could be due to the weaker
interaction between the (iPr-trisox)Sc(CH,SiH;)," species and
the 1-hexene moiety in Tyc. To get more insights on the
different activities of the monocationic and dicationic species,
the frontier orbital energies of the related cations were also ana-
lyzed on the basis of their optimized geometries. The dication

Cwmc

Tme

Puc

Figure 9. Geometric structures (distance in A) involved in the energy profiles of 1-hexene polymerization catalyzed by monocation 2g,’ species at the

chain initiation stage.
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of 3¢, is more electron-deficient and is a stronger Lewis acid
with bigger chemical hardness (computed to be 2.847 eV,
derived from the energies of frontier orbitals) compared to
monocation of 2g. (chemical hardness of 2.603 eV), which
could account for the higher reactivity of dication toward
electron-rich olefin. Our calculations also show that the
LUMO energies of the cations of 3¢, and 2. are —0.3112 au
and —0.1718 au, respectively, and the HOMO energy of
1-hexene is —0.2591 au. By comparison, the HOMO energy
of 1-hexene is closer to the LUMO energy of the dication,
suggesting that 1-hexene is easier to react with the dication
in comparison with the monocationic analogue.

4. Activity Comparison of (iPr-trisox)Sc(CH,SiMe;)?
with (iPr-trisox)Y(CH,SiMe;)** Species. It was experimen-
tally found that the Sc active species possesses significantly
higher catalytic activity toward 1-hexene polymerization com-
pared with the Y analogue. This motivated us to computation-
ally elucidate the origin of the difference in activity. The
computed energy profile for the reaction of 1-hexene with
3y (the Y analogue of 35.) and the related structures are shown
in Figure 10 and 11, respectively. For a comparison, the

AGgas
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Figure 10. Computed energy profiles (energy in kcal/mol) for 1-hexene
polymerization catalyzed by 3. and 3'y species at the chain initiation
stage.

corresponding energy profile for 3¢ -containing system is also
included in this figure. Like 3¢, the structure of 3y’ (Figure 11)
also shows a f-Si—H agostic interaction as suggested by the
Y---H1 distance of 2.309 A, the Si—H1 bond length of 1.590 A,
and the Y—C3—Si angle of 92.8°. As shown in Figure 10, the
complexation energy of C,,y (—8.27 kcal/mol) is lower than
that of Cy,g. (—2.37 keal/mol). The insertion energy barrier of
20.73 kcal/mol for 3y’ assisted insertion reaction is larger than
that (17.24 kcal/mol) for 3¢ -involved reaction. The insertion
product P,y is also slightly less stable than Py, by 1.26 kecal/mol.
However, the relative energy (12.46 kcal/mol) of 3y-involved
insertion transition state (Tj,y) is slightly lower than that
(14.87 kcal/mol) of T}, The energy profile shown in Figure 10
indicates that the larger insertion barrier for 3’y reaction system
is mainly due to the lower C,y in energy in comparison with
34 -containing system. The chemical hardness of (iPr-trisox)Sc-
(CH,SiMe,)** and (iPr-trisox)Y(CH,SiMe,)** were computed
to be 2.847 and 2.751 eV, respectively, suggesting a stronger
Lewis acidity and hence higher reactivity of the former toward
olefin in comparison with the later.
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Figure 11. Geometric structures (distance in A and angle in degree)
involved in the energy profiles of 1-hexene polymerization catalyzed by
35, and 3'y species at the chain initiation stage.

To cast a light on the reason for the stability of C,,y, energy
decomposition analyses of C,,. and C,,y (electronic energy,
AE) were carried out in a similar manner described above. The
complex Cy,5. (or Cy,y) can be divided into two fragments, viz.
3sc (or 3y) species and 1-hexene moiety. The following
information was obtained for C,,g.: AE;, = —23.22 kcal/mol,
AE ¢ (3s.) = 8.79 kcal/mol, AE.(1-hexene) = 2.51 kcal/mol;
and therefore AE(Cjps) = —2322 + 879 + 2.51 = —11.92
kcal/mol. While the following components were obtained for
Chy: AE,, = —25.10 kcal/mol; AE4y (3%y) = 5.65 kcal/mol;
AE,. (1-hexene) = 2.51 kcal/mol; and therefore AE(C,,y) =
—25.10 + 5.65 + 2.51 = —16.94 kcal/mol, which is lower than
that (—11.92 kcal/mol) of Cj,. It is obvious that the lower
AE,, for Cyy and less deformation energy of AEy; (3'y)
account for the more stability of C,,y in comparison with Cj ..

Although the 3'y assisted insertion of 1-hexene is less favor-
able both kinetically and energetically than the 35/ involved
process, such low superiorities are hard to explain well the large
difference in activity between the Sc active species and its Y
analogue. This drove us to further access the formations of the
two kinds of active species and their interactions with coun-
terion, respectively.

According to experimental findings,”® the reaction of the
trialkyl precursor [(iPr-trisox)Ln(CH,SiMe;);] (Ln = Sc, Y)
with 2 equiv of the borate compound [Ph;C][B(C4F;),] gives
rise to 1 equiv of the contact ion-pair [Ln(iPr-trisox) (CH,SiMe,)]-
[B(C4Fs),], and 2 equiv of PhyCCH,SiMe;, as illustrated by
reactions 1 and 2 in Scheme 3. The optimized structures of the
contact ion-pairs are shown in Figure 12. As shown in this
figure, the counterions coordinate to the metal atom Sc (or Y)
via three F atoms, viz. F1 and F2 atom in one counterion and
F3 atom in another one (Figure 12). We assume that the
reaction enthalpies of reactions 1 and 2 are AHg.' and AH,?
(Scheme 3), respectively. Let (1) minus (2) give (3), and the
reaction enthalpy of (3) is therefore AH.' — AHy” Let AH ® =
AHg' — AHy* According to the calculated enthalpies based
on optimized structures of [(iPr-trisox)Ln(CH,SiMe;);] and

dx.doi.org/10.1021/ma202414k | Macromolecules 2012, 45, 640—651
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Scheme 3. Formation Process of Active Species [Ln(iPr-trisox)(CH,SiMe;)][B(C¢F;),], (Ln = Sc and Y) and the Separation of

Ion Pairs via Hexene Coordination

[Sc(iPr-trisox)(CHaSiMe3)s] + 2[Ph3Cl[B(CgF5)a] — [Sc(iPr-trisox)(CH,SiMes3)][B(CoF5)4]o + 2PhsCCH,SiMes + AHg' (1)

[Y(iPr-trisox)(CH,SiMeg)s] + 2[PhaClIB(CeFs)al — [Y(iPr-trisox)(CH,SiMes)IB(CeFs)ala + 2PhsCCH,SiMes + AHy?

(1)-(2):

(2)

[Sc(iPr-trisox)(CH,SiMe3)3] + [Y(iPr-trisox)(CH,SiMe3)][B(CsF 5)al2

—> [Sc(iPr-trisox)(CH,SiMes3)I[B(CgF5)alo + [Y (iPr-trisox)(CH,SiMes)s] + AHg,! — AHY2

AH® = AHg' - AHy? = - 5.96 kcal/mol

hexene + [Sc(iPr-trisox)(CH,SiMe3)][B(CgF5)4l, —> [Sc(iPr-trisox)(CH,SiMe3)-hexenel?* + 2[B(CgFs)al” + AHgc*

hexene + [Y(iPr-trisox)(CH,SiMe3)l[B(CeFs5)sl, —> [Y(iPr-trisox)(CH,SiMe3)-hexene]?*  + 2[B(CgFs)al” + AHy®

(4)-(5):

(3)

(4)
(5)

[Sc(iPr-trisox)(CH,SiMe3)][B(CsF5)al, + [Y(iPr-trisox)(CH,SiMes)-hexene]?*

—> [Sc(iPr-trisox)(CH2SiMes)-hexene?* + [Y(iPr-trisox)(CH,SiMes)|[B(CeFs)als + AHsct — AHy®

AH® =AHg* — AHy® = - 6.00 kcal/mol

(6)

CIPg,

CIPy

Figure 12. Optimized structures for contact ion-pair [Ln(iPr-trisox)(CH,SiMe;)][B(C¢Fs)4); (CIPg, Ln = Sc; CIPy, Ln = Y).

[Ln(iPr-trisox) (CH,SiMe;) ] [B(C4Fs)4),, (Ln = Sc, Y) shown
in eq 3, the reaction enthalpy of (3), viz. AH * = AHg' —
AHYZ, was computed to be —5.96 kcal/mol. The negative value
of AH * suggests that eq 1 is more exothermic (or less
endothermic) than eq 2. That is to say, it is thermodynamically
easier for Sc trialkyl precursor to be activated by [PhyC][B-
(CgFs)s] and to give corresponding active species in
comparison with the Y trialkyl complex. This could account
for the higher activity of Sc species compared with Y analogue.
Similarly, the difference in the enthalpies required for the
reactions of hexene with the contacted ion pairs (CIPg, or CIPy
in Figure 12) leading to the anion and hexene-complexed
cation, as shown in eqs 4 and S in Scheme 3, could be also
computed. We assume that the reaction enthalpies of (4) and
(5) are AHg' and AH,® (Scheme 3), respectively. Let (4)
minus (5) give (6), and the reaction enthalpy of (6) is therefore
AHg* — AH,’. Let AH® = AH,* — AH,’. In eqs 4—6, the
[Sc(iPr-trisox) (CH,SiMe;)-hexene]** is actually the C,,q.
shown in Figure 3, and the [Y(iPr-trisox)(CH,SiMe;)-
hexene]*" is actually the Cy,y shown in Figure 11. Like eq 3,
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according to the calculated enthalpies of optimized structures,
the reaction enthalpy of (6), viz. AH ¢ = AHg* — AHy®, was
computed to be —6.00 kcal/mol. The negative value of AH °
illustrates that the two anions of ion pair CIPg, is easier to be
replaced by hexene to coordinate to the metal center in
comparison with that of ion pair CIPy. This result could also
account for the higher activity of Sc system in comparison with
Y analogue.

B CONCLUSION

We have computationally studied the regio- and stereo-
selectivity of the polymerization of 1-hexene catalyzed by the
dicationic rare-earth metal complexes [(iPr-trisox)Ln-
(CH,SiMe;)]** (Ln = Sc and Y). At both chain initiation
and propagation stages, 1,2-insertion has been found to be
kinetically favorable over 2,1-insertion. The kinetic priority of
1,2-insertion pattern is mainly due to the absence of repulsive
interaction between the ancillary ligand and the CH;(CH,),
group of 1-hexene moiety in the insertion transition state and
the resulting stronger binding between the metal center and the
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1-hexene motif. The stereoselectivity has been found to follow
chain-end mechanism, and the iso-specific insertion of 1-hexene
observed experimentally is mainly controlled by kinetics. The
insertion reaction catalyzed by dicationic active species is easier
than that by monocationic species both kinetically and ener-
getically, which is in agreement with the higher activity of the
dicationic species observed experimentally. The features of
frontier molecular orbitals of the two kinds of species could also
account for their different activities. The origin of difference in
activity between the scandium active species and its yttrium
analogue has been also computationally investigated. It has
been found that the scandium-catalyzed insertion reaction has
kinetic preference over the yttrium-catalyzed reaction and that
the generation of scandium active species is easier compared
with that of yttrium analogue. These results could help under-
stand better the higher activity of the scandium complex than
its yttrium analogue and develop rare earth polymerization
catalysts.

B ASSOCIATED CONTENT

© Supporting Information

Figures giving the energy profiles of 1,2- and 2,1l-insertion
process computed at the levels of B3LYP and MPWIK,
optimized structures with CH,SiMe; group, and tables giving
the optimized Cartesian coordinates, total energies, and the
imaginary frequencies of TSs. This material is available free of
charge via the Internet at http://pubs.acs.org.
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ABSTRACT: Covalent surface functionalization is presented
as a versatile tool to increase the hydrophilicity and to
introduce the electroactivity of polyester films. Acrylic acid and
maleic anhydride were photografted onto a polylactide (PLA)
surface with a “grafting from” method to increase the surface
wettability, and the subsequent coupling of conductive aniline
oligomer was used to introduce electroactivity to the PLA
surface. The photopolymerization of maleic anhydride and
acrylic acid and the coupling of aniline tetramer (AT) were
characterized by FT-IR, UV, and TGA. The surface
morphology of the PLA surface before and after modification
was examined by scanning electron microscopy (SEM) and
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atomic force microscopy (AFM). A medium hydrophilic surface of PLA was achieved by surface modification with maleic
anhydride, acrylic acid, and AT. An electrically conductive surface was obtained after grafting with AT, and the conductivity
increased with increasing AT content on the surface. The hydrophilic and electroactive surface of polyesters while retaining their
bulk properties offers new possibilities in biomedical applications, such as bone, cartilage, neural, and cardiovascular tissue

engineering.

B INTRODUCTION

The performance of polymeric materials depends greatly on the
surface properties of the biomaterials because most biological
reactions occur between a polymeric implant and the host
tissue.' > The development of biomaterials for tissue
regeneration applications requires the construction of a suitable
surface that can induce a specific cellular response and regulate
the formation of new tissue. The most widely used biomaterials
in tissue engineering are polyesters such as polylactide (PLA),
polycaprolactone (PCL), etc, because of their excellent
biocompatibility, degradability, and mechanical properties.*™®
However, the hydrophilicity of PLA is not appropriate for cell
attachment on its surface; the PLA surface lacks chemically
modifiable side-chain groups, and PLA is a biologically inert
polymeric biomaterial that is not able to induce cell adhesion
and tissue formation.”® To improve the host—implant
interaction of biomaterials, various modifications of PLA have
been studied,®™'® such as copolymerization with other
functional and hydrophilic monomers''™** or blending of
PLA with other materials."*"> However, copolymerization and
blending changes the bulk properties of PLA, and this is
considered to be a drawback in many applications. Therefore,
surface modification of the PLA has been the subject of
attention. Among the techniques employed for surface
modification of biodegradable polymers, photografting is a
useful tool with the advantages of low cost of operation, mild
reaction conditions, and a permanent alteration of the surface
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chemistry.'®'” Photografting employs a much lower energy
than ¥ or electron beam irradiation, and this reduces the risk of
possible degradation of the polymer. Poly(acrylic acid) (PAA)
has been covalently grafted onto the surface of degradable
biomaterials including PLA and PCL by photografting."*'* PLA
has a much more hydrophilic surface after grafting with AA or
maleic anhydride, and the rate of degradation of PLA was
enhanced as a result of the hydrophilic surface.*>*' More
importantly, the surface with functional groups could be used
for the further covalent immobilization of bioactive molecules,
such as gelatin, heparin, and nerve growth factor or vascular
endothelium growth factor,” which could enhance cell adhesion
and further regulate the cell behavior.

Conducting polymers such as polyaniline and polypyrrole
have been shown to regulate the behavior of a series of cells
(neural, cardiac, fibroblast, and endothelial cells) by electrical
stimulation, including cell adhesion, spreading, proliferation,
differentiation, and DNA synthesis.”*~>* To take advantage of
conducting polymers, polypyrrole was coated onto electrospun
poly(lactic-co-glycolic acid) nanofibers*® and PLA and PCL
nanofibers®® by in situ solution polymerization of pyrrole.
However, the interaction between the polypyrrole and substrate
is weak due to the noncovalent deposition. Another severe
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Figure 1. Surface grafting of polylactide (PLA) films with aniline tetramer (AT).

limitation of the conducting polymers used in tissue engineer-
ing is their nondegradability. In contrast, aniline oligomers such
as aniline trimer, aniline tetramer, and aniline pentamer have a
well-defined structure, good biocompatibility, and an electro-
activity similar to that of polyaniline, together with specific end
groups which offers possibilities for further extensive
modification.>”*® In addition, the aniline oligomers would be
consumed by macrophages, and subsequently cleared by the
kidney,””*® which eliminates the need for a second surgical
removal of the materials. Our group have designed and
synthesized a series of linear (diblock®" and triblock®), star-
shaped,® hyperbranched,® and cross-linked®*¢ degradable
and electrically conducting polymers and hydrogels and porous
tubular scaffolds®” based on PLA, PCL, and aniline oligomers,
and we have found that macromolecular architecture is a useful
tool to tune the properties of these polymers. All these studies
have focused on the bulk properties of the materials.

The goal of the present work is to functionalize the PLA film
with aniline oligomer to create a conductive and hydrophilic
surface by covalent surface modification. We hypothesize that a
moderately hydrophilic PLA surface would have a better
interaction with the host tissue and that the electrically
conductive PLA surface could be used to induce specific
cellular responses to tune and control the formation of new
tissue. A covalent modification with AT is preferred rather than
noncovalent modification because of its superior environmental
stability. First, we introduce maleic anhydride and acrylic acid
which contain carboxyl groups to the surface of the PLA film by
photografting. Second, we attach the electroactive aniline
tetramer to these pendant carboxyl groups by a coupling
reaction. The hydrophilic and electroactive surface of PLA films
together with the bulk properties of PLA, such as its good
mechanical properties, has a great potential in tissue engineer-
ing applications.

B EXPERIMENTAL SECTION

Materials. Polylactide (PLA) with a molecular weight of 200 000
was bought from Nature Works Co. Ltd. Acrylic acid (AA, Aldrich)
was distilled under reduced pressure before use. Maleic anhydride
(Ma), N-phenyl-1,4-phenylenediamine, ammonium persulfate
((NH,),S,05), phenylhydrazine, ammonium hydroxide (NH,OH),
hydrochloric acid (HCI), N,N-dicyclohexylcarbodiimide (DCC), 4-
(dimethylamino)pyridine (DMAP), ethanol (EtOH), and dimethyl
sulfoxide (DMSO, dried with molecular sieve) were all purchased from
Aldrich and used without further purification.
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Aniline tetramer (AT) was synthesized according to ref 38. 'H
NMR (400 MHz, DMSO-dy): 8.36 (s, 1H), 7.23 (t, 2H), 7.07 (s, 4H),
7.04—6.96 (m, SH), 6.91—6.82 (m, 2H), 6.83—6.79 (m, 2H), 6.62—
6.60 (m, 2H), 5.54 (s, 2H). These data agree with the literature.>®

Preparation of PLA Films. PLA films were fabricated by a
solution-casting method. 1.2 g of PLA was dissolved in 20 mL of
CHCl,;, and the solution was poured into a silanized Petri dish. The
Petri dish was covered and then placed in a horizontal position. CHCl,
was allowed to evaporate at room temperature for 1 week. The PLA
film was then peeled from the Petri dish and dried in a vacuum oven.
The thickness of the film was determined by a thickness meter
(Mitutoyo Corp., Japan) at five different points, and an average value
was taken as the film thickness. The PLA film after drying was cut into
2 X 2 cm squares with a thickness of about 108 um.

Synthesis of PLA-Ma and PLA-AA. PLA films were washed in
ethanol and then immersed in a 5% w/w solution of benzophenone in
ethanol. The solution was purged with nitrogen for 10 min, and it was
then placed under the UV lamp (Osram Ultra-Vitalux 300 W lamp) to
activate the PLA film. The distance between the sample and lamp was
50 cm. After irradiation for 20 min, the PLA films were washed many
times in ethanol to remove the unbonded benzophenone. The films
were finally dried in a vacuum oven for 24 h.

The benzophenone-activated PLA films were soaked in 10% w/w
maleic anhydride (Ma) solution in ethanol and purged with nitrogen
for 10 min. The mixture was then placed under a UV lamp (Osram
Ultra-Vitalux 300 W lamp) to initiate the reaction. After S h, the films
were taken from the solution and extensively washed with ethanol to
remove unreacted maleic anhydride. The sample was finally dried in a
vacuum oven for 48 h. The reaction route is shown in Figure 1.

Acrylic acid (AA) was photografted to PLA film by a procedure
similar to that used for the preparation of PLA-Ma sample. The
samples were coded as PLA-AA2h, PLA-AA3.5 h, and PLA-AASh,
which means that the samples were respectively grafted with AA for 2,
3.5,and S h.

Synthesis of PLA-Ma-AT and PLA-AA-AT. PLA-Ma-AT and
PLA-AA-AT were prepared by a coupling reaction between the
carboxyl group of Ma or AA and amino group of AT with DCC as
water condensing agent and DMAP as catalyst. In general, 80 mg of
AT, 112 mg of DCC, and 66.5 mg of DMAP were dissolved in a dry
DMSO solution; the PLA-Ma or PLA-AA film sample was then put
into the mixture, and the vial was sealed. The vial was then put on a
mini-shaker with a shaking speed of 50 rpm at room temperature. The
reaction was allowed to proceed for 24 h. The PLA films after grafting
with AT were washed first with DMSO to remove the unreacted AT
and then with an excess of ethanol to remove the DMSO. The PLA-
Ma-AT and the PLA-AA-AT were finally dried in a vacaum oven for
24 h. The synthesis pathway is shown in Figure 1.

For comparison, benzophenone-activated PLA film exposed to UV
in the absence of maleic anhydride or acrylic acid for 0, 2, 3.5,and S h
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were prepared in the same way as that of PLA-Ma and PLA-AA
samples. The PLA-Ma and PLA-AA samples after incubation in
DMSO for 24 h were also prepared as control samples for water
contact angle test and scanning electron microscope observations.

Characterization. FT-IR spectra of AT, PLA, PLA-Ma, PLA-Ma-
AT, PLA-AA, and PLA-AA-AT were recorded using a Perkin Elmer
Spectrum 2000 spectrometer (Perkin-Elmer Instrument, Inc.)
equipped with an attenuated total reflectance (ATR) crystal accessory
(Golden Gate). Each spectrum was recorded as the average of 16 scans
at a resolution of 2 cm™! for wavenumbers between 4000 and 600 cm™
with a correction for atmospheric water and carbon dioxide. The data
obtained were evaluated using the Perkin Elmer Instrument v3.02
software.

The wettability of the PLA films before and after grafting was
evaluated by determining the contact angle of water using a contact
angle and surface tension meter (KSV instruments Ltd.). A drop of
Milli-Q water was placed on the surface of the sample, and images of
the water drop were recorded by a digital camera. Contact angle data
were obtained by analyzing the images with KSV software. The average
contact angle of each sample was obtained from five measurements at
different points on the samples.

The morphology of the PLA films and modified PLA films mounted
on metal stubs was observed using a field emission scanning electron
microscope (FE-SEM, S-4800, Hitachi, japan).

The surface topography of the PLA, PLA-Ma, PLA-Ma-AT, PLA-
AA, and PLA-AA-AT was examined with a Nanoscope III atomic force
microscope (AFM) (Digital Instrument Inc.) in the contact mode with
a scanning area of 5.0 ym. The average roughness of the PLA surface
before and after modification was obtained directly from the AFM
images.

The UV—vis spectra of AT, PLA-AA-AT and HCl-doped AT, HCI-
doped PLA-AA-AT were recorded with a UV—vis spectrophotometer
(UV-2401) using 1,4-dioxane as solvent.

A thermogravimetric analysis (TGA) (Mettler) of the PLA and
PLA-AA-AT samples was carried out to determine the thermal stability
of the polymers. TGA tests were conducted under a nitrogen
atmosphere (nitrogen flow rate S0 mL/min) with a heating rate of 10
°C/min from 50 to 800 °C.

The PLA-Ma-AT and PLA-AA-AT samples were cut into 1 X 1 cm
squares and immersed in 1 mol/L HClI for 5 min. They were first dried
in air and then dried in a vacuum oven for 48 h. The electrical
conductivity of these films was determined by the Van Der Pauw four-
probe technique (potentiostat, Solartron, SI 1287).

B RESULTS AND DISCUSSION

The hydrophobicity and lack of recognition site for cells on the
surface are the disadvantages of polyesters such as PLA and
PCL for use in tissue engineering. Surface modification and
functionalization are useful tools to overcome these drawbacks
while maintaining the bulk properties of the polyesters, such as
good biocompatibility, good degradability, and good mechan-
ical strength. In this work, a two-step surface functionalization
strategy on PLA films is presented to increase the hydro-
philicity of the materials and to introduce conductive aniline
oligomers onto the PLA surface to regulate the cell behavior in
a later stage. The carboxyl groups (—COOH) from maleic
anhydride (Ma) and acrylic acid (AA) were first grafted onto
PLA film by photografting. These —COOH groups were
subsequently covalently coupled with the amino group (—NH,)
of a conductive aniline tetramer segment. The synthesis route is
shown in Figure 1, and the PLA film after modification was
characterized by FT-IR and UV spectrum analysis.

Surface Covalent Grafting of PLA Films with Aniline
Tetramer. FT-IR spectra were used to verify the grafting of the
PLA films. The FT-IR spectra of PLA, PLA-Ma, and PLA-Ma-
AT are shown in Figure 2 as curves a, b, and ¢, respectively.
Pure PLA showed an absorbance peak at 1747 cm™'
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Figure 2. FT-IR spectra of (a) PLA (polylactide), (b) PLA-Ma
(polylactide—maleic anhydride), and (c) PLA-Ma-AT (polylactide—
maleic anhydride—aniline tetramer).

corresponding to the ester group in the PLA main chain.
Maleic anhydride cannot homopolymerize on the PLA surface
due to the steric hindrance. Therefore, Ma only forms a
monomeric layer on the PLA surface, and a low intensity of the
peaks relating to the succinic anhydride groups is expected.
There are no peaks corresponding to anhydride functionality
appearing between 1830 and 1740 cm™ in curve b. This implies
that the anhydride groups are not present on the PLA surface
because the anhydride groups are not very stable, and they may
hydrolyze during the film grafting and purification with ethanol.
A broad C=O0 peak at 1640 cem ! s present in curve b,
indicating that Ma was chemically grafted onto the PLA
surface.” The peak at 1640 cm™ is weak because only a small
amount of Ma was chemically attached to the PLA surface.
Compared to curve b, curve ¢ of PLA-Ma-AT showed two new
peaks at 1602 and 1507 cm™", which correspond respectively to
the quinoid ring and benzenoid ring in AT. This indicated that
AT was grafted onto the Ma through the coupling reaction
between the carboxyl group of Ma and the amino group of AT,
as shown in Figure 1.

Compared to the monolayer of carboxyl group from PLA-
Ma, the carboxyl polymer brush has a much higher bonding
capacity because of the high concentration of carboxyl group at
the brush interface. To increase the amount of conductive AT
segment on the PLA surface, AA was grafted to PLA films, and
PLA-AA samples were synthesized as shown in Figure 1. AA
would homopolymerize during the UV irradiation and longer
flexible PAA chain was formed, and a large quantity of
—COOH groups was introduced onto the PLA film surface.
This was confirmed by the FT-IR spectra, as shown in Figure 3.
Curves a, b, ¢, d, and e show the IR spectra of PLA, PLA-AA,
AT, PLA-AA2h-AT, and PLA-AASh-AT, respectively. Com-
pared to curve a, curve b shows that a new peak at 1720 cm™’
corresponding to acid group (—COOH) of acrylic acid forms a
shoulder peak with that of PLA at 1747 cm ™/, indicating that
AA was grafted to the PLA film.!”?! In curve c of AT, the
amine group (—NH,) showed two characteristic peaks at 3367
and 3192 cm™, but in curve d of PLA-AA2h-AT, these two
peaks changed into a single broad peak at about 3320 cm™
corresponding to —NH—, indicating that the coupling reaction
between the amine group of AT and the carboxyl group of PAA
had taken place. In addition, a new peak at 1650 cm™’ is
assigned to the amide group formed in the coupling reaction of
—COOH group of PAA and —NH, group of AT. The new

dx.doi.org/10.1021/ma202508h | Macromolecules 2012, 45, 652—659



Macromolecules

Transmittance

Wavenumber (cm)

1500 1000
Figure 3. FT-IR spectra of (a) PLA (polylactide), (b) PLA-AA

(polylactide—acrylic acid), (c) pure AT (aniline tetramer), (d) PLA-
AA2h-AT, and (e) PLA-AASh-AT.

peaks at 1600 and 1504 cm ™' present in curve d, but not in
curve b, are attributed to the quinoid ring and benzenoid ring
of AT, respectively. The absorption intensities of these peaks
are much stronger than those in PLA-Ma-AT, indicating that a
larger amount of AT was grafted onto the PLA surface. The
peaks at 1650, 1600, and 1510 cm™ in curve e of PLA-AASh-
AT showed a much stronger intensity than in curve d of PLA-
AA2h-AT, indicating that the amount of AT grafted onto the
PLA surface increased with increasing grafting time of AA to
PLA films.

The PLA-AASh-AT film was dissolved in 1,4-dioxane, and
the UV—vis absorption spectrum was recorded as shown in
Figure 4. Curve a for AT shows two absorption peaks at 545

2.0

Absorbance

0.0

500 600 700 800

Wavelength (nm)

400

Figure 4. UV—vis spectra of polymers in 1,4-dioxane: (a) AT, (b)
PLA-AASh-AT, (c) HCl-doped AT, and (d) HCl-doped PLA-AASh-
AT.

and 332 nm, corresponding respectively to the characteristic
absorption of the excitonic transition from the benzenoid to the
quinoid ring and to the z—7* transition of the benzenoid ring.
In curve b for PLA-AASh-AT, the absorption of the benzenoid
ring shows a hypsochromic shift from 332 to 301 nm, probably
because the PAA chains disturb the extent of conjugation
between the adjacent phenyl rings in the AT segment.” In
addition, the quinoid ring absorption underwent a blue shift
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from 545 to 520 nm, and the ratio of the absorption intensity of
the quinoid to the benzenoid ring of PLA-AASh-AT was less
than that of AT. This is because the amide group (—CO-—
NH-) is an electron-withdrawing group compared to the
amino group of AT, and this reduces the electron density of the
quinoid ring. These data indicate that the coupling reaction
between —COOH and —NH, had taken place.*®> The HCI-
doped AT, as shown in curve ¢, showed two new absorption
peaks at 402 and 712 nm, but the HCl-doped PLA-AASh-AT
showed only one new absorption peak at 402 nm ascribed to
the formation of delocalized polarons.** This result is
consistent with our previous work.*" These data indicate that
the electroactivity of the AT segment was retained after grafting
onto the PLA-AA surface.

The amount of AT grafted onto the PLA films was also
determined. The AT grafting yield and extent of grafting were
calculated by the following equations:

grafting yield = (W:g — Wp) /Wy X 100%
extent of grafting = (W, — Wp)/S

where W, and W, represent the weights of the film before and
after grafting with AT, and S is the surface area of the PLA film.
The results of AT grafting yield and extent of grafting of PLA
films are listed in Table 1. The AA grafting yield of PLA-AA2h,

Table 1. Extent of Grafting and Grafting Yield of AT on the
PLA Films

extent of grafting (ug/cm?) grafting yield (%)

sample name

PLA-Ma-AT 380 2.3
PLA-AA2h-AT 1010 5.7
PLA-AA3.5h-AT 1740 9.9
PLA-AASh-AT 1850 10.6

PLA-AA3.5h, and PLA-AASh were 1.0%, 1.6%, and 1.9%,
respectively, and they increased with increasing grafting time of
AA on PLA surface. The AT grafting yield of PLA-Ma-AT was
2.3%, and the extent of grafting of AT was 380 ug/cm” The
PLA-Ma film after grafting with AT was purple in color,
indicating that AT was attached to the PLA-Ma surface. The
AT grafting yield and extent of grafting of PLA-AA2h-AT were
much greater than that of PLA-Ma-AT. For PLA-AA-AT
samples, the AT grafting yield and extent of grafting increased
with increasing AA grafting time on the PLA film; ie., the
amount of AT grafted onto the PLA-AA surface increased with
increasing AA amount on the PLA film. However, the increase
was slow after 3.5 h grafting of AA. Therefore, the grafting time
of AA was set as S h in this work.

Thermal Properties of the Polymers. The AT grafting
yield on the PLA surface was also confirmed by TGA, as shown
in Figure S. The PLA showed one degradation stage between
80 and 350 °C in a nitrogen atmosphere. The slight weight loss
between 80 and 150 °C may be attributed to a loss of the
solvent and moisture entrapped in the polymer. However, the
PLA-AA-AT samples showed a two-step degradation process.
The first degradation occurred between 50 and 360 °C, which
indicates a higher thermal stability than pure PLA, probably due
to the better thermal stability of the grafted AT. The second
degradation process took place between 360 and 600 °C, and
this is attributed to a degradation of the AT segment. The
second degradation stage of PLA-AASh-AT was used to
determine the AT content in the PLA film because the PLA
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Figure S. TGA curves of the PLA, PLA-AA2h-AT, PLA-AA3.5h-AT,
and PLA-AASh-AT.

was completely degraded in the first degradation stage. The AT
contents determined from the TGA curves agree with the AT
grafting yield results shown in Table 1. This further confirmed
that the AT segment was successfully grafted onto the PLA-AA
surface.

Wettability of the PLA Surfaces after Modification.
The surface hydrophilicity, surface charge, surface energy, and
surface roughness have great effect on the cell adhesion on the
materials.**~** Moderate surface hydrophilicity has been shown
to be important for cell attachment and cell adhesion.**** The
wettability of the PLA surface before and after modification was
assessed by determining the contact angle of water, and the
results are shown in Figure 6. The contact angle of water on the

80

60

40

Water contact angle (Deg)

Figure 6. Contact angles of water on the polymer films.

pure PLA surface was about 84°, which is quite hydrophobic.
The values of contact angle on the benzophenone activated
PLA film exposed to UV in the absence of maleic anhydride or
acrylic acid for 0, 2, 3.5, and S h were 82°, 81°, 77°, and 76°,
respectively. They decreased slightly compared to that of PLA,
and these results are consistent with earlier published results.'”
The contact angle of water on PLA-Ma was 61° as a result of
the hydrophilic carboxyl group introduced onto the PLA
surface. The PLA-AA exhibited a lower contact angle than PLA,
and it decreased with increasing grafting time of AA (Figure 6).
However, the contact angle was almost stable for PLA-AA3.5 h
and PLA-AASh samples. The contact angles of PLA-Ma, PLA-
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AA2h, PLA-AA3.5 h, and PLA-AASh after incubation in DMSO
for 24 h were 59°, 56°, 51°, and 46°, respectively. These values
were somewhat higher or similar to those of PLA-Ma, PLA-
AA2h, PLA-AA3.5 h, and PLA-AASh, which were 61°, 52°, 48°,
and 46°, respectively (Figure 6). The PLA-Ma-AT and PLA-
AA-AT sample showed lower contact angle than the
corresponding PLA-Ma and PLA-AA samples, probably
because the unreacted —COOH groups on the PLA surface
doped the AT segment and formed a self-doped polymer.***
The hydrophilicity increased due to the self-doped AT
segments. The contact angle of PLA-AA-AT also decreased
with increasing AA grafting time because the AT segment has a
greater chance to become covalently attached to the larger
quantity of —COOH groups. The contact angle of water on the
HCl-doped PLA-Ma-AT and PLA-AA-AT was much less than
on the corresponding PLA-Ma-AT and PLA-AA-AT because
HCl is a strong acid compared to AA and the doped AT form
increased sharply.***® The values of the contact angle of water
on the (HCl-doped) PLA-Ma-AT and (HCl-doped) PLA-AA-
AT were between 58 and 30°, which is much more hydrophilic
than pristine PLA, and this will improve the cell attachment on
these modified PLA surfaces.****

Electrical Conductivity of the AT-Modified PLA Films.
The electrical conductivity of the PLA films grafted with AT
doped with 1 mol/L HCI are listed in Table 2. The

Table 2. Electrical Conductivity of the Films

sample name conductivity (S/cm)

PLA-Ma-AT 436 x 107
PLA-AA2h-AT 1.01 x 1077
PLA-AA3.5h-AT 5.57 X 1077
PLA-AASh-AT 643 x 1077

conductivity of PLA-Ma-AT was about 4.36 X 107® S/cm,
probably due to the quite low AT grafting yield on the PLA-Ma
surface. The conductivity of PLA-AA-AT samples was between
1.01 X 1077 and 643 X 1077 S/cm, and it increased with
increasing AT grafting yield on the PLA surface. This is because
the AT segment formed a condensed layer and an intricate
conductive network with increasing grafting yield of AT. This
conductivity was comparably low because the AT layer on the
PLA surface was thin. However, this conductivity value may be
sufficient for biomedical applications, since the microcurrent in
the human body is quite low.*” In addition, electroactive
polymers with a relatively low conductivity due to the low
content of aniline oligomers in the materials can enhance cell
adhesion and differentiation without electrical stimulation.***’
The AT layer on the PLA surface has direct contact with the
host tissue when it is transplanted into human body, and this
electroactive layer may improve the cell adhesion and could be
used to tune the cellular activity in a later stage. The role of the
AT-modified PLA films in adjusting cell functions will be
explored in the future.

Morphology of the Films. The morphology of bio-
materials is very important for biomedical applications. The
morphology of the PLA films before and after photografting
was examined by SEM, as shown in Figure 7. The pure PLA
film showed a rather flat and smooth surface (Figure 7a).
Benzophenone-activated PLA film exposed to UV in the
absence of Ma or AA for 0, 2, 3.5, and S h also showed a
smooth surface (see Figure 1 in the Supporting Information).
The surface of Ma-grafted PLA films in Figure 7b is slightly
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Figure 7. Representative SEM images of the surfaces: (a) PLA, (b) PLA-Ma, (c) PLA-Ma-AT, (d) PLA-AA2h, (e) PLA-AA2h-AT, (f) PLA-AASh,

and (g) PLA-AASh-AT.

rougher than that of the PLA film. Figure 7d for PLA-AA2h and
Figure 7f for PLA-AASh show that AA segments totally covered
the PLA surface. Especially in Figure 7f, the AA segment
formed a dense AA layer, and the small round dots are probably
attributed to the grafted AA brushes and increase with
increasing grafting time of AA compared to Figure 7d. There
is no hill appearing on the surface of PLA-Ma and PLA-AA after
incubation in DMSO for 24 h (see Figure 2 in the Supporting
Information). PLA-Ma-AT (Figure 7c) exhibited a rougher
morphology than PLA-Ma in Figure 7b, and some small hills
appeared. The PLA-AA2h-AT and PLA-AASh-AT images in
Figure 7e,g show that a condensed AT layer was formed on the
PLA-AA surface. Some small dots on the PLA-AA-AT surface
probably correspond to the aggregates of AT segments after
grafting on the AA brushed, since AT segment would gather
together due to their strong interaction between the AT
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moiety. The AT layer could be doped by acid and provided a
conductive surface. These surface changes were also confirmed
by AFM observations. For example, the AFM image in Figure
8a for PLA film showed a smooth surface with a roughness of 3
nm. The PLA-Ma (Figure 8b) and PLA-Ma-AT (Figure 8c)
images both showed a slightly rougher surface with a roughness
of 8 and 17 nm, respectively. These roughness increases
indicate that the Ma was successfully grafted onto PLA films
and that AT was subsequently attached onto the PLA-Ma. AFM
images of PLA-AASh and PLA-AASh-AT are shown in Figure
8d,e. The surface of PLA-AASh with a roughness of 32 nm is
much rougher than that of PLA-Ma, indicating that the grafting
yield of AA increased dramatically compared to that of PLA-
Ma. The roughness of PLA-AASh-AT is 26 nm, which is higher
than that of PLA-Ma-AT but slightly lower than that of PLA-
AASh. This may be because the strong interactions between the
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Figure 8. Representative AFM images of PLA surface before and after modification: (a) pristine PLA film, (b) PLA-Ma, (c) PLA-Ma-AT, (d) PLA-

AASh, and (e) PLA-AASh-AT.

AT segment grafted on PAA chain make the molecular brushes
entangle with each other, and a denser surface with a lower
roughness is consequently formed. These results are consistent
with the SEM images in Figure 7 and FT-IR spectra in Figure 3
and AT grafting yield data in Table 1.

We have demonstrated a versatile method for the covalent
surface functionalization of polyester films to create a
conducting hydrophilic surface. Different polyesters such as
polycaprolactone, poly(1,5-dioxepan-2-one), poly(trimethylene
carbonate), and their copolymers with different degradation,
mechanical, and thermal properties can be used as substrate
films. In addition, different aniline oligomers such as aniline
trimer, aniline tetramer, and aniline pentamer, etc, with
different electrical conductivities can be employed for coupling
to the polyester surface. Therefore, this versatile technique will
lead to a library of materials exhibiting a tunable conductivity
and hydrophilic surface through the choice of the suitable
substrates and aniline oligomers. This could meet the
requirement for a particular biomedical application.

B CONCLUSIONS

An electroactive and hydrophilic polylactide (PLA) surface was
successfully developed by the photografting of acrylic acid (AA)
and maleic anhydride (Ma) onto PLA film and subsequent
coupling with conductive aniline tetramer (AT). The contact
angle of water on the PLA film after grafting and coupling
reaction with AT decreased sharply, indicating that a more
hydrophilic surface was obtained. The UV grafting and coupling
reaction between the carboxyl group of AA (or Ma) and the
amino group of AT was confirmed by FT-IR, UV, TGA, and
grafting yield determination. The grafting yield of AT on the
PLA surface increased with increasing time of grafting of AA
onto the PLA films. The conductivity of the PLA surface after
coupling with AT is in the range of a semiconductor, and the
conductivity increased with the increasing AT grafting yield on
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the PLA films. The roughness of the PLA surfaces after
modification increased dramatically, as demonstrated by SEM
and AFM observations. These PLA films with a moderate
hydrophilic and electroactive surface will find application in
tissue regeneration.
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ABSTRACT: A set of PEG-b-PBO-b-PCL triblock copolymers
were prepared for comparative studies of micelle formation and
relative stability compared to the parent PEG-b-PCL diblock
copolymers. Block copolymers that were characterized by 'H
NMR and GPC were self-assembled in water by nano-
precipitation from organic solvents. Spherical micelles produced
in near-quantitative yield were characterized by dynamic light
scattering (DLS) and transmission electron microscopy (TEM).
The initial step in degradation of the block copolymers
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assembled in spherical micelles is shown by GPC and '"H NMR in acidic media to occur by hydrolysis of the interface ester
group which cleaves the PCL segment in the core from the -PBOPEG and -PEG segments. Kinetics of hydrolysis of the ester
groups that bind the hydrophobic PCL segment with either PEG or PBO units were followed by 'H NMR and demonstrate that
the triblock has a reduced rate of hydrolysis. Inserting a short block of PBO between the PEG and PCL segments provides
increased protection from hydrolysis for the ester group at the hydrophilic—hydrophobic interface.

B INTRODUCTION
Amphiphilic diblock copolymers self-assemble into a variety of

supramolecular aggregate structures including core—shell

that are
12—16
In

micelles," ™ filomicelles," ® and polymersomes’~"'
finding applications as drug and gene delivery systems.
particular, micelles formed from block copolymers that contain
poly(ethylene glycol) (PEG) and poly(e-caprolactone) (PCL)
segments are widely applied in the design of drug delivery
systems because the hydrophilic PEG block is biocompatible
and the hydrophobic PCL block is biodegradable.'”~*" The
PEG-b-PCL block copolymers that were designed for drug
delivery have a hydrolytically sensitive ester”> > link between
the hydrophilic and hydrophobic segments. This ester group is
normally located at the aqueous/hydrophobic interface in
core—shell micelles and thus is readily accessed for reactions
with the aqueous medium. Hydrolysis of the interface ester
leads to shedding of the PEG block and destabilization of the
micelle.”*~?° This paper reports on an initial effort to tune the
stability of micelles by moving the hydrolytically accessible ester
linkage away from the core—shell interface. This is achieved by
inserting a short nonbiodegradable hydrophobic segment of
poly(1,2-butylene oxide) (PBO) between the PCL core and
PEG corona. Our working hypothesis is that the rate of PEG
shedding can be retarded by separating the interface between
the biodegradable PCL and nondegradable PEG blocks from
the hydrophilic—hydrophobic interface and thus extends
micelle stability without affecting the self-assembly process.
This article reports on the preparation of low-polydispersity

-4 ACS Publications  © 2012 American Chemical Society
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PEG-b-PCL diblock and PEG-b-PBO-b-PCL triblock polymers
that self-assemble into spherical micelles. Kinetics of acid-
catalyzed hydrolysis of the interface ester groups are shown to
occur substantially slower in the triblock copolymer micelles
when compared to micelles of the parent diblock copolymer.

B RESULTS AND DISCUSSION

Synthesis and Characterization of PEG45-b-PCL62
and PEG45-b-PBO9-b-PCL61 Block Copolymers. The
block copolymers of PEG45-b-PCL62 and PEG45-b-PBO9Y-
PCL61 were synthesized as shown in Scheme 1. Molecular
weights of the polymers were determined by "H NMR analysis
(Table 1 and Figure S2), and the molecular weight distribution
was evaluated by GPC (Figure S1). Amphiphilic block
copolymer PEG45-b-PCL62 (PDI = 1.08) was synthesized
utilizing methoxy poly(ethylene glycol) as the macroinitiator
for the controlled ring-opening polymerization (ROP) of &-
caprolactone (CL) in the presence of stannous octoate
(Sn(Oct),) as a catalyst."**! The labeled NMR spectrum is
shown in Figure S2. The degree of polymerization (DP) of CL
was evaluated to be 62 by comparing the integration of signals
at 3.62 ppm for CH, of PEG (labeled b) and triplet at 2.30 ppm
for CH, of PCL (labeled d). Copolymer was synthesized by
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Scheme 1. Synthesis of PEG45-b-PCL62 and PEG45-b-PBO9-b-PCL61 Block Copolymers
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Table 1. Synthetic Results for PEG45-b-PCL62 and PEG4S-
b-PBO9-b-PCL61 Block Copolymers

sample M,(theory)® M,(NMR)® W(PEG)° PDI?
PEG45-b-PBO9 2830 2650 0.76 1.08
PEG45-b-PBO9-PCL61 9260 9610 0.21 1.10
PEG45-b-PCL62 8600 9080 0.22 1.08

“Number-average molecular weight of block copolymers based on a
standard conversion of 36.0 (3.0)% for each monomer polymerization.

“Number- average molecular weight of block copolymers determined
by integration of 'H NMR resonances unique to each segment.
“Weight fractlon of PEG in the block copolymers based on the M,
from 'H NMR. “Polydispersity (M, /M,) evaluated by GPC.

terminating the reaction at only moderate CL conversion (36.0
(3.0)%) to ensure narrow molecular weight distributions.

The triblock copolymer of PEG4S5-b-PBO9-PCL61 (PDI =
1.10) was analogously synthesized by ROP of CL with PEG4S-
b-PBO9 as macroinitiator and Sn(Oct), as catalyst. Synthesis of
PEG45-b-PBO9 (PDI = 1.08) was accomplished by anionic
polymerization of 1,2-butylene oxide (BO) with PEG as a
macroinitiator.’*** The DP of the PBO was determined by
comparing the integration of signals at 3.62 ppm for CH, of
PEG (labeled b) and triplet at 0.93 ppm for CH; of BO methyl
group (labeled e).

Preparation and Characterization of PEG45-b-PCL62
and PEG45-b-PBO9-b-PCL61 Block Copolymer Micelles.
Samples of 1.0 mg/mL of PEG45-b-PCL62 and PEG4S-b-
PBO9-PCL61 copolymer micelles were prepared by adding
water to a stock solution of polymer in acetone under vigorous
stirring.”*** Results from dynamic light scattering (DLS)
studies for these micelle solutions are shown in Figure 1. The
single monomodal particle distributions are indicative of highly
efficient micelle formation and provide that the average micelle
sizes of 22 nm for PEG45-b-PBO9-b-PCL61 and 18 nm for
PEG45-b-PCL62. The slightly larger average size for the
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triblock copolymer from the DLS is consistent with the larger
hydrophobic—hydrophilic ratio. TEM images of the micelles
from diblock and triblock copolymers revealed only spherically
shaped particles with average sizes comparable to those
obtained by DLS (Figure 1). Neither DLS nor TEM
observations produced evidence for larger particles such as
filomicelles and polymerosomes even at concentrations of
polymer higher than the 1.0 mg/mL used in this study.
Selective formation of spherical micelles probably results from
the strong self-assembling property of the PCL hydrophobic
core. Both the di- and triblock copolymer micelles have similar
size and narrow size distributions, which justifies comparing
results of acid catalyzed hydrolysis studies.

Acid-Catalyzed Degradation of PEG45-b-PCL62 and
PEG45-b-PB0O9-b-PCL61 Block Copolymer Micelles. The
hydrolytic degradation of PEG45-b-PCL62 and PEG45-b-
PBO9-b-PCL61 block copolymer micelles was evaluated in
aqueous HCI (pH = 1.0) at 25 °C by terminating the hydrolysis
with NaOH at 3.0 h time intervals and extracting the polymeric
materials with CH,Cl, for '"H NMR and GPC studies. GPC
traces for the polymer products from degradation of PEG45-b-
PCL62 micelles in water at a series of time intervals are shown
in Figure 2A,B. The GPC results clearly show that the PEG4S-
b-PCL62 diblock copolymer is cleaved into two individual
polymer units with the low-molecular-weight peak occurring
precisely at the same position as the pure PEG block shown in
Figure S1. The average molecular weight decreased and the
width increased regularly for the PEG4S5-b-PCL62 diblock
copolymer GPC peak as the relative intensity of peak for PEG
increased with the time of degradation.

The '"H NMR chemical shift of the unique CH, group that is
connected to the hydrophilic—hydrophobic interface ester
group (Scheme 2) occurs at 4.23 ppm in the PEG-b-PCL
block copolymer and shifts to 3.62 ppm when the interface
ester group hydrolyzes and the PEG segment cleaves off. The
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Figure 1. TEM images of PEG4S5-b-PCL62 (A) and PEG4S-b-PBO9-b-PCL61 (B) micelles. Size distribution of PEG4S-b-PCL62 (C) and PEG4S-b-

PBO9-b-PCL61 (D) micelles determined by DLS.
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Figure 2. GPC traces for degradation products of PEG45-b-PCL62 micelles before normalization of block copolymer peak (A), after normalization
(B), PEG45-b-PBO9-b-PCL61 micelles before normalization (C), and after normalization (D).

peak intensity of this special CH, group relative to the intensity
of the end methyl group of PEG, which is set as constant, was
monitored by the time evolution of the 'H NMR (Figure S3).
The 'H NMR peak intensity of the CH, group decreases with
time as hydrolysis proceeds.

Results from DLS and TEM studies show that diblock
copolymers of PEG45-b-PCL62 self-assemble into narrowly
size distributed micelles with a core—shell structure. The
hydrophilic corona permits relatively facile access of water to
the junction between the hydrophilic and hydrophobic polymer
segments. The ester group at the hydrophilic—hydrophobic
interface is exposed to the aqueous solution for hydrolysis. The
initial event for acid-catalyzed ester hydrolysis is observed to
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occur exclusively at the unique interface ester group as shown
by appearance of the PEG homopolymer segment on the GPC
traces and a decrease of '"H NMR peak intensity of the CH,
group that connects to ester group at the junction of the PEG—
PCL on '"H NMR traces. These observations are in agreement
with the results of previous hydrolytic degradation studies of
PEG-b-PCL which concluded that an initial stage of interfacial
erosion was followed by bulk degradation in the micellar
core 24273536

Short segments of hydrophobic and hydrolytically stable
PBO were inserted between the PEG and PCL blocks as a
strategy to tune access of water to the interface ester linkage
and thus alter the rate of hydrolysis and ultimately the micelle

dx.doi.org/10.1021/ma202530v | Macromolecules 2012, 45, 660—665
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Scheme 2. Hydrolysis of the Interface Ester Groups in Spherical Micelles
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hydrolysis of the PEG45-b-PBO9-b-PCL61 triblock copolymer & sl
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results show that the PEG45-b-PBO9-b-PCL61 triblock 1
copolymer micelle is cleaved into two individual polymer '1‘2'_
units with the low-molecular-weight peak occurring at the same 144
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PCL61 triblock copolymer GPC peak as the relative peak
intensity of PEG45-b-PBO9 increased with the time of
hydrolysis.

The time evolution of the 'H NMR for the triblock
copolymer micelle ester hydrolysis products is shown in Figure
S3(B). The 'H NMR intensity of the unique CH group
(Scheme 2) bonded to the ester group at the PEGPBO—PCL
junction decreases with time relative to the end methyl group
of PEG as hydrolysis proceeds, which is very similar to results
for the PEG45-b-PCL62 diblock copolymer. However, the rate
of the disappearance of the CH "H NMR resonance resulting
from the interface ester hydrolysis for the triblock copolymer
micelle proceeds slowly relative to that of the diblock
copolymer micelle.

Kinetic Comparison of Acid Hydrolysis of PEG45-b-
PCL62 and PEGA45-b-PBO9-b-PCL61 Block Copolymer
Micelles. Quantitative comparison of the rate for acid-
catalyzed (pH = 1.0) hydrolysis of the ester group at the
PEG—PCL and PEGPBO—PCL junctions were obtained by
following the time evolution of the 'H NMR. First-order kinetic
plots for the intact di- and triblock copolymers as a function of
time are shown in Figure 3. The kinetic plots demonstrate that
the rate of interface ester hydrolysis for the PEG45-b-PCL62
diblock copolymer micelles (0.11 h™") is faster than that of the
PEG45-b-PBO9-b-PCL61 triblock copolymer micelles (0.041
h™"). The half-ife of the interface ester for diblock copolymer
micelles is 6.3 h compared to a 16.9 h halflife for triblock
copolymer micelles. Insertion of a short hydrophobic PBO
segment between PEG and PCL is thus observed to provide
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Figure 3. First-order kinetic plots for the acid-catalyzed hydrolysis of
interface ester groups that occur at the PEG—PCL and PEGPBO—
PCL junctions. [P], is defined as the relative molar concentration of
the intact block copolymer at time t.

increased kinetic stability for the PEG-b-PBO-b-PCL triblock
copolymer micelles relative to the PEG-b-PCL diblock
copolymer micelles. Systematic variation of the chemical nature
and size of the spacer segments in a series of triblock
copolymers is currently being used to evaluate their influence
on micelle formation and stability.

B CONCLUSIONS

Narrow polydispersity PEG45-b-PBO9-b-PCL61 triblock and
PEG45-b-PCL62 diblock copolymers were prepared for
comparative studies of micelle formation and relative stability
in acidic media. DLS results indicate that both polymers form
near-quantitative yields of micelles that are shown to be
spherical by TEM. GPC and 'H NMR results for the
degradation of block copolymer spherical micelles proved
that the initial hydrolysis of the micelles occurs at the interface
ester group that binds the PCL segment with PBOPEG or PEG
segments. Kinetics of hydrolysis of this unique ester group was
followed by '"H NMR and showed that insertion of a short
chain PBO segment between the nondegradable PEG block
and the biodegradable PCL units reduced the rate of hydrolysis
of the interface ester group for the diblock copolymer micelle
by a factor of 2.7, which is attributed to the PBO segment

dx.doi.org/10.1021/ma202530v | Macromolecules 2012, 45, 660—665
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providing a kinetic barrier for water to reach the ester group at
the PEGPBO—PCL junction.

B EXPERIMENTAL SECTION

Materials. Tetrahydrofuran (THF) and toluene were distilled just
prior to use. Methoxy poly(ethylene glycol) (PEG, M, = 2000, M,,/M,,
= 1.06) was purified by precipitating from petroleum ether prior to
use. &-Caprolactone (CL) was dried by CaH, and distilled under
vacuum. 1,2-Butylene oxide (BO) was also dried by CaH, and distilled
before use. 18-Crown-6 ether (18C6) and stannous octoate (Sn-
(Oct),) were used as received. Potassium naphthalenide—THF
solution (0.89 M) was prepared by mixing of naphthalene (3.0 g),
potassium (0.92 g), and THF (26 mL). All chemicals were purchased
from Sigma-Aldrich.

Characterization. '"H NMR spectra were obtained using Bruker
400 and 500 MHz spectrometers with CDCl; as solvent and internal
standard. Gel permeation chromatography (GPC) measurements were
carried out on a Shimadzu LC-20AV liquid chromatography system
equipped with PolarGel-M 300 X 7.5 mm column and SPD-20AV
UV/vis detector. DMF was used as the eluent at a flow rate of 1.0 mL/
min at 50 °C. Calibration was based on polystyrene standards.

Synthesis of PEG45-b-PBO9 Diblock Copolymer. Dried PEG
(8.0 g, 4.0 mmol) was dissolved in 80 mL of anhydrous THF in a 250
mL dry flask under an inert atmosphere. Potassium naphthalenide (9.0
mL, 0.89 M in THF) and 18C6 (1.5 g, 5.7 mmol)—THF solution were
added into the solution via syringe. After stirring the mixture for 15
min while the dark green color persisted, BO (10 mL, 0.12 mol) was
added into the reaction mixture via syringe. The solution was stirred
for 1 h at room temperature, the reaction was terminated by the
adding of HCI (0.80 mL, 12.2 M), and the green solution became
colorless again. The undissolved inorganic salt was removed by
filtration, and the PEG-b-PBO block copolymer was precipitated from
petroleum ether. The white precipitates were recovered by filtration,
redissolved in toluene, and precipitated from the petroleum ether
again. The precipitates were collected and dried under vacuum at 40
°C for 48 h.

Synthesis of PEG45-b-PBO9-b-PCL61 Triblock Copolymer.
Dried PEG45-b-PBO9 (0.90 g, 0.34 mmol) was dissolved in dry
toluene (16 mL) in a SO mL dry flask under an inert atmosphere. CL
(6 mL, 0.054 mol) and Sn(Oct), (0.02 g) were added into the solution
via syringe. The mixture was gently refluxed under nitrogen for at 120
°C. After stirring the solution for S h, excess cold methanol was poured
into the solution to terminate and precipitate the product. The white
precipitate was collected by filtration, redissolved in dichloromethane,
and precipitated from the methanol again. The precipitate was
collected and dried under vacuum at 40 °C for 48 h.

Micelle Preparation and Characterization. The nanoprecipita-
tion method was used to prepare the PEG4S5-b-PCL62 and PEG45-
PBO9-PCL61 micelles. Polymer stock solutions (10 mg/mL) of
PEG45-PCL62 and PEG45-PBO9-PCL61 were prepared in acetone.
Polymer stock solutions (0.8 mL) were introduced into vials, and
filtered deionized water (8 mL) was subsequently added to the stirred
polymer solutions at the rate of 1.0 mL/min. The remaining acetone in
resulting micelle suspensions was removed at room temperature under
a flow of nitrogen, applied for 36 h. The near-quantitative yield of
micelle suspensions were filtered through a PVDF 100 nm pore size
membrane filter to ensure removal of occasional small quantities of
nondispersed polymer aggregates.

Dynamic Light Scattering (DLS). Hydrodynamic diameter of
micelles was measured by a Zetasizer Nano ZS (Malvern Instruments,
Westborough, MA) at 25 °C, using 1 cm polystyrene cuvettes. The
mean diameter was obtained from the instrument’s DTS software
using the volume reading.

Transmission Electron Microscopes (TEM). Micelle morphol-
ogy was evaluated by a JEOL JEM-1400 TEM operating at an
acceleration voltage of 80 kV. The 1.0 mg/mL of micelle solution was
diluted by a factor of 10 to reduce the aggregation during sample
drying process. One drop of micelle solution was deposited on carbon-
coated copper grid (Ted Pella Inc., Redding, CA). The droplet was
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then blotted and allowed to evaporate under ambient conditions.>”**

The average diameters of the spherical micelles were analyzed by a
digital micrograph.

Degradation of PEG45-b-PCL62 and PEG45-b-PBO9-b-PCL61
Block Copolymer Micelles. The hydrolytic degradation of PEG45-
PCL62 and PEG4S5-b-PBO9-b-PCL61 micelles was studied in HCI
(pH = 1.0) at 25 °C. The acid-catalyzed degradation experiment was
done in a series of vials. In each 5 mL vial, 0.7 mL of micelle
suspension (1.0 mg/mL) was added. Subsequently, 0.7 mL of HCI (2
M) solution was added into the vials. The reactions were terminated
by adding 1.4 mL of NaOH (1 M) solution every 3 h. The final
degradation products were extracted from water solution by CH,Cl,
for 'H NMR and GPC evaluation.

B ASSOCIATED CONTENT

© Supporting Information

Experimental details on preparation of PEG45-b-PCL62
diblock copolymer; GPC traces and 'H NMR spectra for
PEG-b-PCL, PEG-b-PBO, and PEG-b-PBO-b-PCL block
copolymers; '"H NMR time evolution of ester hydrolysis for
di- and triblock copolymers. This material is available free of
charge via the Internet at http://pubs.acs.org.
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ABSTRACT: Polystyrene latexes prepared using the bicarbonate ¢ .1" | v/ . o0

salt of initiator 2,2"-azobis[2-(2-imidazolin-2-yl)propane] via H /< " 15, 7% Iy Qﬁ
surfactant-free emulsion polymerization can be aggregated using + 1o ) D, A0
only argon and gentle heat and redispersed using carbon dioxide iR QJ SR 02

and sonication. The bicarbonate and hydrochloride salts of the " e

initiator have similar thermal decomposition behavior, but only -

the bicarbonate salt of 2,2"-azobis[2-(2-imidazolin-2-yl)propane] . - .
can be switchable between ionic and nonionic forms by addition oty o= Q- ;'\ﬂ b

and removal of CO,. Measurements of particle size and zeta HC
potential were used to study the aggregation and redispersion of

the latexes. The latex is aggregated by heating and bubbling with argon to remove CO, and convert the active cyclic amidinium
groups to their neutral form. When treated with sonication and bubbling with CO,, the aggregated polystyrene latex can be
redispersed successfully, as evidenced by restoration of the original latex particle size and zeta potential from the large aggregated
polymer particles. This is the simplest method to date to prepare a redispersible latex stabilized by CO,.

H INTRODUCTION CO, is an inexpensive, benign, and effective trigger for
switchable surfactants and switchable latexes. Our group
prepared surfactants consisting of long-chain alkyl amidine
compounds that can be reversibly switched “on” and “off” by
addition and removal of CO,."*'® Amidine groups react with
dissolved CO, in the continuous water phase to produce the

be preserved in colloidal form, many other applications involve corresponding cationic amidinium bicarbonate."” Bubbling
aggregation of the latex to give a polymer resin. There is also argon (or any nonacidic gas) through the amidinium
demand for redispersible powders that are stored and delivered bicarbonate solutions reverses the reaction, releasing CO,. In
as a dry powder but are then redispersed in water for final use. the absence of CO, or any other acidic trigger, these amidine

Many industrial uses of polymer latexes therefore require compounds do not stabilize emulsions or suspensions. We
control of aggregation and redispersion processes. previously showed that these surfactants were effective in

The development of redispersible polymer latexes is of
significant interest from both scientific and industrial
perspectives.' > Emulsion polymerization is extensively used
industrially to synthesize polymer latexes. While some
applications such as coatings and adhesives require the latex

Unfortunately, the current aggregation methods are not ideal. preparing stablhelsliglystyrene (PS) latexes via emulsion
The common approach for aggregating latexes generally polymerization.”™ ™" Importantly, both the surfactant and
involves addition of large amounts of salts, acids, or bases to the initiator were amidinium bicarbonate salts, so that all of the
destabilize and aggregate the polymer latexes,* but the amidinium groups in the resultliélg latexes were switchable. The
subsequent washing of the latex is often ineffective in latexes were readily aggregated ™ by removal of CO, in order to
completely removing the surfactant and added salts. Fur- convert all of the amidinium groups to neutral amidine groups
thermore, it is not usually possible to redisperse the aggregated and could also be effectively redispersed by reintroducing CO,
particles. Switchable surfactants may offer an alternative to switch the szlérfactant back “on”."”
solution to these problems; they have surface activity which Zhu’s group™ also reported a switchable latex that contained
can be reversibly changed using a trigger stimulus. Switchable amidine groups and was prepared via surfactant-free emulsion
surfactants triggered by the addition of acid,” redox polymerization (SFEP). It had switching ability because of a
reagents,” > or even light'> have been reported. However, switchable comonomer (2-methyl-1-(4-vinylbenzyl)-1,4,5,6-tet-
these materials are not suitable for the preparation of switchable
polymer latexes, for reasons of cost, environmental impact, or, Received: November 22, 2011
in the case of photochemical methods, by the opacity of Revised:  December 22, 2011
polymer latexes. Published: January 11, 2012
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rahydropyrimidinium bicarbonate), which contained amidinium
groups. Aggregation of the latexes required caustic addition,
probably because the initiator was a hydrochloride salt rather
than a bicarbonate salt and therefore could not be switched to
neutral by the removal of CO,. Redispersion was achieved by
sonication and sparging with CO,. A surfactant-free process for
preparing switchable latexes has distinct advantages.”' Because
the colloidal stability of latex is provided by amidine groups that
are covalently bound to the surface of the polymer particle,
surfactant migration and leaching in the final product are
eliminated. Furthermore, the high utilization efficiency of
stabilizing moieties minimizes surfactant demand and reduces
cost.

The most valuable important process would be one that uses
only commercially available materials. In this article we present
the preparation of switchable PS latexes via an SFEP process
that uses only the commercially available 2,2"-azobis[2-(2-
imidazolin-2-yl)propane] as a CO,-triggered switchable ini-
tiator. This azo-based free radical initiator contains cyclic
amidine groups and is slightly soluble in water in its neutral
form. The cyclic amidine groups of the initiator react with CO,
in water to produce the corresponding water-soluble
bicarbonate salt (Scheme 1). Electrostatic stabilization of the

Scheme 1. Structures of the Initiators VA-044 and VA-061
and the Switchable Behavior of VA-061 Based on CO,”

NH NH
(I\T/)><N\*N>an fe0.co quN*/H 2HCO,
N'\) H HN‘i)

VA-061

NH
{NA><NN>%/$ 201

HN
VA-044

“Blue represents the neutral and hydrophobic; red represents charged
and hydrophilic.

latex particles is achieved with the amidinium moieties from the
initiators that comprise the polymer chain ends.

B EXPERIMENTAL SECTION

Materials. CO, (Praxair, Medical grade) and argon (Praxair,
99.998%) were used as received. 2,2-Azobis[2-(2-imidazolin-2-yl)-
propane] (VA-061) and 2,2"-azobis[2-(2-imidazolin-2-yl)propane]
dihydrochloride (VA-044) were purchased from Wako Pure Chemical
Industries Ltd. Styrene (99%), dimethyl sulfoxide (DMSO), methanol-
d,, and D,0 were purchased from Aldrich. Inhibitor removal columns
(Aldrich) were used to purify the monomers.

Preparation of Switchable PS Latex. Carbonated water was
prepared by bubbling CO, for 30 min via a needle through deionized
water in a round-bottom flask. Emulsion polymerization reactions
were carried out in 100 mL round-bottomed flasks equipped with a stir
bar and a condenser. The typical SFEP reaction conditions are as
follows: Under a CO, atmosphere, deionized water (60 mL) and
styrene (4.16 g, 0.04 mol) were added to the reactor. After 15 min of
stirring, the system attained temperature equilibrium at 70 °C. VA-061
(0.10 g, 0.0004 mol) was added to 10 mL of carbonated water and
sonicated to dissolve the initiator. The initiator aqueous solution was
then added to the flask, and polymerization was carried out for 24 h
under a CO, atmosphere (Scheme 2).

Switching Behavior of PS Latex. PS latexes prepared as
described above were destabilized by continuous bubbling of argon
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(0.5—1 h) through the latex at 65 °C via a needle while the sample was
stirred. The polymer particles were then left to settle under gravity. In
redispersing the coagulated PS particles into the same solution or into
deionized water, the mixture was bubbled with CO, for several
minutes, followed by sonication using a 100 W sonicator bath
(Scheme 2).

Scheme 2. Preparation of Switchable Polystyrene and
Reversible Aggregation and Redispersion of Polystyrene
Latex Triggered by Removal and Addition of CO,*

G
+
< N\\ -
N)>< N&N 2HCO;
H + )
HN

_ I~
(0.0004mol) "
n
H,0 (70 mL), CO, 24h, 70°C

(0.04mol)

Q ; Heat, Argon

Sonication, CO,

NH
s Q- L7

“Blue represents neutral and hydrophobic; red represents charged and
hydrophilic.

Measurements. The conversion was measured by gravimetry.
During polymerization, 1-2 g samples of the reaction mixture
withdrawn from the reactor were first exposed to air, quenched in an
ice/water bath, and then vacuum-dried without heating for
determination of the monomer conversion.

Particle size was determined using a Malvern Mastersizer 2000 (size
range of SO nm to 2000 ym) equipped with a Hydro2000S optical unit
and/or a Zetasizer Nano ZS$ (size range of 0.6 nm to 6.0 ym). The
choice of instrument depended on the particle size of the sample. The
particle sizes of the latex samples were typically at the lower end of the
particle size range for the Mastersizer 2000, so the Zetasizer Nano ZS
was used. However, after destabilization, the particle size fell at or
above the upper end of the Zetasizer Nano ZS size range, necessitating
the use of the Mastersizer 2000. Z-average and volume average particle
diameters were measured by a Zetasizer Nano ZS and Mastersizer
2000, respectively. SEM images were acquired using a Hitachi S-5200
185 scanning electron microscope.

Zeta potentials were determined using the Zetasizer Nano ZS. Latex
samples were diluted with distilled water presaturated with carbon
dioxide, and measurements were taken using a disposable capillary
cuvette.

The conductivity of VA-044 and VA-061 solutions was measured
using a Jenway model 470 portable conductivity meter at 25 + 0.5 °C.

The decomposition kinetics of VA-061 and VA-044 were studied
under argon or CO, with methanol-d, or D,O as a solvent and DMSO
as an internal standard. The concentration of initiator at different
times was determined from the "H NMR spectra on a Bruker Avance-
400 instrument.

B RESULTS AND DISCUSSION

Initiator Behavior. The initiators VA-044 and VA-061 have
similar structures, but VA-044 is a dihydrochloride while VA-
061 is a neutral compound (Scheme 1). The conductivity of
VA-044 and VA-061 (14 mM) in water was determined at 25 +
0.5 °C for two cycles of alternating CO, and argon bubbling.

dx.doi.org/10.1021/ma202547c | Macromolecules 2012, 45, 666—670
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Continuous bubbling of CO, ensures that the solution remains
saturated with CO,. The purpose of bubbling argon is to
accelerate the removal of CO, and consequent neutralization of
the bicarbonate salts. The results are shown in Figure 1. The
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Figure 1. Conductivity of aqueous solutions of VA-044 and VA-061
(14 mM) at 25 + 0.5 °C as a function of time during two cycles of
sparging with CO, followed by argon.

conductivity of the VA-061 solution increased from 26 to 252
#S/cm after CO, bubbling for 50 min. It decreased to its initial
value upon bubbling with argon. VA-061, an unprotonated
amidine, is converted to a bicarbonate salt in the presence of
CO, and water. From Figure 1, it is apparent that the aqueous
solution of VA-044 has no significant switchability, though its
conductivity does appear to increase very slightly in the
presence of CO, and decrease in the presence of argon. The
conductivity remains at a high, nearly constant value, between
261 and 289 uS/cm.

The decomposition kinetics of both initiators under different
atmospheres were measured. VA-044 has been previously used
to prepare PS latexes via surfactant-free emulsion polymer-
ization.”” We therefore anticipated that VA-061 under CO,
could be used during surfactant-free emulsion polymerization.
The rate constants of VA-061 decomposition under CO, were
estimated from NMR investigations and compared with results
from VA-061 under argon and VA-044 under argon. DMSO
was chosen as an internal standard in order to measure the
exact concentrations of initiators during decomposition.
According to 'H NMR data, during decomposition, the
concentrations of initiator at different times can be obtained
from the ratio of the peak areas for initiator and DMSO
(Supporting Information).

In the ideal case, the initiator decomposition is a first-order
process,” so there is a relationship between decomposition rate
constant and concentration of initiator

(1)

where kg is the decomposition rate constant of the dimension
time™' at a certain temperature; [I], and [I], are separately the
concentrations of initiator at zero time and any time ¢ during
the decomposition reaction. A graph showing —In([1],/[1],) as
a function of the decomposition time was linear for at least two
half-lives, except that the experiment at the lowest temperature

668

was monitored for 1 halflife (Supporting Information). The
rate constant k; was can be calculated from the slope of the
straight line. After the decomposition of an initiator reacted
under different temperatures, several straight lines were formed,
and ky at different temperatures was obtained. According to the
Arrhenius equation®

In k Pdja
nkj=——+1n

47 T RT 4 @)
the activation energy and pre-exponential factor can be
calculated from a plot of In kg as a function of 1/T (Supporting
Information).

Table 1 shows the results of the decomposition experiments
and the published data from Wako Pure Chemical Industries

Table 1. Decomposition Kinetics of VA-061 and VA-044 in
Different Atmospheres and Solvents®

atmos- Eg X10° Ay X108 To 4 haisiifer
initiator solvent phere J/mol st °C
VA-044 D,0 argon 1.07 122 43
VA-061 CD;0D argon 1.1§ 1.30 60
VA-061  D,O co, 1.07 111 4
VA-044” H,O ‘ 1.08 1.21 44
VA-061° CH,OH c 114 1.29 61

“Eg4: activation energy; Ay: pre-exponential factor; Top hagyse: 10 h half-
life decomposition temperature. “The data from the web site of Wako
Pure Chemical Industries, Ltd.** “Presumably air.

Ltd.** The data reported and measured are almost the same.
The results for VA-044 under argon and VA-061 under CO,
show similar decomposition rate parameters, including
activation energy, pre-exponential factor, and the 10 h half-
life decomposition temperature. VA-044 and VA-061 bicar-
bonate salt have similar molecular structure except for the
anionic counterion. However, the neutral VA-061 under argon
has a significantly higher 10 h half-life decomposition
temperature.

Synthesis of Switchable PS Latex. SFEP of styrene with
the bicarbonate salt of VA-061 was performed under CO,.
Amidine groups within the initiator react with dissolved CO, in
the water phase to produce charged amidinium bicarbonate
groups which become the polymer chain ends and provide
sufficient charge to make the PS latex colloidally stable. We
used styrene-to-initiator molar ratios of 50, 100, or 200 to
observe the effect on particle size and zeta potential. The
particle size and zeta potential were observed to vary only
slightly over the range of monomer-to-initiator ratios used. A
typical monomer conversion curve is shown in Figure 2. The
curve shows the standard shape associated with standard
surfactant-free emulsion polymerization. Absence of surfactant
leads to a slower polymerization rate than for conventional
emulsion polymerization, but high conversions are achieved.”!

Switching Behavior of the PS Latex. If the amidinium
group from the initiator is covalently bound to the particle
surface instead of being adsorbed physically, the stabilization of
particles in the latex should be more effective and the switching
more reversible.”® In order to evaluate this hypothesis, we
subjected the initial stable latex to different treatments to
promote aggregation or redispersion. Excellent switching
behavior from the initiator-derived, covalently bound amidine
groups was observed. Photographs of the latexes at various
stages of treatment are shown in Figure 3, as are the particle

dx.doi.org/10.1021/ma202547c | Macromolecules 2012, 45, 666—670
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Figure 2. Conversion curve for the surfactant-free emulsion
polymerization of styrene using VA-061 as initiator. Weight ratio of
styrene:VA-061:water = 4.16:0.11:70; molar ratio between styrene and
VA-061 is 100:1. Temperature = 70 °C.

CO,
—
sonic-
ation

Particle size, 127.6 -
nm (by ZS)

Particle size, 93.3 12,500 129.2 12,600
nm (by MS)

{ potential, 52.7 13.6 39.5 12.8
mV

Figure 3. Reversible aggregation/redispersion behavior of PS latex.
Photograph of original PS latex (prepared using 4.16 g of styrene, 0.11
g of VA-061, and 70 g of water); latex treated with argon with flow rate
of 90 mL/min at 50 °C for 1 h; later, latex was treated with CO, with
flow rate of 90 mL/min at room temperature and sonication for 15
min; finally, latex was treated with argon with flow rate of 90 mL/min
at 50 °C for 1 h again. Particle sizes and zeta potentials in each stage
are shown; z-average and volume-average particle diameters were
obtained by a Zetasizer Nano ZS and a Mastersizer, respectively.

size, PDI and zeta potential of the PS latexes after each
processing step. The zeta potential of the original latex was 52.7
mV, a high value suggesting that many of the charged cyclic
amidine groups are located at or near the surface of the latex
particles. It is likely that some amidine groups will remain in the
aqueous phase, for example as the end groups on water-soluble
oligoradicals. The colloids are cationically stabilized, but the
reaction between amidine and carbonated water is reversible.
Bubbling argon through the latex solution reversed the reaction,
releasing CO,, switching the amidine groups to their neutral
forms and therefore breaking the stability of the latex. The zeta
potential dropped to 13.6 mV after bubbling with argon.
Although the zeta potential decreased significantly when argon
was bubbled at room temperature, particle aggregation was
quite slow. However when the latex was heated to 50 °C,
aggregation was rapid and a white aggregated latex quickly
formed. (The decomposition of the bicarbonate salts of
amidines to their neutral form is an endothermic reaction.'*'”)
The mean size of the aggregates formed from destabilization of
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the latex was 125 pm, measured by static light scattering, and as
shown in Figure 3. Figure 3 also shows the precipitate is
floating. The reason is the formation of relatively stable foams
after bubbling with argon. The surface of the polymer latex
particle becomes hydrophobic; aggregated latex particles are
then adsorbed at the argon—water interface and stabilize the
aqueous foams. The aggregated particles settle after standing
for several hours. In order to redisperse the aggregated latex,
CO, was again bubbled through the water/aggregate mixture.
The zeta potential returned to 33.1 mV, but there was no
visible evidence that the white aggregated latex was redispersed.
However, if sonication was used for several minutes with CO,
bubbling, the PS suspension was redispersed and the precipitate
disappeared. The particle size of the redispersed latex was 129
nm (compared to 79.2 nm for the original latex), and the zeta
potential is 39.5 mV. To test the repeatability of the
aggregation/redispersion cycle, we again treated the redispersed
latex using heat and argon. The particles were successfully
aggregated again. The particle size increased to 126 ym, and the
zeta potential decreased to 12.8 mV. When the second
redispersion was accomplished with sonication and CO,, the
results were comparable to those of the first redispersion (125
nm, 40.8 mV).

To allow better visualization of the initial latex particle size
distribution compared to the aggregated and redispersed size
distributions, we show the data measured with the Mastersizer
2000 under different situations. Figure 4 shows the particle size
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Figure 4. Graphs of volume average particle diameters of (a) original,
(b) aggregated, and (c) redispersed PS latex measured by a
Mastersizer. (a) Original PS latexes (prepared using 4.16 g of styrene,
0.11 g of VA-061, and 70 g of water). (b) Aggregated latex was treated
with argon with flow rate of 90 mL/min at S0 °C for 1 h. (c)
Redispersed latex was treated with CO, with flow rate of 90 mL/min
at room temperature and sonication for 15 min.

distributions of the original latex, the aggregated latex, and the
redispersed latex. After aggregation, the particle diameter is
increased dramatically. The diameters of original and
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redispersed latex are very similar, indicating the redispersion
was successfully achieved using CO,-triggered switchable
materials.

The original and aggregated PS latexes were observed by
scanning electron microscopy. Figure Sa is the SEM image of

() ()

Figure 5. SEM images of (a) the original and (b) the aggregated
polystyrene latexes. (2) In the original latex, the molar ratio between
styrene and VA-061 is 100:1. (b) Aggregated latex was treated with
argon with a flow rate of 90 mL/min at 50 °C for 1 h.

the original PS particles that have been obtained from SFEP.
The mean particle size is about 100 nm, agreeing with the data
from the Mastersizer from which the diameter is 93.3 nm.
Figure Sb reveals the presence of aggregates, showing latex
particles gather together to form clusters, consistent with the
data from the Mastersizer.

The above results show that the aggregation and redispersion
of the latex are reversible, repeatable, and controlled. The key
factors are the covalent binding of the amidine groups and the
lack of HCI salts in the system. Amidine groups in the latex,
resulting from the initiator, can be switched between charged
and uncharged states using CO, as the trigger. The latex is
aggregated when CO, is removed, suggesting that colloidal
stability is poor as a result of the decreasing surface charge. On
the other hand, the latex can be redispersed when CO, is
passed into the water/PS aggregated mixture, and the amidine
group is reprotonated. But restoration of the charge is not
sufficient to achieve redispersion; the ultrasonication treatment
added some necessary energy to the system, presumably to
overcome the free energy required to increase the interfacial
area between the two phases and finely disperse one phase into
the other.*

H CONCLUSION

Stimuli-responsive polymer latexes were successfully prepared
with only commercially available reagents by surfactant-free
emulsion polymerization using styrene as monomer and VA-
061 as a switchable initiator. An important factor is that the
amidine groups are covalently bound on the surface of the
polymer latex. The latex can switch between aggregated and
dispersed states using CO, as a trigger without the addition of
salts, acids, or bases. The latex is aggregated by heating and
bubbling with argon to remove CO, and convert the active
cyclic amidinium groups to their neutral form. When treated
with sonication and bubbling with CO,, the aggregated
polystyrene latex can be redispersed successfully, as shown by
recovery of the original latex particle size and zeta potential
from the large aggregated polymer particles.

B ASSOCIATED CONTENT
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"H NMR spectra of D,0 solution of VA-061 and DMSO under
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Synthesis and Thermal Characterization of Precision Poly(ethylene-
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ABSTRACT: A structural investigation of linear ethylene-co-
vinyl amine (EVAm) copolymers having a primary amine
branch on every 9th, 15th, 19th, or 21st carbon along the
ethylene backbone has been completed using step polymer-
ization chemistry. Acyclic diene metathesis (ADMET)
polymerization has been used with symmetrical o, dienes
containing protected amine groups to afford polymers with
exact primary structures and constant methylene run lengths
between branches. The effects of subtle structural changes
such as the ethylene run lengths between amine branches can
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be observed and used to correlate structure property relationships. NMR and FT-IR techniques are used to characterize and
verify the excellent structural control this synthetic approach provides over traditional chain polymerization techniques. Thermal
decomposition of these copolymers is shown to additionally support polymer structure while differential scanning calorimetry
demonstrates crystallinity in the polymers with an amine on every 15th and 21st carbon, whereas the polymer with an amine on
every ninth carbon is amorphous. Variations of the physical and spectral properties are discussed as a consequence of the amine
branch spacing, protection, and saturation of the ethylene backbone.

B INTRODUCTION

Ethylene-co-vinyl amine polymers (PEVAm) have several
desirable characteristics and numerous commercial applications.
The primary amine functionality along the ethylene backbone is
a highly reactive site that can be utilized for derivatization and
cross-linking. In the protonated form, the cationic charge
density of the ammonium ion makes it useful in ionomer
applications." In addition, the ability of amines to chelate allow
them to form complexes with various metal ions> and to serve
as support scaffolds for enzymes.* Considering the many
potential applications of these materials, it is important to have
an understanding of their primary structure's relationship to
physical properties. However, structure—property information
of this type has not been readily available or even known.

The lack of fundamental studies can be attributed partly to
synthetic difficulties, which have also limited the applications of
PEVAm. The copolymerization of ethylene with vinyl amine
type monomers is a difficult task due to both the large reactivity
ratio disparity of the two vinyl monomers and the tendency of
the vinyl amine to act as an efficient chain-transfer agent during
radical and cationic polymerization.”> The simplest precursor
monomer for synthesis of polyvinylamine (PVAm), vinyl
amine, does not exist in the free state because it tautomerizes
to the acetaldehyde imine.” This monomer lability necessitates
the synthesis of PVAm indirectly from an intermediate
polymer, a synthetic approach similar to that used with
poly(vinyl alcohol) (PVA).>

Although PVAm has been synthesized in numerous ways,*™®
preparation of PVAm via radical chemistry with minimal
structural defects and reasonably high molecular weights has

-4 ACS Publications  © 2011 American Chemical Society
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involved two main precursors: fert-butyl N-vinylcarbamate
(TBNVC)? and vinylformamide (VFA) monomers.'”'! BASF,
the largest commercial producer of PVAm, has utilized
vinylformamide (VFA) with the subsequent hydrolysis of its
amide side chains to make PVAm.

Of all the potential copolymers that can be made with
vinylamine, those with ethylene as the comonomer are of
particular interest. Poly(ethylene-co-vinyl amine) (PEVAm)
polymers, with ethylene:vinylamine molar ratios of at least 1:1,
are ideal for use as flocculants in water clarification. The molar
ratio of these copolymers is modified by monomer addition
under high-pressure conditions via radical chemistry. The ideal
ethylene:vinylamine ratio in these materials is 2:1 to 4:1."
Within this preferred range, the desired physical and chemical
properties imparted by the amine units are preserved, while the
cost of the polymers is markedly lowered by the presence of the
more economical ethylene units.">

Other than the usual backbone defects elicited by the radical
chain polymerization of these materials, irregularities encoun-
tered in PEVAm materials come from both the acid and base
hydrolysis of the poly(N-vinylformamide). Acid hydrolysis can
proceed via transiently formed amidine rings, but is unable to
surpass the 80% level due to repulsions among the protonated
amine side chains.'' Basic hydrolysis can be carried out
completely, but Spange'® and Bortel'' have both observed the
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elimination of ammonia as noted by elemental analysis and the

perceptible smell during the hydrolysis.

By taking advantage of step polymerization chemistry offered
by acyclic diene metathesis (ADMET), our research group has
been able to avoid the random nature of addition polymer-
izations, as well as the unwanted side reactions often observed
in radical polymerizations of vinyl monomers. This mild
polymerization chemistry also avoids the defects usually
imparted by catalysts during chain propagation processes.
These defects, in either small or large amounts, can have
profound effects on the macromolecule’s material behavior and
thermal response.

Both Breitenkamp'® and Masuda'* have utilized ring-
opening metathesis polymerization (ROMP) to prepare
amine-functionalized polymers. Herein, we report the synthesis
and thermal characterization of a family of four linear EVAm
copolymers with amine branches precisely spaced along the
polyethylene backbone at intervals of every 9th, 15th, 19th, or
21st carbon. Their preparation has been accomplished using
ADMET chemistry, which assures that the branches are set at
specific, not random, intervals along the backbone, generating
polymers incapable of being made by other method-
ologies."> ™' Primary structural analysis has been achieved by
'"H and “C NMR and FT-IR techniques, and detailed
calorimetry data are presented to demonstrate the morpho-
logical differences arising from the combined effects of branch
frequency and the regular distribution of amine branches.

B EXPERIMENTAL SECTION

Materials. Reagents and chemicals were used as received from
Aldrich Chemical Co. unless otherwise noted. Diethyl ether and THF
were used as dry solvents from the Aldrich keg system and dried over
4 A sieves. The second generation Grubbs catalyst (tricyclohexyl-
phosphine[1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-
ylidene][benzylideneruthenium(IV) dichloride) was synthesized and
used as previously described by Grubbs et al.*>

Instrumentation and Analysis. 'H NMR and '*C NMR spectra
were recorded on a Varian Associates Mercury 300 spectrometer.
Chemical shifts for 'H and *C NMR were referenced to residual
signals from CDCl; ('H = 7.24 ppm and "*C = 77.23 ppm) with 0.03%
v/v TMS as an internal reference. High resolution mass spectra
(HRMS) were obtained on a Finnegan 4500 gas chromatograph/mass
spectrometer using the chemical ionization mode. IR data was
obtained using a Perkin-Elmer Spectrum One FT-IR outfitted with a
LiTaO; detector, measurements were automatically corrected for
water and carbon dioxide. FT-IR polymer samples were prepared by
solution-casting a thin film from THF onto a KBr salt plate.

Gel permeation chromatography (GPC) of polymers was
performed at 40 °C using a Waters Associates GPCV2000 liquid
chromatography system with an internal differential refractive index
detector (DRI) and two Waters Styragel HR-4E columns (10 ym PD,
7.8 ID, 300 mm length) using HPLC grade tetrahydrofuran as the
mobile phase at a flow rate of 1.0 mL/min. Injection volumes of 220.5 uL
were made at 0.05—0.07 w/v sample concentrations. Retention
times were calibrated against a minimum of nine narrow molecular
weight polystyrene standards purchased from Polymer Laboratories
(Amherst, MA).

Solid-State NMR (SS-NMR) spectra were performed at the Max
Planck Institute for Polymer Research (MPIP) in Mainz, Germany
using a Bruker DSX 7.05 T instrument at 21.7 MHz for "N employing
a magic angle spinning (MAS) frequency of 10 kHz. The *N cross-
polarization from 'H was conducted using a contact angle of 7 ms and
a high-power 'H decoupling two-pulse phase modulation (TPPM) of
100 kHz. The '*N spectra were referenced to the *NOj; in '*N-enriched
NH,NO;. All spectra were acquired from a 4 mm rotor at room tem-
perature. Because of the low natural abundance of nitrogen-15 (0.37%),
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long time scans from these nonlabeled materials were conducted in
order to achieve good signal-to-noise ratios.

Differential scanning calorimetry (DSC) was performed on a TA
Instruments Q1000 equipped with a liquid nitrogen cooling accessory
and calibrated using sapphire and high purity indium metal. All
samples were prepared in hermetically sealed pans (4—7 mg/sample)
and were referenced to an empty pan. A scan rate of 10 °C per minute
was used. Melting temperatures were taken as the peak of the melting
transition, glass transition temperatures as the midpoint of a step
change in heat capacity. Thermal experiments were conducted as
follows: samples were heated through the melt to erase thermal
history, followed by cooling at 10 °C per minute to —150 °C, and then
heated through the melt at 10 °C per minute. Data reported reflects
this second heating scan.

Premonomer Amine Diene Synthesis. Magnesium (4.89 g,
0.20 mol) was added to a S00 mL three-necked flask equipped with a
reflux condenser and an addition funnel. The reaction vessel was
backfilled three times with Ar and flame-dried after each backfill. Dry
THF (100 mL) was added, followed by the addition of 5-bromo-1-
pentene (25.0 g, 0.17 mol) dropwise via syringe. The solution was
refluxed for 2 h to completely form the Grignard. Ethyl formate (5.64 g,
0.076 mol) in 30 mL THF was added dropwise to the cooled mixture
(0 °C), and the solution was allowed to warm slowly to room tem-
perature and then refluxed for 21 h. Hydrochloric acid (1M, 100 mL)
was added, and the solution was extracted with ether (3 X 25 mL),
washed with 1 M HCI (1 X 30 mL), and washed with brine (3 X 20 mL).
The solution was dried over MgSO,, followed by evaporation of the
solvent to yield 14.18 g of the crude alcohol.

To a 500 mL round-bottom flask equipped with an addition funnel
were added pyridinium chlorochromate (PCC) (26.0 g, 0.12 mol),
Celite (equal weight to crude alcohol), and methylene chloride (100 mL)
followed by the addition of the crude alcohol (1 equiv). The reaction
was stirred for 4 h at room temperature, diethyl ether (200 mL) was
added, and the mixture was filtered through a pad of silica gel. Solvent
evaporation yielded 13.0 g of the crude ketone.

To a 500 mL round-bottom flask was added the crude ketone, dry
methanol (225 mL), ammonium acetate (60 g, 0.78 mol), sodium
cyanoborohydride NaCNBH; (25 g, 0.40 mol), and a spatula tip of
crushed 4 A molecular sieves; the mixture was refluxed for 48 h under
N,. The crushed molecular sieves were filtered via Biichner filtration
and deionized water (200 mL) was added to the filtrate, followed by
extraction with diethyl ether (3 X S0 mL). The organic layer was
washed with 1 M NaOH (2 X 50 mL) and brine (2 X 30 mL) and
dried over MgSO,. The solution was concentrated to a brown viscous
oil, which was purified by flash column chromatography using a 3:1:1
(hexane:ethyl acetate:methanol) mobile phase yielding 9.28 g of the
desired 3,3NH, product for an overall yield of 73%.

1-Undec-10-enyl-dodec-11-enylamine (3,3NH,). '"H NMR (300
MHz, CDClL,): § 1.15—1.70 (m, 8H), 2.01-2.15 (br,4H), 2.65—-2.76
(br, 1H), 4.90—-5.10 (m, 4H), 5.75—5.90 (m, 2H). C NMR (75
MHz, CDCl,): § 25.87, 34.29, 37.84, 51.45, 114.95, 139.19.

Heptadeca-1,16-dien-9-amine (6,6NH,). This premonomer was
in limited supply and is extremely valuable so it was used in situ to
directly make the Boc-protected monomer.

Tricosa-1,22-dien-12-amine (9,9NH,). The 9,9NH, was synthe-
sized as described above using 11-bromo-1-undecene (25.0 g, 0.106
mol) instead of S-bromo-1-pentene. After purification, a final yield of
48% (13.0 g) was obtained. 'H NMR (300 MHz, CDCL): § 1.15—
145 (br, 32H), 2.0 (q, 4H), 2.65—2.75 (br, 1H), 4.88—5.05 (m, 4H),
5.72—5.38 (m, 2H). ®C NMR (75 MHz, CDCl,): § 26.39, 29.20,
29.41, 29.76, 29.84, 29.90, 30.07, 34.08, 38.02, 51.50, 114.36, 139.50.

1-Dec-9-enyl-undec-10-enylamine (8,8NH,). Synthesis was per-
formed using a modified procedure by Zantour and co-workers.** To a
500 mL three-neck round-bottom flask equipped with a reflux
condenser and an addition funnel was added 10-undecenoyl chloride
(20.27 g, 100 mmol) and dry diethyl ether (150 mL). The solution
was cooled to 0 °C, and triethylamine (18.21 g, 180 mmol) was added
dropwise, instantly forming white triethylamonium chloride salts. The
reaction mixture was warmed to room temperature and stirred for 24 h,
followed by Biichner filtration of the salts and evaporation to yield
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the liquid intermediate f-lactone. Deionized water (100 mL) and
NaOH (8.80 g, 2.10 mol) were added, and the mixture was refluxed
for 12 h. The solution was acidified with 1 M HCI and extracted with
diethyl ether (3 X 50 mL). The combined organic layers were washed
with 1 M HCI (2 X 20 mL) and brine (2 X 20 mL). After drying over
MgSO, and recrystallizing from MeOH, 13.15 g of the pure ketone
was obtained. The ketone was converted to the amine using the same
methodology as described with the 3,3NH, and 9,9NH, syntheses.
The overall yield for the two steps was 58%. '"H NMR (300 MHz,
CDCL,): & 1.18—1.62 (br, 28H), 2.04 (q, 4H), 2.80-2.94 (m, br, 1H),
4.03—4.54 (br, 2H), 4.88—5.07 (m, 4H), 5.71-591 (m, 2H). *C
NMR (75 MHz, CDCly): § 26.52, 29.34, 29.54, 29.88, 30.01, 30.20,
3421, 38.18, 41.61, 114.46, 139.50.

General Fmoc Protection of the Amine Dienes. To a dry
500 mL round-bottom flask were added 150 mL of dry THF, S0 mL of
dry pyridine, and Fmoc—Cl (1.0 g, 3.90 mmol) under argon. Then,
9,9NH, (1 g, 3.25 mmol) was slowly added over 0.5 h and the reaction
was allowed to stir at room temperature for an additional 2 h. After
2 h, 100 mL of ether was added to the reaction and it was extracted
with 1 M HCI (2 X 50 mL) and brine (2 X 50 mL). The protected
amine solution was dried over MgSO, followed by rotary evaporation
to yield the 9,9NHFmoc product. The 9,9NHFmoc was purified via
column chromatography using ethyl acetate:hexane (3:2).

(9H-Fluoren-9-yl)methyl Henicosa-1,20-dien-11-ylcarbamate
(9,9NHFmoc). 'H NMR (300 MHz, CDCL,): § 7.75 (d, 2H), 7.61
(d, 2H), 7.40 (t, 2H), 7.28 (t, 2H), 5.82 (m, 2H), 4.94 (m, 4H), 4.40
(d, 2H), 4.23 (t, 1H), 2.04 (m, 4H), 1.15—1.45 (br, 28H). EI/HRMS
[M + 1]: caled for Cy4Hy NO,, 530.3998; found, 530.4006.

General Boc Protection of the Amine Dienes. To a dry S00
mL round-bottom flask was charged 150 mL dry THF and the
appropriate amine (2.5 g) under argon. A syringe was used to add the
Boc anhydride (1 M in THF, 1 equiv) over 15 min at room tem-
perature. The reaction was allowed to stir for 24 h and was monitored
by TLC (ethyl acetate: hexane, 1:19) for disappearance of the starting
material amine. At the end of the 24 h reaction period, 100 mL of
ether was added and the solution was extracted with water (1 X S0 mL),
NaHCO, (2 X 50 mL), and brine (2 X S0 mL). The washed solution
was dried over MgSO, followed by rotary evaporation to yield the Boc
protected product. The monomer was purified via column
chromatography using ethyl acetate:hexane (1:19).

tert-Butyl Undeca-1,10-dien-6-ylcarbamate 3,3NHBoc (1).
Monomer is a colorless oil. '"H NMR (300 MHz, CDCl;): § 1.20—
1.46 (br, m, 8H), 1.48 (s, 9H), 2.01 (m, 4H), 3.52 (br, 1H), 4.22 (br,
d, 1H), 4.93 (m, 4H), 5.76 (m, 2H). *C NMR (75 MHz, CDCL,): §
25.33, 27.60, 28.62, 33.79, 35.25, 50.57, 79.00, 114.78, 138.83, 155.89.
FT-IR (KBr pellet): 3348, 3077, 2978, 2934, 2860, 1814, 1692, 1641,
1522, 1457, 1443, 1416, 1391, 1366, 1284, 1249, 1174, 1120, 1056,
1026, 944, 910, 868, 773, 637 cm™'. ESI/HRMS [2M +1]: calcd for
C16H,oNO,, 535.4469; found, 535.4463. Anal. Calcd for CHNO: C,
71.86; H, 10.93; N, 5.24. Found: C, 71.91; H, 11.06; N, 5.23.

tert-Butyl Heptadeca-1,16-dien-9-ylcarbamate 6,6NHBoc (2).
Monomer is a waxy white solid that melts at 38 °C. '"H NMR (300
MHz, CDCLy): 6 1.23—1.40 (br, m, 8H), 1.41 (s, 9H), 2.01 (q, 4H),
3.50 (br, 1H), 4.20 (br, d, 1H), 491 (m, 4H), 5.78 (m, 2H). *C NMR
(75 MHz, CDCly): § 26.01, 28.6S, 29.0S, 29.27, 29.63, 33.97, 35.79,
50.83, 79.00, 114.37, 139.35, 155.92. FT-IR (KBr pellet): 3444, 3346,
3077, 2977, 2928, 2856, 1821, 1703, 1693, 1641, 1522, 1455, 1441,
1415, 1390, 1365, 1248, 1174, 1092, 1057, 993, 909, 869, 778, 750,
725, 636, 555 cm™'. EI/HRMS [2M +1]: caled for C,,H,NO,,
703.6347; found, 703.6327. Anal. Calcd for CHNO: C, 75.16 ; H,
11.75 ; N, 3.98. Found: C, 7526 ; H, 11.99 ; N, 3.93.

tert-Butyl Henicosa-1,20-dien-11-ylcarbamate 88NHBoc (3).
Monomer is a waxy white solid that melts at 43 °C. '"H NMR (300
MHz, CDCly): § 1.21—1.41 (br, m, 28H), 1.42 (s, 9H), 2.01 (q, 4H),
3.50 (br, 1H), 4.20 (br, d, 1H), 4.93 (m, 4H), 5.80 (m, 2H). 3*C NMR
(75 MHz, CDCLy): § 26.06, 28.67, 29.14, 29.33, 29.64, 29.76, 29.80,
34.02, 35.82, 50.87, 78.95, 114.31, 139.42, 155.94. FT-IR (KBr pellet):
3348, 3077, 2977, 2926, 2855, 1701, 1641, 1503, 1456, 1390, 1365,
1245, 1173, 1046, 993, 909, 865, 723, 640 cm™". EI/HRMS [2M +1]:
caled for C,cH,gNO,, 815.7599; found, 815.7466. Anal. Calcd for

673

CHNO: C, 76.60; H, 12.11; N, 3.44. Found: C, 76.58; H, 12.26; N,
3.47.

tert-Butyl Tricosa-1,22-dien-12-ylcarbamate 9,9NHBoc (4).
Monomer is a waxy white solid that melts at 46 °C. '"H NMR (300
MHz, CDCly): § 1.22—1.40 (br, m, 32H), 1.41 (s, 9H), 2.01 (q, 4H),
3.49 (br, 1H), 4.20 (br, d, 1H), 4.91 (m, 4H), 5.78 (m, 2H). *C NMR
(75 MHz, CDCL,): 6 26.07, 27.63, 28.66, 29.15, 29.34, 29.68, 29.74,
29.80, 34.02, 35.84, 50.90, 78.95, 114.30, 139.43, 155.94. FT-IR (KBr
pellet): 3446, 3349, 3077, 2977, 2927, 2855, 1820, 1705, 1641, 1503,
1456, 1415, 1390, 1365, 1247, 1174, 1049, 992, 909, 867, 780, 750,
722, 636, 552, 464 cm™". EI/HRMS [2M +1]: calcd for C,HNO,,
871.8225; found, 871.8195. Anal. Calcd for CHNO: C, 77.18; H,
12.26; N, 3.21. Found: C, 77.24; H, 12.27; N, 3.25.

General ADMET Polymerization Procedure for Symmetrical
Boc Amine Monomers. Monomer was transferred into a dry 25 mL
Schlenk tube equipped with a stir bar and glass stopcock and dried by
heating the vessel in an oil bath at 50 °C under full vacuum (1073
mmHg) for 24 h. After 24 h, the reaction vessel was backfilled with
argon and first-generation Grubbs’ Ru catalyst (200:1/monomer:-
catalyst) was added. The full vacuum was placed back on the
polymerization reaction after 0.5 h. Additional catalyst was added 60 h
into the polymerization to ensure maximum possible couplings. The
polymerization reaction was monitored closely by 'H NMR to confirm
that no remaining terminal olefin was present. Upon completion, the
reaction was quenched by opening the flask and adding 25 mL of
toluene and 1 mL of ethyl vinyl ether. The polymer was purified by
precipitation of the polymer solution into 1.5 L of cold methanol. The
polymer was then filtered and dried for characterization.

Polymerization of tert-Butyl Undeca-1,10-dien-6-ylcarbamate
3,3NHBoc (5). '"H NMR (300 MHz, CDCL): § 1.18—1.48 (br,
17H), 1.92 (br, 4H), 3.48 (br, 1H), 4.26 (br, 1H), 5.24—5.40 (br, 2H).
BC NMR (75 MHz, CDCL): § 26.01, 27.26, 28.63, 29.18, 29.85,
32.64, 35.31, 50.63, 78.92, 129.95, 130.43, 155.88. FT-IR (KBr pellet):
3443, 3341, 2977, 2931, 2857, 2248, 1691, 1523, 1456, 1391, 1365,
1248, 1174, 1056, 968, 912, 867, 779, 734, 647, 462 cm™".

Polymerization of tert-Butyl Heptadeca-1,16-dien-9-ylcarbamate
6,6NHBoc (6). 'H NMR (300 MHz, CDCL): § 1.26 (br, 14H), 1.41
(s, 9H), 1.96 (br, 4H), 3.49 (br, 1H), 4.21 (br, 1H), 5.28—5.5.37 (br,
2H). 3C NMR (75 MHz, CDCl,): §26.04, 27.39, 28.64, 29.03, 29.25,
29.33, 29.47, 29.67, 29.90, 32.76, 33.95, 35.79, 50.85, 78.91, 130.03,
130.49, 155.93. FT-IR (KBr pellet): 3445, 3344, 2977, 2927, 2855,
1692, 1525, 1456, 1390, 1365, 1248, 1174, 1090, 1013, 967, 909, 867,
778, 728, 646, 463 cm™'.

Polymerization of tert-Butyl Henicosa-1,20-dien-11-ylcarbamate
8,8NHBoc (7). 'H NMR (300 MHz, CDCl;): § 1.21-1.40 (br, m,
28H), 1.41 (s, 9H), 1.91-1.99 (br, 4H), 3.49 (br, 1H), 4.22 (br, d,
1H), 5.29-5.39 (br, 2H). *C NMR (75 MHz, CDCL): § 26.10,
27.44, 28.67, 29.37, 29.70, 29.81, 29.88, 29.98, 32.82, 35.85, 50.93,
78.95, 130.53, 155.93. FT-IR (KBr pellet): 3443, 3344, 2975, 2927,
2854, 1691, 1523, 1456, 1390, 1365, 1247, 1174, 1093, 1019, 967, 914,
864, 778, 724, 645, 464 cm™".

Polymerization of tert-butyl tricosa-1,22-dien-12-ylcarbamate
9,9NHBoc (8). 'H NMR (300 MHz, CDCL,): 5 121—1.41 (br, m,
32H), 1.42 (s, 9H), 2.01 (br, 4H), 3.49 (br, 1H), 421 (br, d, 1H),
5.30—5.38 (br, 2H). 3C NMR (75 MHz, CDCL,): § 26.10, 27.45,
28.67, 29.42, 29.55, 29.74, 29.81, 29.84, 29.90, 30.00, 32.84, 35.84,
50.92, 78.93, 130.10, 130.56, 155.94. FT-IR (KBr pellet): 3445, 3346,
3136, 2975, 2925, 2854, 2248, 1693, 1523, 1456, 1390, 1365, 1247,
1174, 1097, 1048, 1024, 966, 910, 865, 778, 723, 647, 463 cm™".

Hydrogenation of Unsaturated ADMET Polymers. The crude
polymer solution was transferred to a Parr Bomb glass sleeve and
diluted to ~200 mL with toluene. Argon was bubbled through the
solution for 30 min, after which a spatula tip of Wilkinson’s catalyst
(RhCI(PPh;);) was added to the solution and the sleeve was sealed
inside a Parr Bomb equipped with a mechanical stirrer and
temperature control. The vessel was purged three times with 600 psi
hydrogen gas, then filled to 600 psi with hydrogen gas and left for 4
days at room temperature. Upon depressurization, argon was bubbled
through the crude reaction mixture for 30 min. The solution was
concentrated to ~50 mL and slowly dripped into 1 L of cold
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methanol. The precipitated polymer was filtered and dried for
characterization.

Polysat3,3NHBoc (9). "H NMR (300 MHz, CDCl,): 6 1.23 (br,
16H), 1.41 (s, 9H), 3.48 (br, 1H), 421 (br, d, 1H). *C NMR (75
MHz, CDCL,): 5 14.24, 22.82, 25.72, 26.09, 27.89, 28.66, 29.79, 29.91,
32.03, 35.85, 50.90, 78.95, 155.95. FT-IR (KBr pellet): 3446, 3342,
3134, 2928, 28SS, 2248, 1692, 1524, 1456, 1390, 1365, 1248, 1175,
1098, 1048, 1020, 909, 865, 802, 733, 667, 647, 556, 463 cm™".

Polysat6,6NHBoc (10). "H NMR (300 MHz, CDCl,): & 1.22 (br,
24H), 1.41 (br, s, 13H), 3.49 (br, 1H), 421 (br, d, 1H). *C NMR (75
MHz, CDCL,): & 14.33, 22.89, 26.10, 28.67.29.48, 29.86, 29.91, 32.10,
35.84, 50.92, 78.94, 155.95. FT-IR (KBr pellet): 3446, 3346, 3137,
2977, 2924, 2854, 2249, 1695, 1525, 1456, 1390, 1365, 1247, 1175,
1060, 1013, 909, 866, 778, 734, 646, 465 cm™.

Polysat8,8NHBoc (11). 'H NMR (300 MHz, CDCl,): § 1.21—1.41
(br, m, 36H), 1.42 (s, 9H), 3.49 (br, 1H), 4.21 (br, d, 1H). *C NMR
(75 MHz, CDCly): § 14.32, 22.88, 26.06, 28.64, 29.83, 29.89, 32.10,
35.80, 50.87, 78.92, 155.93. FT-IR (KBr pellet): 3445, 3348, 3135,
2925, 2854, 2248, 1693, 1526, 1457, 1390, 1365, 1248, 1175, 1096,
1019, 909, 865, 801, 732, 647, 464 cm™".

Polysat9,9NHBoc (12). 'H NMR (300 MHz, CDCL,): 5 1.15—1.34
(br, 40H), 1.41 (s, 9H), 3.49 (br, 1H), 4.21 (br, d, 1H). 3C NMR (75
MHz, CDCly): § 14.33, 22.90, 26.08, 28.66, 29.56, 29.84, 29.94, 32.13,
35.82, 50.88, 78.92, 155.93. FT-IR (KBr pellet): 3446, 3346, 3136,
2925, 2854, 1696, 1523, 1465, 1457, 1390, 1365, 1248, 1175, 1058,
1019, 866, 783, 753, 721, 650, 462 cm™ .

Removal of the Boc Protection Group from the Polymers.
Each saturated, protected polymer was readily dissolved in THF and
transferred to a 10 mL screw-cap vial. The solution was rotovapped
with rapid spinning to create a thin film along the walls of the vials.
The vial was attached to a vacuum vial adapter and placed under high
vacuum (107> mmHg) for 1 day to dry. After the polymer was dry, the
vial was submerged in 275 °C sand in an aluminum foil lined heating
mantle and left under heat and vacuum for 2 h. Upon submersion into
the hot sand, each polymer began to slowly melt and then bubble.
Each sample melted and went from a light beige color to a dark brown
color within the first 5 min of heating under vacuum.

B RESULTS AND DISCUSSION

Polymer Design and Synthesis. The preparation of
linear, precisely branched, ethylene-co-vinyl amine (EVAm)
polymers requires the synthesis of a symmetrically branched
a,w-diene monomer for the ADMET reaction. In light of the
recent successes of other groups performing ROMP on free
amines,">'* and with the development of more nitrogen
tolerant metathesis catalysts,”® an initial attempt was made to
polymerize the free amine diene. However, the reaction was
unsuccessful due to the tendency of the amine to facilitate
catalyst decomposition. As a result, a protection strategy was
required to polymerize the amine dienes.

Use of the 9-fluorenyl carbamate (Fmoc) group as an amine
protection strategy was previously developed in our group by
Leonard et al** for the synthesis of amino acid containing
polyolefins. Because of the ease with which the Fmoc group is
removed under mild basic conditions, this same methodology
was attempted for EVAm. The synthesis of the 9,9NHFmoc
monomer was readily accomplished by protecting the
corresponding amine diene with 9-fluorenylmethyl chlorofor-
mate (Fmoc—Cl) to yield a white fluffy powder with a sharp
melting point. However, polymerization of this monomer in
THF led to the formation of dimers and trimers almost
immediately upon addition of catalyst, as observed by the
precipitation of these oligomers from solution (Figure 1).
Attempts to characterize these oligomers failed due to lack of
solubility in any known solvent.
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Figure 1. Initial protection strategy for amine monomers: (i) FmocCl,
DMAP, THF; (ii) first-generation Grubbs’ catalyst.

As an alternative protection strategy, the tert-butyl oxy-
carbonyl (Boc) group was employed, because it can be readily
removed using acid or heat. Figure 2 details the synthetic
approach employed to conduct the metathesis polymerization,
hydrogenation, and deprotection. Monomer 1 is a colorless
viscous oil while monomers 2, 3, and 4 are white crystalline
solids that melt at 38, 43, and 46 °C, respectively. As a result, all
four monomers can be polymerized neat in the melt with no
solvent. The ADMET polymerization of the Boc-protected
monomers proceeded normally under vacuum. The molecular
weight and thermal data for the unsaturated polymers are
presented in Table 1. Subsequent hydrogenation was
performed in toluene with Wilkinson’s catalyst under hydrogen
pressure in a Parr reactor. These hydrogenations were done at
room temperature; there was no spectroscopic evidence that
any Boc protection groups were removed during this step.

Structural Analysis with '*C and '"H NMR and IR.
Primary structural analysis by 'H- and "*C NMR revealed the
kind of pristine primary structure that can be obtained when
using ADMET polymerizations and hydrogenation reac-
tions.'”*>*® Confirmation of the branch precision and
knowledge of methylene run lengths between branches allows
confident determination of molar ratios of ethylene and vinyl
amine. These proton and carbon spectra are the best
techniques to determine primary structure of monomer,
unsaturated polymer, and saturated polymer.

The proton spectra in Figure 3 shows the clean and complete
transformation of the 9,9 monomer (4) to unsaturated polymer
(8) and then to the saturated polymer (12). The resonances
from the terminal olefins of 4, at roughly 4.8 and 5.8 ppm,
condense to one peak, at 5.3 ppm in 8, while the chemical shifts
of the other peaks are maintained and slightly broadened. From
the unsaturated (8) to saturated polymer (12), the internal
olefin and its alpha proton peak at 2.0 ppm are completely
removed from the sample through the hydrogenation step. The
hydrogenation of the unsaturated polymer also leads to the
formation of methyl end groups resonating at 0.9 ppm. The
final hydrogenated polymer (12) shows five proton shifts
relating to the polymer: (1) methyl end groups at 0.8 ppm; (2)
backbone protons at 1.23 ppm; (3) nine Boc group protons at
1.41 ppm; (4) proton on the carbon with the amine branch at
3.48 ppm; (5) carbamate nitrogen’s proton at 4.21 ppm.

The same trends are observed in the carbon spectra of the
corresponding 6,6 molecules (2, 6, 10), shown in Figure 4. The
terminal olefin resonances at 130 and 156 ppm in 2 are
condensed to an internal olefin peak in 6, (two peaks due to
cis/trans isomers). This internal olefin peak is then eliminated
from the sample upon hydrogenation.

Compound structure and purity was also confirmed with FT-
IR throughout the EVAm copolymer synthesis. The analysis for
all of these copolymers is essentially identical due to the
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Figure 2. Ethylene-co-vinyl amine copolymer synthesis: (i) first-generation Grubbs’ catalyst; (ii) H, (600 psi), RhCI(PPh;);, toluene, room

temperature; (iii) 250 °C under vacuum.

Table 1. Molecular Weight and Thermal Data for
Unsaturated Ethylene Vinyl Amine Copolymers:

polymer  mol % vinylamine® Tgb (°C) My© PDI® D,f
S 22 19.1 74 145 21
6 13 -S54 114 143 25
7 10.5 -8.5 14.7 1.99 20
8 9.5 —24.2 133 1.67 20

“Calculated from theoretical repeat unit, confirmed by NMR. 10°c/
min scan rate, values determined from second scan data. “Reported in
kg/mol and performed in THF at 40 °C with calibration vs
polystyrene standards.

identical functional groups contained in each material. The
polymerization was verified by the coalescence of two
absorbance bands from a-olefins in monomers at 991 and
908 cm™! into a single band at 967 cm™' indicating a mostly
trans 1,2-disubstituted olefin and successful polymerization.”’
The elimination of the olefinic band at 967 cm™" corresponding
to the out-of-plane C—H bend confirms complete hydro-
genation of the ethylene backbone. Strong absorbance bands
present at 2925 and 2854 cm™' for these copolymers

correspond to the asymmetric and symmetric methylene C—
H stretching motions of the backbone carbons. The carbonyl
stretch of the Boc’s carbamate functionality is observed at 1692
cm™" with additional carbamyl bands at 1524 and 1248 cm ™.
Scissoring bands from the methylene C—H vibrations are also
readily observed at 1457 cm™.

Thermal Analysis. Thermal gravimetric analysis (TGA)
and differential scanning calorimetry (DSC) were performed
on each of the three groups of polymer samples: the
unsaturated protected, the saturated protected, and the
saturated deprotected polymers. Table 2 summarizes the
thermal properties exhibited while Figures S, 6, 7, 10, and 11
show thermograms which detail the decomposition, glass
transition, and melting points of these materials. It is apparent
from this thermal data that the molar ratio of incorporated vinyl
amine has a dramatic effect on the material behavior.

The decomposition traces of both the unsaturated and
saturated protected amine polymers (Figure S) are predictable.
Yamamoto®® and Ahn*® have shown in their research that the
Boc group can be removed thermally at about 175 °C.***° A
sharp loss in weight occurs at this temperature for each of the

0
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Figure 3. Progression of monomer to polymer monitored by 'H NMR.
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Figure 4. Progression of monomer to polymer monitored by *C NMR.

Table 2. Thermal Data for the Protected and Deprotected
Polymers

polymer mol % vinylamine® Tgb (°C) T2 (°C)
9 22 4 N/A
10 13 2 N/A
11 10.5 -8 N/A
12 9.5 2 N/A
13 22 10 N/A
14 13 N/A 49
16 9.5 N/A 44

“Calculated from theoretical repeat unit, confirmed by NMR. ?10 °C/
min scan rate, values determined from second scan data.

eight protected polymers; the shoulder or plateau area of each
curve represents the stable deprotected amine polymer. The
percent weight losses experimentally observed in these
decomposition curves were 45, 32, 29, and 25% as measured

to the inflection point of the plateau. These percent weight

losses correspond to the Boc protection group being cleaved
from the amine releasing carbon dioxide and isobutene from
each repeat unit. The calculated predictive weight loses of 42,
31, 26, and 25% are in excellent agreement with these
experimental values. The TGA traces for both the unsaturated
and saturated polymer families are nearly identical which prove
that the addition of hydrogen to the internal alkene has a
minimal net effect on the weight loss. It can be determined
from these weight loss profiles that the thermally deprotected
polymer is stable and exists over a 100° range, indicating that
these materials are excellent candidates for a single thermal
deprotection step.

Figure 6 shows the DSC data (second heating scan) for the
series of unsaturated and saturated protected polymers. All four
unsaturated polymers are amorphous, but the T.s are
consistent with ADMET sequenced materials.”” Amorphous
sequenced copolymers occur as a consequence of steric
congestion along the polymer backbone, thus preventing the
ethylene run lengths between branches to crystallize. The

—— poly3.3NHBoc ——— polysat3 3NHBoc
—— polyBNHBoc polysat6,6NHBoc
D?YSSNFBOC D?Y%IBB?YWB‘OC
100/ 100 -
801 80
£ 60/ £ 60
Q Q
2 2
401 40
20 20/
\H
100 200 300 400 500 600 700 100 200 300 400 500 600 700

Temperature (°C)

Temperature (°C)

Figure 5. TGA traces for (left) unsaturated protected polymers (right) saturated protected polymers.
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Figure 7. TGA traces of (left) polysat6,6NHBoc (10) and polysat6,6NH, (14) (right) polysat9,9NHBoc (12), and polysat9,9NH, (16) polymers.
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Figure 8. 'H NMR of (top) polysat6,6NH, (14) and (bottom) polysat6,6NHBoc (10).

tert-butyl carbamate protection group explains the general trend
of a decreasing T, with decreasing branch frequency, since it
allows for hydrogen bonding with other such protecting groups.
This hydrogen bonding allows branches to become associated
with each other to form a physically cross-linked structure. As
the number of H-bond cross-links decreases in the compounds
5, 6, 7, and 8, the polymer chain has greater flexibility and a
lower T,. The DSC traces for the saturated protected polymers
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each shows a complicated transition, which resembles the start
of a T, but then appears to lead directly into a melt. The
general trend observed in precision polymers previously
synthesized in this group demonstrates that increasing the
pendant branch frequency yields materials with less and less
crystalline character, until a critical threshold is met and the
material becomes amorphous.'¥*>*® This threshold is not
obvious in the present data, because the polymer with the
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Figure 9. "N CP/MAS spectra of (a) protected precision polymer POLY-NHBoc, and (b) deprotected precision polymer POLY66-NH,.
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Figure 10. TGA traces of polysat9,9NH, polymers deprotected from
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Figure 11. DSC of the deprotected amine branch every 9th, 15th, and
21st carbon on polymer.

most closely spaced pendant groups (every ninth carbon, 9)
exhibits a melt peak. Additional work on polymers with more
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frequent branches is needed to determine if the trend holds for
precision PEVAm.

Deprotection Strategy. Initial attempts to deprotect
these polymers were carried out in solution with hydrochloric
acid. The protected polymer was readily dissolved in a
minimum amount of a 1:1 THF/dioxane solvent mixture,
and 10 vol equiv of 4 M HCI in dioxane were added at room
temperature. Within minutes, a dark brown polymer started to
precipitate onto the sides of the round-bottom flask. After 1 h
the solution was extracted with ether, but no polymer was
obtained upon rotary evaporation of the organic layer. Multiple
attempts to remove the polymer remaining on the walls of the
flask were unsuccessful due to lack of solubility. The polymer
was finally removed from the flask by physically scraping it
from the sides, placing the dark brown scrapings into a vial, and
drying them.

It is believed that the negligibly soluble polymer on the flask
walls was the ammonium chloride salt of the amine. Upon
protic acid deprotection in solution, the corresponding
ammonijum salt branches are attracted to each other and likely
cluster together tightly with the polymer backbone coil around
them, thus preventing any further solvation of the material.

In order to prevent this strong ionic aggregation, the thermal
degradation information gathered from the TGA thermograms
shown in Figure 5 was advantageously used. To employ this
deprotection technique, the polymer was cast as a thin film in a
10 mL vial and placed in a 275 °C sand bath under vacuum. For
each of these materials, the protected, tan-colored polymer
films turned dark brown within minutes upon heating with
bubbles, presumed to be carbon dioxide and isobutene,
eliminated from the viscous melted polymer. Since this
deprotection is performed under vacuum, the isobutene is
removed upon elimination with no further need of purification.
Figure 7 shows the overlapping TGA traces of the saturated
protected 6,6 polymer and 9,9 polymer with their respective
deprotected counterparts. The weight loss corresponding to the
Boc group no longer exists in the TGA trace from the polymer
recovered from the vial. These thermally deprotected polymers,
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like the chemically deprotected ones, have negligible solubility
in all solvents tested. However, a small amount of the
deprotected 6,6 saturated polymer dissolved in CDCI;, and
the corresponding 'H NMR spectra are shown in Figure 8. No
3C NMR spectra was observed due to this lack of copolymer
solubility.

To better elucidate both the protected and deprotected 6,6
amine polymer’s chemical structures and demonstrate the
success of synthesis, natural-abundance "N solid state NMR
(SS-NMR) spectra were collected at Max Planck Institute for
Polymer Research in Mainz, Germany. The SS-NMR spectros-
copy when coupled with cross-polarization magic angle
spinning (CP-MAS) provides excellent sensitivity and narrow
line widths. Moreover, this technology also eliminates possible
errors arising from the partial solubility of the deprotected
precision amine polymer samples.

Compared to commonly seen C SS-NMR, N CP-MAS
NMR offers generally simple and readily interpretable "N
spectra in terms of probing a polymer’s structure. Figure 9
shows the spectra of both a protected and deprotected ADMET
amine polymer: POLY66-NH, (14) and POLY66-NHBoc
(10), each of which exhibits a single resonance at —344.51 ppm
and —285.74 ppm, respectively. The signal at —344.51 ppm in
Figure 9b falls within the resonance range of primary amine
NH, groups®®™>* and can be readily assigned to the amine
groups on the deprotected POLY66-NH, (14) side chains.
Considering the single peak at —285.74 ppm from the
protected sample as shown in Figure 9a, this peak should be
the only nitrogen resonance arising from the amide groups in
POLY66-NHBoc (10), if the deprotection step is successful,
which is indeed the case herein. It is known that amide
isotropic chemical shifts are highly sensitive to both hydrogen
bonds and protonation at the carbonyl oxygen.*> The single
resonance at —285.74 ppm in Figure 9a is quite close to the
reported N isotropic chemical shifts from amides and
urethanes.** > The introduction of the electron-withdrawing
Boc group causes the nitrogen nuclei in POLY66-NHBoc (10)
to shift downfield exhibiting a significantly more positive
chemical shift.

In short, "N solid-state NMR analysis has demonstrated that
the deprotection step is successful based on the significant
isotropic chemical shift changes between the protected and
deprotected precision polymers. The synthetic route employed
in this study is applicable to offer precise amine polymers.

Figure 10 contains the TGA traces of both the saturated 9,9
polymer (16) deprotected by heat and (16) deprotected by
acid. These overlapping thermograms demonstrate the biggest
advantages of thermal over acid deprotection—solvent and
counterion contamination. The weight loss on the acid
deprotected polymer begins below 100 °C, and this weight
loss continues until the main chain decomposes at 400 °C.
However, the thermally deprotected polymer shows no solvent
contamination or other impurity associated weight loss upon
TGA analysis and is immediately ready for further analysis.

The final deprotected polymers with amine groups on every
15th, and 21st carbon polymers exhibit crystallinity. The DSC
traces in Figure 11 show that the polymer with an amine on
every 15th carbon (14) has a sharp melt at 49 °C, whereas 16
(an amine on every 21st carbon) has a broader melt at 44 °C.
Although the every 15th polymer exhibits a sharper melting
point than the 21st material, we believe the hydrogen bonding
of the branches may induce different chain packing and alter
the crystallinity of this material relative to the other
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copolymers. This is contrary to the trend observed in the
series of precision ethylene copolymers prepared in our
laboratory, in which the melting points usually increase as the
number of CH, groups between branches increases.’® In
previous polymer families made in our group,” the polymer
substituted on every ninth carbon is amorphous. This trend is
upheld for the PEVAm materials, Figure 11, as the polymer
with an amine branch on every ninth carbon appears
completely amorphous. Unfortunately, a lack of copolymer
with an amine on every 19th carbon prevented thermal analysis
for this material.

B CONCLUSIONS

Reported for the first time, a family of four sequenced
copolymers of ethylene with vinyl amine has been prepared
with predetermined comonomer ratios. Although metathesis
catalysts are evolving to become more tolerant of amine and
nitrogen functionality, the amine functionalized dienes
synthesized here must be protected prior to ADMET
polymerization. The Boc protected monomers provided soluble
polymers while the Fmoc protected analogues did not. These
polymers possess exact ethylene run lengths between pendant
primary amine branches on every 9th, 15th, 19th, or 21st
carbon along the backbone. Spectroscopic analysis via NMR
and FT-IR affirms the microstructural control achieved via
metathesis polymerization. The pristine nature of these
copolymers’ primary structures imparts marked effects on
thermal behavior. Mass losses observed by TGA verify that the
thermal deprotection reactions yielded the expected amine
copolymers. Both thermal and chemical deprotection ap-
proaches yielded minimally soluble product but the thermal
approach provided less contamination to the sample. Although
this poor solubility of the deprotected PEVAm polymer
hampered characterization efforts, a combination of SN solid-
state NMR, 'H NMR, and TGA confirmed quantitative
deprotection. The polymers with an amine branch on every
15th and 21st carbon were shown to be crystalline, whereas the
polymer with an amine on every ninth carbon is amorphous.
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ABSTRACT: Six perfectly regioregular polyethylene (PE)-based ionomers el B° [ N—
containing 1-methylimidazolium bromide groups on exactly every 9th, 1Sth, or M W
21st carbon (precision ionomers) and two regiorandom analogues have been  , *n - .
synthesized and characterized via dynamic mechanical analysis (DMA) and |~ . B @C —
differential scanning calorimetry (DSC). Because these materials were synthesized =/

by a postpolymerization functionalization route, their number-average molecular o o n
weights (M,s) and polydispersity indices (PDIs) could be accurately calculated ‘ B NN

N~/
based on measurements of the preionized polymers; M;s range from 36 to 53 kDa WM

with PDIs all close to 2. Thermal gravimetric analysis (TGA) indicates stability up n
250 °C, and DSC measurements indicate that crystallinity is a function of the

polymer backbone spacer length. T, s range from ~80 to 106 °C, with longer spacer lengths inducing semicrystallinity. DSC
measured glass transition temperatures (Tgs) range from —1.6 to 26.8 °C and appear to be dependent on both spacer length and
crystallinity. DMA data loosely mirror the DSC results, but with transitions occurring at lower temperatures that we attribute to
differences in the thermal history and/or the different heating ramp rates used.

B INTRODUCTION

Ionomers comprise a class of polymers containing a relatively A

low concentration of pendant ionic groups. At a global [ e}
production rate of about 300 million pounds/year, they are
of great commercial importance and find use in a range of
applications as ion transport membranes, electromechanical

devices, thermoplastic elastomers, adhesives, and other uses. B P
Moreover, while polyanions are by far the more common
derivatives, recently there has been considerable interest in Figure 1. General architectures of regiorandom ionomers (A) and
polycations, which are the focus of this paper, due to their precision ionomers (B).
potential applicability in anion exchange membrane fuel cells*
and mechanical actuators.” Tonic polymers are often prepared We recently reported the synthesis of an ionomer and an
via polymerization of acryloyl- or vinyl-functionalized ionic ionene (in which the ionic group is in the main chain of the
liquids or by ionization of electrically neutral polymers.l_17 polymer) by acyclic diene metathesis polymerization
Countless studies have been and continue to be conducted in (ADMET) of a,w-diene-functionalized ionic liquids.26 This
efforts to understand and control ionomer morphology. With method, for the first time, provided access to a polyolefin-based
some exceptions, such as regularly sequenced polyur- precision ionomer (type B of Figure 1); an imidazolium
ethane,'®™*° polysiloxane,”"** and poly(ethylene oxide)*>** hexafluorophosphate group was located on each and every 21st
based ionomers, most current synthetic approaches yield a carbon along a linear polyolefin backbone. Synthesis of these
random (or pseudorandom) distribution of ionic groups along materials by ADMET proved quite challenging due to
a polymer backbone (type A of Figure 1); thus, the impact of
perfect regioregularity on ionomer morphology and perform- Received: October 13, 2011
ance in various applications remains largely unexplored due to a Revised:  November 28, 2011

1,25

lack of synthetic methodology. Published: January 6, 2012
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difficulties in achieving the very high monomer purity required
for the reaction and the extremely high viscosities encountered
after oligomerization. Later attempts to prepare a library of
ionomers containing functionality spaced at shorter intervals for
a structure property study were hampered by the same issues as
were discussed in the original report; however, difficulties were
exacerbated further by the greater ion content. Additionally,
due to the incompatibility of ionic liquids with hydrocarbons,
we found it impossible to produce regiorandom materials by
copolymerization with linear hydrocarbon dienes, which is the
usual method in our laboratory.”” Thus, no comparisons
between regioregular and regiorandom analogues were possible.
Furthermore, because the polymers were produced by
ADMET, thereby containing one alkene per repeat unit, we
intended to enhance crystallinity by saturating the double
bonds. However, the polymers were soluble only in DMSO,
and quantitative hydrogenation using Wilkinson’s catalyst
proved impossible. Finally, as is often the case for ionomers,
measurement of their molecular weights proved impossible by
any means due to aggregation even in hot electrolyte solutions.

In the present report, we have overcome all of the
aforementioned difficulties by preparing regioregular primary
bromide-functionalized polymers and their regiorandom
analogues via ADMET. This was followed by hydrogenation
of the alkene residuals in the soluble neutral polymers and
finally quantitative quaternization using excess 1-methylimida-
zole. The set of eight ionomers was characterized via NMR,
DSC, TGA, DMA, and molecular weights were calculated based
on GPC measurements of the precursor primary bromide
functional polymers.

B EXPERIMENTAL SECTION

Materials and Instrumentation. All materials were purchased
from Aldrich and used as received, unless noted otherwise. Dry
solvents were obtained from an MBraun solvent purification system.
The 1,9-decadiene was dried and purified via a potassium mirror
distillation and stored over activated molecular sieves. Grubbs' first-
generation ruthenium catalyst, bis(tricyclohexylphosphine)benzylidine
ruthenium(IV) dichloride, was a generous gift from Materia, Inc.
Proton and *C NMR spectra were acquired on a Varian Mercury 300
MHz spectrometer. Differential scanning calorimetry (DSC) data were
obtained on a TA Instruments Q1000 from —60 to 220 °C at a typical
scan rate of 10 °C/min under a He purge. Dynamic mechanical
analysis (DMA) was performed with a Rheometrics Solids Analyzer
(RSAII) at a frequency of 0.16 Hz and a maximum strain set to 3%
under nitrogen purge. A static load of 100 gmf was applied initially and
was then adjusted to 125% of each measured dynamic load. This
adjusted static load was necessary to prevent sample buckling.
Mechanical data were collected starting at —50.0 °C and every 20 s
thereafter, while the temperature increased at a rate of 3.0 °C/min.
The DMA samples were films pressed from a mold at ~10 °C higher
than the maximum thermal transition reported by DSC. The film
dimensions based on the mold were approximately 53 mm long, 6 mm
wide, and 0.3 mm thick; exact dimensions for each polymer deviated
slightly but were accurately measured and used in DMA calculations.
Gel permeation chromatography (GPC) was performed at 40 °C using
a Waters Associates GPCV2000 liquid chromatography system with an
internal differential refractive index detector and two Waters Styragel
HR-SE columns (10 gm PD, 7.8 mm id, 300 mm length) using
HPLC grade THF as the mobile phase at a flow rate of 1.0 mL/min.

Monomer Synthesis. Synthesis of 1—3 and 6 has been previously
described by our group.”** Synthesis of 4 and § from 1 and 2 was
carried out using a procedure identical to that used in the preparation
of 6 from 3.2

6-(Bromomethyl)undeca-1,10-diene (4) (x = 3). '"H NMR (300
MHz, CDCL;), § (ppm): 1.30—1.45 (m, 8H), 1.63 (p, 1H), 2.05 (g,
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4H), 3.45 (d, 2H), 4.91-5.10 (m, 4H), 5.65—5.90 (m, 2H). *C NMR
(75 MHz, CDCly), & (ppm): 26.1, 32.5, 34.1, 39.50, 39.55, 114.8,
138.8.

9-(Bromomethyl)deptadeca-1,16-diene (5) (x = 6). "H NMR (300
MHz, CDCly), § (ppm): 1.18—1.50 (m, 20H), 1.61 (p, 1H), 2.06 (g,
4H), 3.45 (d, 2H), 4.90—5.05 (m, 4H), 5.73—5.90 (m, 2H). 3C NMR
(75 MHz, CDCLy), § (ppm): 26.7, 29.1, 29.3, 29.8, 32.8, 34.0, 39.7,
39.8, 114.4, 139.3.

Polymerization of Monomers 4—6. A typical synthesis of P1—
P4 is given. 3.00 g (7.25 mmol) of 6 was added to a custom-built flat-
bottomed mechanically stirred reactor designed to continuously spread
the polymerization matrix as a thin film. The vessel was evacuated
overnight to remove dissolved oxygen and then purged with argon,
and 59 mg (72 pmol, 1 mol %) of Grubbs' first-generation catalyst was
carefully added under a strong flow of argon. A cycle of evacuation and
refilling with argon was repeated three times before a final evacuation.
The reaction mixture was then heated to 40 °C and stirred at 350 rpm
for 24 h under vacuum, at which point the vessel was cooled to room
temperature, refilled with argon, and 10 mL of dry degassed toluene
was added to dissolve the polymer (P3). After dissolution, 1 mL of dry
degassed ethyl vinyl ether (EVE) was added, and stirring was
continued for 1 h at room temperature under argon. After 1 h the EVE
was evaporated in vacuo, and the polymer solution was left to stir open
to air for 24 h to facilitate decomposition of the ethereal ruthenium
alkylidene into ruthenium oxide, as indicated by a change in color from
pale red-brown to black. The solution was concentrated to ~5 mL by
passing air over its surface under gentle heating, and finally it was
passed through a short plug of silica (approximately 2 cm in diameter
X 6 cm tall) using toluene as eluent to remove the ruthenium species.
The column fractions were concentrated to ~10 mL of clear, very pale
yellow solution, which was precipitated into 400 mL of methanol to
yield a bright white tacky gum. The gum was dried under vacuum
overnight and then coalesced into a clear colorless gum (2.54 g, 91%)
over a period of a few days.

P17 (x = 3). '"H NMR (300 MHz, CDCly), § (ppm): 1.24—1.50 (m,
8H), 1.58—1.70 (m, 1H), 2.0—2.18 (m, 4H), 3.44 (d, 2H), 5.29—5.40
(m, 2H). ®C NMR (75 MHz, CDCL;), § (ppm): 25.9, 26.9, 29.6, 32.3,
324, 339, 39.5, 39.6, 129.8, 130.4. GPC (THF, light scattering
detector, PS standards): M, = 26 kDa, PDI = 2.0.

P2 (x = 6). 'H NMR (300 MHz, CDCl,), § (ppm): 1.16—1.50 (m,
20H), 1.55—1.63 (m, 1H), 2.0—2.12 (m, 4H), 3.45 (d, 2H), 5.31—5.40
(m, 2H). *C NMR (75 MHz, CDCly), 5 (ppm): 26.7, 274, 29.1-29.3
(broad overlapping signals), 29.8, 33.8, 34.0, 39.7, 39.8, 129.5, 130.0.
GPC (THF, light scattering detector, PS standards): M, = 31 kDa,
PDI = 1.9.

P3 (x = 9). '"H NMR (300 MHz, CDCL,), § (ppm): 1.20—1.44 (m,
32H), 1.55—1.64 (m, 1H), 1.90—2.05 (m, 4H), 3.43 (d, 2H), 5.33—
542 (m, 2H). C NMR (75 MHz, CDCL), 6 (ppm): 26.8, 27.7,
29.1-29.8, (broad overlapping signals), 29.9, 33.8, 34.0, 39.7, 39.9,
129.5, 130.0. GPC (THEF, light scattering detector, PS standards): M,
= 40 kDa, PDI = 2.0.

P4 (Random Copolymer Analogous to P3). '"H NMR (300 MHz,
CDCly), 6 (ppm): 1.20—1.40 (m, 20H) 1.54—1.64 (m, 1H), 1.90—
2.11 (m, 10H), 3.43 (d, 2H), 5.30—5.45 (m, SH). *C NMR (75 MHz,
CDCl), 6 (ppm): 26.0, 26.4, 27.7, 27.8, 29.0—29.9 (broad overlapping
Signals), 33.5, 33.6, 39.70, 39.75, 39.80, 39.85, 39.9, 129.5, 129.9,
1302, 130.3, 130.5, 131.0. GPC (THEF, light scattering detector, PS
standards): M, = 33 kDa, PDI = 2.0.

Hydrogenation Conditions for Synthesis of P5—P8. A typical
procedure for hydrogenation of P1—P4 is given. One gram of P3 was
dissolved in 50 mL of dry degassed toluene and sparged with argon for
30 min to remove oxygen. The solution was transferred to a Parr
bomb hydrogenation apparatus charged with 30 mg of Wilkinson’s
catalyst. The bomb was charged to 400 psi with hydrogen gas, and the
gas was released via a needle valve. The sequence of pressurization and
release of hydrogen was repeated three times to remove oxygen. The
bomb was then charged to 800 psi, heated to S0 °C, and left to stir for
48 h, at which point a small sample was removed for NMR. After
collecting "H NMR (acquisition time of 1 h) to ensure complete loss
of residual olefin signals and indicate reaction completion, the reactor

dx.doi.org/10.1021/ma202304s | Macromolecules 2012, 45, 681—687
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Figure 2. Synthesis of six precision ionomers and two regiorandom analogues.

was opened and the mixture was stirred under a slow stream of
pressurized air for 24 h to facilitate decomposition of Wilkinson’s
catalyst into rhodium oxide. The concentrated solution of P8 was
passed through a short plug of silica and ultimately precipitated into
methanol in a manner similar to that used for the removal of
ruthenium from P1—P4. After precipitation and drying in vacuo, 963
mg (96%) of white gum was obtained.

P5 (Random Copolymer Analogous to P8). '"H NMR (300 MHz,
CDCL,), & (ppm): 1.10—1.40 (m, 40H), 1.57—1.68 (m, 1H), 3.44 (d,
2H). ®C NMR (75 MHz, CDCL), § (ppm): 25.9, 26.7, 29.0-29.6
(broad overlapping signals), 33.9, 34.0, 39.6, 39.7, 39.9. GPC (THF,
light scattering detector, PS standards): M, = 35 kDa, PDI = 2.0.

P6 (x = 3). '"H NMR (300 MHz, CDCl,), § (ppm): 1.20—1.50 (m,
16H), 1.60—1.70 (m, 1H), 3.45 (d, 2H). *C NMR (75 MHz, CDCl,),
5 (ppm): 25.8, 29.6, 29.9, 33.9, 39.5, 39.6. GPC (THEF, light scattering
detector, PS standards): M, = 28 kDa, PDI = 2.1.

P7 (x = 6). 'H NMR (300 MHz, CDCL,), § (ppm): 1.14—1.49 (m,
28H), 1.57—1.63 (m, 1H), 3.44 (d, 2H). *C NMR (75 MHz, CDCl,),
5 (ppm): 26.6, 29.1—-29.6 (broad overlapping signals), 34.0, 39.7, 39.8.
GPC (THF, light scattering detector, PS standards): M, = 35 kDa,
PDI = 2.0.

P8 (x = 9). '"H NMR (300 MHz, CDCL,), 6 (ppm): 1.18—1.44 (m,
40H), 1.55—1.65 (m, 1H), 3.43 (d, 2H). *C NMR (75 MHz, CDCl,),
5 (ppm): 26.7, 29.1—-29.6 (broad overlapping signals), 34.0, 39.7, 39.9.
GPC (THF, light scattering detector, PS standards): M, = 44 kDa,
PDI = 2.0.

Quaternization of 1° Br Polymers To Produce lonomers P9—
P16. Typical quaternization reaction conditions for synthesis of P9—
P16 are given. To a 50 mL round-bottom flask charged with 1 g of P3
dissolved in 15 mL of anhydrous THF was added 2 mL of 1-
methylimidazole. The flask was equipped with a Vigreux column, and
the entire reaction vessel was purged with argon for 30 min. The
mixture was then heated at reflux for 4 h, the THF was evaporated in
vacuo, and 15 mL of dry DMSO was added. The reaction was heated at
80 °C for 40 h, at which time the DMSO and excess 1-
methylimidazole were removed by vacuum distillation. The polymer
was then rigorously dried by heating at 80 °C under high vacuum (<20
mTorr) for 2 days, followed by continued application of vacuum at
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room temperature for 1 week to give 1.05 g (87%) of P13. To avoid
water sorption, all polymers were stored under vacuum.

P9 (Random Copolymer Analogous to P16). "H NMR (300 MHz,
DMSO-dy), 6 (ppm): 1.20 (bs, 32H), 1.84 (bs, 1H), 3.86 (bs, 3H),
4,05 (bs, 2H), 7.75 (bs, 2H), 9.24 (bs, 1H). *C NMR (75 MHz,
DMSO-dy), § (ppm): 26.1, 29.0—31.0 (broad multiplet), 36.5, 38.5,
$3.1, 123.5, 124.3, 137.6. GPC (THEF, light scattering detector, PS
standards, calcd from data for P5): M, = 42 kDa, PDI = 2.0. Anal.
Caled CpH,oBrN,: C, 66.50; H, 10.52; Br, 17.02; N, 5.97. Found: C,
65.89; H, 10.86; N, 6.22.

P10 (Random Copolymer Analogous to P13). '"H NMR (300
MHz, DMSO-dy), § (ppm): 1.21 (bs, 20H), 1.89 (bs, 11H), 3.87 (bs,
3H), 4.12 (bs, 2H), 5.31 (bs, SH), 7.77 (bs, 2H), 9.29 (bs, 1H). *C
NMR (75 MHz, DMSO-dy), § (ppm): 26.0, 27.3, 29.0—-31.0 (broad
multiplet), 32.7, 36.5, 38.2, 53.0, 123.4, 124.3, 130.0-131.5
(multiplet), 137.5. GPC (THEF, light scattering detector, PS standards,
caled from data for P4): M, = 40 kDa, PDI = 2.0. Anal. Calcd
C,¢HyBrN,: C, 67.22; H, 9.55; Br, 17.20; N, 6.03. Found: C, 66.57;
H, 10.03; N, 6.31.

P11 (x = 3). 'H NMR (300 MHz, DMSO-dy), § (ppm): 1.23 (m,
8H), 1.89 (m, SH), 3.87 (s, 3H), 4.08 (d, 2H), 5.34 (m, 2H), 7.78 (s,
1H), 7.82 (s, 1H), 9.33 (s, 1H). *C NMR (75 MHz, DMSO-dy), 6
(ppm): 26.1, 30.3, 32.8, 36.5, 38.2, 52.9, 123.5, 124.2, 130.3, 130.7,
137.5. GPC (THF, light scattering detector, PS standards, calcd from
data for P1): M, = 36 kDa, PDI = 2.0. Anal. Caled C,,H,;BrN,: C,
56.19; H, 7.75; Br, 26.70; N, 9.36. Found: C, 56.28; H, 7.85; N, 9.31.

P12 (x = 6). '"H NMR (300 MHz, DMSO-d;), 5 (ppm): 1.20 (s,
20H), 1.90 (s, SH), 3.86 (s, 3H), 4.07 (d, 2H), 5.34 (s, 2H), 7.75 (s,
1H), 7.79 (s, 1H), 9.25 (s, 1H). 3°C NMR (75 MHz, DMSO-dy), 6
(ppm): 26.1,27.3,29.2, 29.8, 30.8, 32.7, 36.5, 38.4, 53.1, 123.4, 124.2,
130.2, 130.7, 137.5. GPC (THF, light scattering detector, PS
standards, calc. from data for P2): M, = 40 kDa, PDI = 1.9. Anal.
Caled C,0H;BrN,: C, 62.65; H, 9.20; Br, 20.84; N, 7.31. Found: C,
62.3; H, 9.17; N, 7.82.

P13 (x = 9). '"H NMR (300 MHz, DMSO-d), § (ppm): 1.19 (s,
32H), 1.90 (m, SH), 3.86 (s, 3H), 4.07 (d, 2H), 5.31 (m, 2H), 7.75 (s,
1H), 7.78 (s, 1H), 9.28 (s, 1H). *C NMR (75 MHz, DMSO-dy), 6
(ppm): 26.0, 27.3, 29.3, 29.6, 29.7, 29.8, 29.9, 30.7, 32.7, 36.5, 384,
53.1, 123.4, 124.3, 1302, 130.7, 137.5. GPC (THEF, light scattering
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Figure 3. "H NMR spectra of monomer 6 and its corresponding polymers P3 (after polymerization), P13 (after quaternization), and P16 (after
hydrogenation of P3 to afford P8 followed by quaternization), showing complete conversion in all postpolymerization modifications.

detector, PS standards, calcd from data for P3): M, = 49 kDa, PDI =
2.0. Anal. Caled C,4H,-BrN,: C, 66.79; H, 10.13; Br, 17.09; N, 5.99.
Found: C, 66.41; H, 10.2; N, 6.21.

P14 (x = 3). '"H NMR (300 MHz, DMSO-d), 6 (ppm): 1.19 (s,
16H), 1.83 (s, 1H), 3.87 (s, 3H), 4.08 (d, 2H), 7.77 (s, 1H), 7.80 (s,
1H), 9.30 (s, 1H). *C NMR (75 MHz, DMSO-d,), § (ppm): 25.1,
28.5,28.9,29.7, 35.4, 37.3, 51.9, 122.3, 123.1, 136.4. GPC (THEF, light
scattering detector, PS standards, calcd from data for P6): M, = 38
kDa, PDI = 2.1. Anal. Caled C,,H,BrN,: C, 55.81; H, 8.36; Br, 26.52;
N, 9.30. Found: C, 55.62; H, 8.37; N, 9.41.

P15 (x = 6). '"H NMR (300 MHz, DMSO-dy), 6 (ppm): 1.20 (s,
28H), 1.83 (s, 1H), 3.86 (s, 3H), 4.06 (d, 2H), 7.75 (s, 1H), 7.78 (s,
1H), 9.25 (s, 1H). *C NMR (75 MHz, DMSO-d;), & (ppm): 26.1,
29.6, 29.7, 29.8, 29.9, 30.7, 36.5, 38.4, 53.1, 123.4, 124.3, 137.5. GPC
(THF, light scattering detector, PS standards, calcd from data for P7):
M, = 44 kDa, PDI = 2.0. Anal. Caled C,oH,,BrN,: C, 62.32; H, 9.68;
Br, 20.73; N, 7.27. Found: C, 61.95; H, 9.94; N, 7.46.

P16 (x = 9). '"H NMR (300 MHz, DMSO-dy), 5 (ppm): 1.20 (s,
40H), 1.83 (s, 1H), 3.86 (s, 3H), 4.06 (d, 2H), 7.75 (s, 2H), 9.26 (s,
1H). ®C NMR (75 MHz, DMSO-d), & (ppm): 25.9, 29.6, 29.7,
29.80, 29.86, 29.9, 30.5, 30.5, 30.7, 36.5, 38.3, 53.1, 123.4, 124.3, 137.5.
GPC (THF, light scattering detector, PS standards, calcd from data for
P8): M, = 53 kDa, PDI = 2.0. Anal. Calcd C,4H,4BrN,: C, 66.50; H,
10.52; Br, 17.02; N, 5.97. Found: C, 66.21; H, 10.63; N, 6.24.

B RESULTS AND DISCUSSION

Synthesis, NMR, and GPC. Synthesis of the six precision
ionomers and two regiorandom analogues, according to Figure
2, began with preparation of dieneols 1, 2, and 3 via a
previously published protocol in three steps from commercially
available materials, requiring only one purification by column
chromatography.”® Appel bromination to afford bromomethyl-
diene monomers 4, 5, and 6 was carried out in quantitative
yield, and purification required only passage of the crude
reaction mixture through a short plug of silica to remove excess
reagents and the POPh; byproduct, followed by removal of the
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bromoform byproduct in wvacuo. Polymerization of diene
monomers 4, S, and 6 was easily completed in 24 h with 1
mol % of Grubbs' first-generation catalyst under high vacuum
using a vacuum-bearing equipped overhead mechanical stirring
reactor to aid in the necessary removal of the ethylene
condensate. Polymerizations were quenched using ethyl vinyl
ether (EVE) in degassed toluene to remove the ruthenium
alkylidene end groups; excess EVE was then removed in vacuo
to prevent its cationic polymerization. Similar to a published
protocol, the target polymer solutions were stirred open to air
for 24 h to allow for decomposition of the ethereal ruthenium
alkylidene into ruthenium oxide. Subsequently, purification was
achieved simply by passing the crude polymerization products
through a plug of silica using toluene as eluent; ruthenium
oxide hardly moves in this eluent while the relatively nonpolar
polymers rapidly elute. One gram samples of each polymer
were exhaustively hydrogenated using Wilkinson’s catalyst in
toluene, and subsequent removal of the catalyst was achieved in
a fashion similar to that for the Grubbs' catalyst. A random
copolymer (P4) containing an identical functional group
frequency as P3 was also prepared by copolymerizing 4 with
1,9-decadiene at a prescribed ratio, and its hydrogenation
product (PS), which is analogous to regioregular P8, was
prepared and isolated. GPC of P1—P8 was carried out to
analyze their M, s and PDIs. Exact values can be found in the
Experimental Section; they ranged from M, = 26 to 44 kDa,
and all PDIs approached 2.

After isolation of the primary bromide-functionalized
polyolefins, they were exhaustively reacted with excess 1-
methylimidazole to afford the desired ionomers P9—P16 using
a procedure loosely based on the preparation of imidazolium
chloride-based ionomers from poly(vinyl chloride) reported by
Wang and co-workers."”*" It should be noted that in their
report toluene was chosen as the quaternization solvent, but
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Figure 4. Top: DSC thermograms (second heat) of unsaturated ionomers (left) and saturated ionomers (right). Bottom: DMA themograms of
unsaturated ionomers (left) and saturated ionomers (right). Loss moduli are plotted along with storage moduli and tan delta in Figures S9—S16.

because its low polarity makes it a poor solvent for Sy2
chemistry, their conversion yields were quite low (not an issue
for their target application). Using excess 1-methylimidazole,
the quaternization reactions reported here were initiated in
THF, the most polar solvent capable of dissolving the
polymers. After only a few minutes at reflux, gelatinous
precipitates were observed due to ionomer formation. The
reactions were continued for 4—6 h, at which point the solvent
was exchanged for DMSO due to its higher efficacy for Sy2
reactions and because, from our earlier work, we expected these
ionomers to be soluble only in highly polar media.*® The
reactions were continued at 80 °C for an additional 40 h
(approximate), at which point the DMSO and excess 1-
methylimidazole were removed in vacuo. Complete removal of
the 1-methylimidazole proved somewhat challenging due to the
formation of extremely tough polymer glasses near the
completion of distillation. Therefore, flasks containing the
ionomers as relatively thin films adhered to the walls were
placed under very high vacuum (<10"> mmHg) at 80 °C for 48
h and then at room temperature for 1 week. After this period,
no 1-methylimidazole was visible by '"H NMR even after 1 h
spectral acquisition times (in fact, none was visible after the 48
h heating period). It should be noted that all postpolymeriza-
tion modifications in this work were achieved with 100%
conversion. However, isolated yields for P1—-P16 were closer to
90% in most cases due to losses during purification and
transfers of the polymers, especially during solvent distillation
following the quaternization reactions, in which some ionomer
was left as a difficult-to-remove film on the distillation head.
Finally, elemental analysis was carried out on P9—P16 to be
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sure of their purities, and their molecular weights were
calculated based on measurements carried out on P1-P8 by
assuming total conversion during the quaternization step. M_s
ranged from 36 to 53 kDa with PDIs all close to 2.

Analysis of the NMR spectra shown in Figure 3 and
elemental analyses demonstrate that complete conversion
during all postpolymerization steps was in fact achieved.
Starting at the top and working down, terminal alkene signals
for monomer 6 are clearly visible at approximately 5.0 and 5.7
ppm. After polymerization, the spectrum for P3 shows
complete conversion of the terminal alkenes to internal alkenes,
as indicated by total disappearance of the aforementioned
signals and the appearance of a new one at ~5.4 ppm. In the
next spectrum for ionomer P13, there are three new signals
with correct integrations: two in the aryl region and one at
about 3.9 ppm. Additionally, the pendant methylene group has
shifted downfield from 3.4 to 4.1 ppm, with total disappearance
of the signal at 3.4 ppm. In the last spectrum for saturated
ionomer P16, we see a total disappearance of the alkene signals
and shifting of the once allylic protons (at ~1.8 ppm in P13)
into the large aliphatic signal near 1.1 ppm. The remaining
signal near 1.8 ppm corresponds to the only tertiary proton and
careful inspection shows that its movement can be traced
through the entire synthesis as well.

Thermal Characterization (TGA, DSC, and DMA).
Ionomers P9—P16 were characterized by TGA to assess their
thermal stability, DSC to determine the presence of
crystallinity, and DMA in an effort to understand the impact
of regioregularity and spacer length on the glass transitions.
TGA under nitrogen indicated excellent stability for these
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materials; the onset of weight loss occurs beyond 250 °C for all
ionomers. DSC thermograms are shown at the top of Figure 4.
All data are for the second heating ramp in a heat—cool—heat—
cool cycle and were collected at a 10 °C/min ramp rate.
Cooling curves can be found in the Supporting Information
(Figures SI1—SI8) but were omitted here for clarity and
because only the heating cycles of DSC are comparable to
DMA measurements. As can be seen, unsaturated ionomers
P10—P13 are amorphous, with the possible exception of P13
which shows a shallow ill-defined signal near 45 °C. Because
attempts to enhance the size of this signal by annealing at
various temperatures above the T, were unsuccessful, we have
tentatively assigned the observed transition to the temperature
overshoot effect. This is in contrast to our earlier report of an
identical ionomer structure with a PF,~ counterion; in that case,
a well-defined T, was clear along with a cold crystallization
exotherm during heating cycles.”® The saturated derivatives
P14 and P1S$ exhibit thermal data nearly identical to their two
unsaturated analogues P11 and P12. They are completely
amorphous due to their higher ion content and short PE
backbone run lengths, which prevent PE crystallization, and Ts
in the set of four decrease with decreasing ion content (as the
length of the flexible PE chain segments increase). Unlike the
aforementioned set of four, stark differences exist between the
remaining two pairs of ionomers, P10 vs P9 and P13 vs P16.
The saturated analogues exhibit semicrystallinity. This is not
surprising since most of the saturated polymers synthesized by
our group are semicrystalline when functionality is placed on
every 21st carbon, a sufficiently long PE run length to allow for
lamella formation.*>*”**7** What is surprising is the
occurrence of two melting points in the precision ionomer
P16, both higher than the one in its random analogue P9; both
of the corresponding T.s are also clearly visible in the cooling
traces for P16 (Figure SI8). On the basis of earlier work on
ADMET polymers, one would expect precision PE-based
materials with large pendant groups (like those here) to exhibit
well-defined but somewhat smaller lamellar thicknesses, giving
rise to very sharp but lower T s relative to random copolymer
analogues.”> >’ In contrast, due to the statistical incorporation
of comonomers, random copolymers exhibit a distribution in
the length of defect free polymer segments (ion depleted
regions in this case), the longer of which give rise to thicker
lamellae of varying sizes and therefore higher but broader
T,s.*7>>%7 The lack of such behavior in these materials may
indicate that their crystallites are more structurally complex
than simple —CH,— segments. Alternatively, this may be the
result of enhanced ordering in P16 due to its regioregularity,
leading to a different morphology all together, as was previously
observed in acid-functionlized ADMET polymers and their
partially neutralized derivatives.”>>* We are currently carrying
out X-ray scattering measurements, which will shed light on the
morphologies of these materials.

DMA thermograms of melt-pressed ionomer films, shown at
the bottom of Figure 4, were acquired at a relatively low
frequency (0.16 Hz) and ramp rate (3 °C/min) using an
instrument-controlled dynamic force set to maintain a strain of
<3%, with mechanical data collected at 20 s intervals. Ionomers
can exhibit two glass transitions in DMA, the matrix and cluster
T,s. The lower matrix T, pertains to the polymer segments for
the ionic aggregates and is comparable to the T, expected for
the corresponding homopolymer and is also detected by DSC.
Adjacent to the ionic aggregates, the polymer segments have
restricted mobility and this is the origin of the higher cluster T,
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Both the matrix and cluster Tys, as well as plateau regions, are
visible in the sample runs. The mechanical relaxations occurred
at significantly lower temperatures than the corresponding
transitions observed during DSC, as one might expect for the
different thermal histories prior to testing and the slower
heating rate of the DMA experiments. Although the DMA-
measured matrix T,s in the unsaturated materials (P10-P13)
roughly corresponded to their DSC-measured Tgs, the
discrepancy between DMA and DSC results in the saturated
materials (P9 and P14—P16) was larger. While the DSC Tgs,
measured immediately after recrystallization at 10 °C/min,
increased substantially upon hydrogenation and subsequent
generation of crystallinity in P9 and P16, their DMA matrix Tgs
were less systematic. The reason for this discrepancy is not yet
clear. Interestingly, the cluster T,s in P9 and P16 increased
substantially relative to their unsaturated analogues, presumably
due to the semicrystallinity of the former which tends to retard
motion. Unfortunately, because of the film geometry of the
DMA experiments imposed by the limited quantity of materials,
mechanical properties at higher temperatures were unattain-

able.

B CONCLUSIONS

A synthetic strategy based on ADMET polymerization of
symmetric 1° bromide functional monomers followed by
postpolymerization quaternization with 1-methylimidazole has
allowed for the preparation of perfectly regioregular polyolefin-
based precision ionomers, with complete control of the spacer
lengths separating the pendant ionic groups ensured by the
monomer structure. A set of six precision ionomers containing
1-methylimidazolium bromide groups on exactly every 9th,
15th, or 21st carbon and two regiorandom analogues were
characterized via TGA, DSC, and DMA. TGA indicates that
these materials have excellent thermal stabilities; the onset of
weight loss occurs above 250 °C in all ionomers. DSC shows
that these materials exhibit relatively low Tis, ranging from
—1.6 to 26.8 °C, with an apparent dependence on both spacer
length and the presence of crystallinity. Two of the ionomers
with longer spacer lengths are semicrystalline, with T,;s of 80.2,
87.5, and 105.7 °C, while the remaining six ionomers do not
exhibit crystallinity due to insufficiently long backbone
polymethylene run lengths to allow for lamella formation
and/or the presence of kinks due to backbone alkenes.
Interestingly, the precision ionomer P16 exhibits two Ts,
both higher than the T, observed for regiorandom P9, despite
the fact that P9 contains some longer PE backbone sequences
due to its statistical copolymer architecture. This anomalous
thermal data suggests that P16 may exhibit a different
morphology due to its regioregularity, as has been observed
for precision acid-functionalized PEs and their partially
neutralized ionomer derivatives. Furthermore, such morpho-
logical differences, if they indeed exist, suggest this material’s
potential applicability as an ion transporting thermoplastic.
DMA data were collected from melt-pressed films of these
materials and indicate T, s somewhat different from the DSC
results (second heat), perhaps due to differences in the heating
rate or the crystallinity that may arise from the distinct thermal
histories inherent in the two methods. Variable temperature X-
ray scattering studies are currently underway on these materials
to explore their fascinating hierarchical morphologies.
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Synthesis of the First Poly(diaminosulfide)s and an Investigation of
Their Applications as Drug Delivery Vehicles
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ABSTRACT: This paper reports the first examples of poly-
(diaminosulfide)s that were synthesized by the reaction of a
sulfur transfer reagent and several secondary diamines. The
diaminosulfide group has the general structure of R,;N—S—NR,,
and although it has been used in the synthesis of small molecules,
it has never been utilized in the synthesis of macromolecules until
this report. A series of poly(diaminosulfide)s were synthesized at
elevated temperatures, and the molecular weights of the polymers

\ /
N-S—-N
/ \

lCHCI3, 60 °C

OO

poly(diaminosulfide)

were as high as 12400 g mol ™' with conversions for the polymerization reaction up to 99%. The rate constants for the
transamination reactions that lead to the polymers were measured in several solvents to provide an understanding of the reaction
conditions necessary to polymerize the monomers. The degradation of diaminosulfides was studied in D,0, C4Ds, CD;0D,
CDCl;, and DMSO-dy/D,0 to demonstrate that they were very stable in organic solvents but degraded within hours under
aqueous conditions. These results clearly demonstrated that diaminosulfides are very stable in organic solvents under ambient
conditions. Poly(diaminosulfide)s have sufficient stabilities to be useful for many applications. The ability of these polymers to
function as drug delivery vehicles was studied by the fabrication of nanoparticles of a water-insoluble poly(diaminosulfide) with a
dye. The microparticles were readily absorbed into human embryonic 293 cells and possessed no measurable toxicity toward

these same cells.

B INTRODUCTION

The integration of new functional groups into polymer
chemistry opens new avenues for research and possible
commercial applications. For instance, the development of
well-defined carbene catalysts based on Mo, W, and Ru in the
1980s and 1990s increased the types and complexities of
polymers that could be synthesized and the problems in
macromolecular science that could be addressed.'”'> These
catalysts led to the development of living ring-opening
metathesis polymerization (ROMP) and acyclic diene meta-
thesis (ADMET) polymerization, which were significant
reasons the Nobel Prize was awarded to Schrock, Grubbs,
and Chauvin in 2005."*7** The use of “click” chemistry is
another example, and its use has increased the complexity of
the structure of macromolecules and has found widespread
applications in polymer science.”* * In a recent example by the
Hawker group published in 2010, polymers were synthesized
for the first time with a functional group that was a precursor to
ketenes and provided a simple route to synthesize cross-linked
polyethylene to systematically study its materials proper-
ties.”*”” From these examples and more, it is clear that when
new functional groups are integrated into macromolecules, new
applications are developed that take advantage of their unique
reactivities.

In this article we report the first examples of polymers that
utilize diaminosulfide functional groups along their backbones.
The diaminosulfide functional group has the general structure
of R,N—S—NR, as shown in Figure 1. Small molecules with
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Figure 1. (a) A polymerization to yield a poly(diaminosulfide). (b)
Sulfur transfer reagents that are commonly used in small molecule
synthesis. (c) A polymer of a benzo[1,2,5]thiadiazole.

this functional group have been synthesized using sulfur
transfer reagents such as those molecules shown in Figure
1b.*73° The most prominent applications of small molecules
with diaminosulfides have been in the chemical industry for the
high-temperature vulcanization of rubber and in the con-
struction of polymers with benzo[1,2,5]thiadiazoles along the
backbone (Figure 1c).*' Polymers that incorporate benzo-
[1,2,5]thiadiazoles have found uses as semiconductors,
fluorophores, and photoactive components in organic solar
cells due to their interesting electro-optical properties.*>~*
These polymers link the monomers through carbon—carbon
bonds as shown in Figure lc rather than through the nitrogen
or sulfur atoms as in poly(diaminosulfide)s. Surprisingly, no
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Figure 2. Synthesis of two sets of sulfur transfer reagents. (a) The synthesis of a dithiosuccinimide. (b) The synthesis of a diaminosulfide in two
steps. Molecules C and E were purified by distillation. (c) Molecule F was synthesized using the same procedure as molecule E.

one has used diaminosulfides to bond monomers together as
shown in Figure la, and these polymers are the focus of this
report.

An important characteristic of the diaminosulfide group is
that it is based on inorganic atoms (one sulfur and two
nitrogens). Most functional groups that are used to synthesize
polymers are based on organic functional groups such as esters,
amides, anhydrides, acetals, cyclic olefins, vinyl groups,
carbonates, urethanes, and epoxides. Although many monomers
are known to possess inorganic functional groups, it is
uncommon that an inorganic functional group is transformed
in the polymerization reaction and used to link monomers
together as shown in Figure la. Most inorganic functional
groups found in monomers or polymers are not transformed
during the polymerization reaction. Three notable examples of
inorganic functional groups that have been polymerized include
the polymerization of thiols into poly(disulfides), the polymer-
ization of cyclic phosphazenes into poly(phosphazenes), and
the polymerization of cyclic siloxanes into poly(siloxanes).*' ~>°
Inorganic functional groups are interesting targets for polymer
synthesis because they can be expected to have new reactivities
that differ from those of organic functional groups and they
have the potential to act as ligands for metals.”' ~>* The use of
inorganic functional group transformations in the synthesis of
polymers is understudied and represents a potentially rich
source of functional group diversity in macromolecular science.

One part of our motivation to synthesize polymers through
the polymerization of diaminosulfides was based on the
chemical properties of this functional group in small molecule
synthesis. These polymers are structurally related to polythiazyl
(SN), which was first synthesized in 1953 from S,N,.>>~>° This
polymer is electrically conducting at room temperature and
superconducting at low temperatures.>> In prior work by
others, molecules with diaminosulfides were stable and readily
isolated by traditional methods (distillation or chromatog-
raphy).2#2%%0=%3 I addition, some examples of the synthesis of
molecules containing diaminosulfides proceeded with isolated
yields of 80% or higher. Although promising, these results do
not predict immediate success in a step-growth polymerization.
In these polymerizations, the degree of polymerization, X,, is
related to the fractional monomer conversion, P, by the
equation X, 1/(1 — P).** Thus, to synthesize poly-
(diaminosulfide)s with modest to high molecular weights via
a step-growth polymerization, the yield of the coupling reaction
must be >95%.
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To illustrate a possible application of poly(diaminosulfides),
we completed initial experiments to investigate the application
of a poly(diaminosulfide)s as a delivery vehicle for drugs. Many
drugs suffer from poor bioavailability, poor water solubility,
short serum circulation lifetimes, and inadequate mechanisms
to enter cells or have serious side effects that limit the amount
of drug that can be administered. To overcome these and more
limitations, drugs are often condensed with synthetic,
biodegradable polymers into nanoparticle delivery vehicles
that are administered to patients.”>~”* The polymer protects
the drugs from degradation in the bloodstream and allows their
delivery to tumors by the enhanced permeation and retention
effect where they can be taken into cancer cells. The polymers
used in this field degrade slowly in the bloodstream but have a
rapid rate of degradation when taken into the acidic
compartments of cells—the endosome and lysosome—where
they release their cargo.”*””” It is critically important that the
polymer be biodegradable such that it will not accumulate
within the body and cause a toxic response.78’79 In this article,
some of the characteristics of poly(diaminosulfides) as drug
delivery vehicles were investigated, including the stabilities of
diaminosulfides in water under basic, acidic, and neutral
conditions, whether nanoparticles fabricated from these
polymers were internalized by cells, and whether any in vitro
toxicity was observed from the nanoparticles. These studies are
meant to illustrate an interesting application of poly-
(diaminosulfide)s in medicine.

We report the synthesis of a small molecule that is a highly
successful sulfur transfer reagent and how this molecule can be
used to synthesize the first poly(diaminosulfide)s reported in
the literature. Some of the key, initial studies of a
diaminosulfide in numerous solvents are reported to demon-
strate their stabilities and, by extension, the stabilities of
poly(diaminosulfide)s. Finally, one example of a poly-
(diaminosulfide) was fabricated into microparticles and studied
for their ability to be internalized by human embryonic kidney-
293 (HEK-293) cells and whether they showed any toxicity
toward these cells.

B RESULTS AND DISCUSSION

Synthesis and Reactions of Sulfur Transfer Reagents.
We hypothesized that poly(diaminosulfide)s could be synthe-
sized by reacting secondary diamines with a sulfur transfer
reagent as shown in Figure la. Many secondary diamines were
commercially available or easily synthesized, so the challenge in
the polymerization was to develop a useful sulfur transfer
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Figure 3. Kinetics of transamination reactions. (a) The reaction that was studied in a sealed NMR tube. (b) The conversion of the transamination
reactions as a function of time. The conversion was defined as the sum of the S—N(CH,)Bn bonds divided by the sum of all of the S—N bonds for
molecules E, H, and L (c) The plot of the initial data points used to find the rate constants for the reaction in each solvent. More data points were
used to find the rate constant for the experiment in C4Dg, but they are not shown here.

reagent. Although SCI, is used in the synthesis of small
molecules with diaminosulfides, its use has several draw-
backs.**™*° This molecule has a low boiling point (59 °C),
must be handled under inert atmospheres, is challenging to
purify, reacts with multiple functional groups such as alcohols
and alkenes, and releases HCI. Because of these limitations, we
have not pursued the synthesis or use of SCL,.

Two different sulfur transfer reagents were studied (Figure
2). Molecule B was initially explored as a sulfur transfer reagent
based on the rapid reactions of thiosuccinimides with
8987 Although the synthesis of B was straightforward
and did not require any chromatography, its purification was
challenging because of its poor solubility in many solvents.
Molecule B was mostly insoluble in benzene, chloroform,
DMSO, and methylene chloride. Molecule B was cleaned by
washing the crude product with hexanes, and an isolated yield
of 69% was obtained. To increase the purity of molecule B, it
was recrystallized from methanol. Replacement of N-
chlorosuccinimide with N-chlorophthalimide in the second
step yielded a diphthalimide sulfur transfer reagent that also
possessed limited solubility in organic solvents.

Although B was partially soluble in DMSO, it was not used to
synthesize polymers for several reasons. First, the synthesis of B
had poor atom efficiency. The addition of one sulfur (atomic
weight: 32 g mol™") to yield a diaminosulfide functional group
along the backbone of a polymer would require the use of 2
equiv of tributyltin chloride (MW: 326 g mol") and 2 equiv of
N-chlorosuccinimide (MW: 134 g mol'). Thus, significant
amounts of waste were produced in the synthesis of molecule
B. Second, the poor solubility of molecule B made it
challenging to use in solvents that dissolve many polymers.
Furthermore, it decomposed when heated in CDCl; and
DMSO-d,.

A second sulfur transfer reagent was synthesized (molecule E
in Figure 2) based on a literature procedure. In the first step, an
excess of ethylmethylamine was reacted with sulfur chloride at
—78 °C. Reactions run at 0 °C had unidentified side products,
but the reaction at —78 °C yielded molecule C in high purity.
Molecule C could be carried onto the next step without
purification, or it could be purified by distillation. In the second
step, C reacted with SO,Cl, to yield D that was not isolated.

amines.
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Rather, D was slowly added to ethylmethylamine to yield the
sulfur transfer reagent E. This procedure was followed to
synthesize F using dimethylamine in both steps. Both E and F
were readily purified by distillation and yielded clean products
as shown by 'H and "C NMR spectroscopy and high-
resolution mass spectrometry. Because no chromatography was
necessary for the synthesis of E or F, these reactions could be
scaled up to yield large amounts of product in a short period of
time.

Kinetics of Transamination Reactions. To synthesize
polymers via transamination reactions between molecule E and
secondary diamines, the second-order kinetics of the reaction
between molecule E and benzylmethylamine was studied in
four solvents (Figure 3). Benzylmethylamine was chosen for
these reactions because of the easily identified benzylic CH,
group that shifted downfield in the '"H NMR spectra when
proceeding from benzylmethylamine to H to L

The reactions between molecule E and 2 mol equiv of
benzylmethylamine were studied, and the rate constants were
measured in CD,Cl, (7.81 X 10> M s™!), DMSO-d; (4.89 X
10° M s7), CDCl, (2.79 X 1075 M s71), and C¢Dg (5.47 X
107 M™' s7'). The rate constants were found using the data
points for conversions of less than 10% using the assumption
that the reaction was irreversible. Although the reaction was
reversible, this assumption has been commonly used to find
rate constants for reversible reactions at low conversions.® It is
important to note that the ethylmethylamine (boiling point =
36 °C) remained in the sealed NMR tube.

Although the reaction was most rapid in CD,Cl, and reached
equilibrium in 14 h, small amounts of unidentified side
products were visible. The presence of side products made
methylene chloride a poor choice for the polymerization. The
reaction in CDCl; took 8 days to reach equilibrium, and the
reaction in C4Dy did not reach equilibrium after 8 days. Despite
the slow rates for reactions in these solvents, the reactions were
clean and no side products were observed. The reaction in
DMSO-dy also did not show any side products after 3 days, but
this reaction reached 37% conversion and did not proceed any
further. The final conversion was less than 50% because
molecule I had limited solubility in DMSO-dy due to the apolar
structure of molecule I and the polar structure of DMSO-dg.

dx.doi.org/10.1021/ma2023167 | Macromolecules 2012, 45, 688—697



Macromolecules

The 'H NMR spectra of this reaction in DMSO-dg showed a
lower than expected concentration of molecule I even after 3
days.

The reaction between molecule E and benzylmethylamine
only reached 51% conversion in 17 h when completed at 40 °C
in an uncapped NMR tube, despite the low boiling point of
ethylmethylamine. Prolonged reaction times resulted in a slow
increase in conversion, but this reaction was judged to be too
slow. Molecule F was synthesized for the polymerization
reactions because of the low boiling point of dimethylamine
(boiling point 7 °C) which would make it simple to remove
from a reaction.

Reactions between molecule F and benzylmethylamine were
studied in CDCl;, DMSO-d;, and C4D¢ in vented reaction
vessels to allow dimethylamine to boil off (Figure 4 and Table

/o YN
N—S—N + 2HN —— > N-S—N + N—S—N +HN
/g N\ \© J VN OJ N

Figure 4. A transamination reaction with dimethylamine as the leaving
group.

Table 1. Transamination Reactions of Molecule F and
Benzylmethylamine

entry solvent temp (°C) reaction time (h) conv® (%)
1 CDCl, 50 24 39
2 cpcl, 50 72 93
3 DMSO-dg N 73 84
4 C¢Ds 50 24 41
5 C(D, 50 72 84
6 C¢Ds 85 24 >97

“The conversion was defined as the sum of the S—N(CH,)Bn bonds
divided by all of the S—=N bonds in molecules F, J, and 1.

1). Each of the reactions in Table 1 did not show any impurities
by '"H NMR spectroscopy even when heated to 85 °C for
extended periods of time. The conversions for the reactions
were high for each solvent for reactions at 50 °C but went to
quantitative conversions for reactions in C4Dg at 85 °C.
Synthesis of Poly(diaminosulfide)s. Poly-
(diaminosulfide)s were synthesized by reaction of secondary
diamines and molecule F at elevated temperatures (Scheme 1

Scheme 1. Polymerization of Diamines with the Sulfur
Transfer Reagent

R'\N,R\N,R' +
H

\ / .R. H
N—S—N heat _<_N N_S}_ + /N\ U
H / \ R'

R' Boiling point: 7°C

and Table 2). These polymerizations were run for 24 to 96 h,
and the resulting polymers were characterized by GPC against
polystyrene standards, "H NMR spectroscopy, and *C NMR
spectroscopy.

The polymers in entries 1, 2, S, and 6 had high molecular
weights and degrees of polymerization. The degrees of
polymerization were determined by two methods using the
molecular weight measured by GPC and by end-group analysis
in the '"H NMR spectra of the polymers. These values for the
degree of polymerization agreed with each other and
demonstrated that these reactions cleanly proceeded to high
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conversions. The polymerization with piperazine (entry 7)
yielded an insoluble polymer in all solvents.

The polymer synthesized in entries 3 and 4 had limited
stability. When this polymer was precipitated into methanol
and water, it rapidly degraded as shown by the presence of
numerous, unidentified peaks in the 'H NMR spectra. To
isolate the polymer with minimal degradation, benzene was
removed under vacuum after the polymerization was complete,
and the polymer was characterized without further purification.
The GPC and 'H NMR spectra were consistent with the
indicated polymer. We believe that the internal, tertiary amine
reacts with the diaminosulfide through an intramolecular
reaction and was the source of the instability of this polymer.

The polymer shown in entry 6 was characterized by
elemental analysis to provide further evidence that it possessed
the indicated composition. The calculated weight composition
of the repeat unit was carbon (64.95%), hydrogen (10.06%),
nitrogen (11.65%), and sulfur (13.34%). The measured weight
composition of the polymer was carbon (64.70%), hydrogen
(9.97%), nitrogen (11.76%), and sulfur (13.44%). The
agreement between the calculated and measured elemental
compositions provided strong evidence that there was only one
sulfur atom bridging between the nitrogens.

Stability of Diaminosulfides in Organic Solvents and
in Water. Although numerous small molecules possessing
diaminosulfide functional groups have been synthesized, no
report on their long-term stabilities in organic solvents or water
have been published. The stability of this functional group was
investigated to estimate the stabilities of poly(diaminosulfide)s
for future work. Molecule E and an internal standard of
diethylene glycol dimethyl ether were added to CDCl;, DMSO-
d¢/D,0 (10/1 by volume), and C¢D; and allowed to sit at
room temperature in capped NMR tubes (Figure S). Periodic
'"H NMR spectra were collected to determine the percent
decomposition by the mole ratio of molecule E to the ether.
After 32 days the amount of decomposition ranged from no
detectable decomposition in C¢Dg to 38% decomposition in
DMSO-ds/D,0. Because molecule E was not soluble in
methanol, the stability of molecule K was studied in CD;0D.
After 32 days, 15% of molecule K degraded.

These results demonstrated that the diaminosulfide func-
tional group was stable in apolar, aprotic solvents but that it
very slowly degraded in polar, protic solvents. The rate of
degradation was slow enough that polymers with diamino-
sulfide functional groups are expected to have reasonable
stabilities in these solvents, and this stability was observed for
the prepared poly(diaminosulfide)s. The polymers were
synthesized in benzene and chloroform at elevated temper-
atures and isolated by precipitation into methanol. Despite
these conditions, the polymers possessed high degrees of
polymerization.

To further explore the stability of the diaminosulfide
functional group, molecule L was synthesized and studied in
water (Figure 6). Molecule L and an internal standard of tert-
butanol were added to D,O with 9 mol equiv of acetic acid
(acidic conditions), 9 mol equiv of KOH (basic conditions), or
no additional acid or base (neutral conditions). The rate
constants for the decomposition of this molecule were 1.29 X
10~* s7" under neutral pH conditions and 9.88 X 107> s under
basic conditions. Under acidic conditions, molecule L
completely degraded by the time the first '"H NMR spectrum
was obtained so only a lower limit of the rate constant was
calculated (1.70 X 107> s7%).
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Table 2. Synthesis of Poly(diaminosulfide)s

Reaction a . b :
_— Temperature . M, a Yield DP DP
Entry Diamine Solvent ©C) tl(Ikll’l)C (g mol™) PDI (%) %) (%)
1 H
SNSSASUNS CeHs 85 24 5,600 3.7 75 98 99
H
H
2 SNSSASCNS CeHs 85 48 5,200 34 97 98 99
H
3 n \ N CHl 85 72 810 1.6 97 87 97
NN ANS o6 :
4 N \ i CeH, 85 96 1,600 1.6 89 93 98
ANANANS o ’ :
5 HNMNH CHCI, 60 7 12400 66 88 9 98
6 HN:>/\/\<:NH CHCl, 60 96 7,200 3.3 95 98 98
d
7 HN NH CeHs 85

“The M, and PDI were measured using size exclusion chromatography versus polystyrene standards. bThe degree of polymerization were based on
the values for M, measured by GPC. “The degree of polymerization were based on 'H NMR spectra. “The polymer was insoluble.

CeDs no degradation
after 32 days
/N_S_N\ CDCly _ g% degradation

after 32 days

DMSO-de/D;Q_ 38% degradation
after 32 days

4 \ { o CD;0D_  15% de i
o gradation
O\ /N SN 0 after 32 days

Figure S. Stability of two molecules were studied at room temperature
in organic solvents including DMSO-d,/D,0 (10/1 v/v).
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Figure 6. Degradation of molecule L was studied in D,0 under acidic
(with acetic acid), neutral, and basic (with KOH) conditions. The
amount of the diaminosulfide that degraded as a function of time was
plotted.

692

The only product of degradation determined by 'H NMR
spectroscopy was the secondary diamine used in the synthesis
of molecule L. From prior work by others, it was known that
diaminosulfides react in water to form sulfur monoxide, which
possessed a half-life of seconds and decomposed to release SO,
and elemental sulfur.*>®°

Fabrication of Microparticles from a Poly-
(diaminosulfide) and Their Uptake into Cells. Synthetic
polymers are widely used in drug delivery. In this field a
polymer and drug are fabricated into nano- to micrometer sized
particles and delivered to the body. Most of the polymers used
in this field are based on polyesters—although other polymers
are under investigation—because of the need to have the
polymer degrade in vivo before it accumulates in the body and
provokes a toxic response. Polyesters are widely used because
they degrade in the body under neutral or acidic conditions
without the need for enzymes. This observation of the role of
polyesters in drug delivery and the degradation of diamino-
sulfides in water led us to speculate that poly(diaminosulfide)s
may be useful as drug delivery vehicles. The diaminosulfide
functional group degrades several orders of magnitude faster
than ester bonds under acidic conditions, and they possess
reasonable stabilities in water under neutral conditions.”’ Some
of the first key experiments to demonstrate the ability of
poly(diaminosulfide)s to function as drug delivery vehicles are
described here, and more results will be published in
subsequent articles.

A polymer with the structure of entry 6 in Table 2 was used
to fabricate microparticles that were studied as potential drug
delivery vehicles (Figure 7). The microparticles were prepared
according to a water/oil/water double emulsion-solvent
evaporation method using poly(vinyl alcohol) as a surfactant.
Briefly, the poly(diaminosulfide) was insoluble in water, and it
was added to dichloromethane with a dye (FITC-dextran). A
surfactant solution of water with 1 wt % poly(vinyl alcohol) was
added to the dicholoromethane and sonicated to produce the
particles. This solution was diluted with more water and
poly(vinyl alcohol) and further sonicated. After removal of the
dichloromethane by evaporation, the microparticles were
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Figure 7. SEM micrographs of microparticles fabricated from the
polymer shown in entry 6 of Table 2.

filtered and isolated. The particles were spherical in shape and
possessed a smooth, nonporous surface. The z-average particle
size determined by dynamic light scattering was 660 nm and
consistent with the SEM micrograph shown in Figure 7. The
surface charge determined to be —11.6 + 0.8 mV.
Microparticles were fabricated and loaded with fluorescein
isothiolate-dextran (FITC-dextran) to appear green under
optical microscopy. These microparticles were incubated with
HEK-293 cells at 37 °C for 24 h to study if they were
internalized into the cells. After 24 h, the cells were washed
with PBS buffer twice to remove any microparticles not
internalized into cells. The cells were then fixed with
paraformaldehyde and stained with 4',6-diamidino-2-phenyl-
indole (DAPI) and phalloidin as described in the Experimental
Section. The results in Figure 8 clearly demonstrated that the

20 pm

Figure 8. A laser scanning microscopic image is shown of HEK-293
cells that were exposed to microparticles loaded with FITC-dextran
(green) for 24 h and then washed to remove microparticles that were
not internalized into the cells. The nuclei of the cells were stained blue
by DAPI, and the cytoplasm/cell membranes were stained red by
phalloidin. This image clearly shows that the microparticles were
internalized into the cells.

microparticles were internalized into the HEK-293 cells. In this
image, the microparticles were green, the nucleus was blue (due
to the DAPI stain), and the cytoplasm/cell membrane was red
(due to the phalloidin stain). In control experiments with cells
not exposed to the microparticles and not treated with
phalloidin or DAP]I, the cells did not fluoresce green. Thus, it
is clear that there was no autofluorescence from the cells and
that the observed green fluorescence within the cells was due to
the uptake of the fluorescently labeled dextran loaded particles.
This result demonstrates that these microparticles have

potential as new drug delivery vehicles.
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The cell viability of HEK-293 cells was investigated to
determine whether the microparticles derived from poly-
(diaminosulfide)s were toxic. The toxicity of microparticles
fabricated from the polymer with the structure shown in entry 6
of Table 2 was studied via a MTS assay that is widely accepted
as one method to determine cell viability in the presence of
foreign molecules.””* Briefly, the MTS assay measures the
mitochondrial activity of the cells and is used as an indication of
the cell growth and viability. In living cells the MTS reagent (a
yellow, water-soluble tetrazolium salt) is cleaved by the
mitochondrial enzyme dehydrogenase (NADH-dependent
reduction of the tetrazolium ring in MTS) to generate a
water-soluble purple product called formazan. The concen-
tration of formazan can be measured, and in this way, the
relationship between the cell number and the amount of
formazan generated is established since the absorbance is
directly proportional to the number of viable cells. Damaged or
dead cells exhibit a reduced or diminished enzyme activity and
therefore less or no formazan production. Here, the incubation
period of 24 h ensured the exposure of the cells to the different
treatments in their exponential growth phase. Figure 9 shows

8

Cell viability (%)

Concentration (ug/mL)

Figure 9. Cell viabilities of HEK-293 cells incubated with increasing
concentrations of poly(diaminosulfide)-based microparticles.

the cell viability as a function of the concentration of
microparticles and demonstrates excellent biocompatibility of
these novel polymeric microparticles in HEK-293 cells.
Microparticles in the concentration range of 1-1000 ug/mL
had no adverse effect on cell viability. Even high concentrations
of the microparticles did not reduce cell viability with cell
survival rates greater than 85% for all the concentrations tested.

B CONCLUSIONS

This paper described the first synthesis of poly-
(diaminosulfide)s from two simple starting materials. The
sulfur transfer reagent used in the synthesis was readily
synthesized in two steps, and because it was purified by
distillation rather than column chromatography, large quantities
could be synthesized in only a few days. These polymers have
many of the right properties to be used as synthetic polymers
for different applications. For instance, we investigated the
stabilities of diaminosulfides in different solvents so that future
applications of poly(diaminosulfide)s could be envisioned. This
functional group was very stable in organic solvents and not
prone to oxidation; in fact, no evidence of oxidation of the
sulfur was observed in any sample. One exciting application of
these polymers as drug delivery vehicles was explored, and the
results were very promising. A poly(diaminosulfide) was readily
fabricated into nanoparticles that were absorbed into cells.
These nanoparticles were also nontoxic toward HEK-293 cells.
These results were promising, but more work is needed to
investigate the advantages poly(diaminosulfide)s may possess
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over polymers used in drug delivery. We propose a general label
of poly(NSN) for any poly(diaminosulfide) to emphasize the
functional group used in their synthesis and found in their
backbones. Poly(NSN) can be used to describe a general family
of polymers in the same way that the terms polystyrenes and
polyacrylates are used.

One significant characteristic of diaminosulfides is that they
are based on an inorganic functional group. Their structures
differentiate them from the numerous organic functional
groups used in the synthesis of most polymers. We believe
that by working with inorganic functional groups with
reactivities that differ from those of organic functional groups,
new opportunities in macromolecular science will be realized.

B EXPERIMENTAL SECTION

Materials. Sodium sulfide nonahydrate (Na,$-9H,0), tributyltin
chloride, N-chlorosuccinimide, sulfur monochloride, N-ethylmethyl-
amine, N-benzylmethylamine, N,N'-dimethyl-1,6-hexanediamine, N,N'-
bis[3-(methylamino)propylJmethylamine, 4,4"-trimethylenedipieri-
dine, N,N'-di-sec-butyl-p-phenylenediamine, dimethylamine, p-toluene-
sulfonyl chloride, and 3-methoxypropylamine were purchased from
Aldrich or Acros Organics at their highest purity and used as received.
FITC(fluorescein isothiocyanate)-dextran (M,, 20 kDa) and Mowiol
(poly(vinyl alcohol), PVA, av M,, ~ 67K, 86.7—88.7% hydrolyzed) was
obtained from Sigma-Aldrich (Sigma Chemical Co., St. Louis, MO).
Deionized distilled water produced by Barnstead Nanopure Diamond
Water purification Systems (Dubuque, IA) was used throughout. All
other solvents including petroleum ether (39—56 °C) were reagent
grade and purchased from Fisher Scientific. Because dimethylamine is
a gas at room temperature, it was condensed inside a graduate cylinder
in a =78 °C bath before use. Piperazine (99%) was purchased from
Aldrich and was purified by sublimation under vacuum at 130 °C.
Genduran silica gel 60 (230—400 mesh) and Basic Alumina Brockman
Activity I (60—325 mesh) were purchased from Fisher Scientific were
used for all column chromatography.

Dulbecco’s Modified Eagle Medium (DMEM, with high glucose 1X
and 4 mM L-glutamine), Trypsin-EDTA (0.25%, 1X solution), and
Dulbecco’s phosphate buffered saline (PBS) were purchased from
Gibco (Invitrogen, NY). Fetal bovine serum (FBS) was obtained from
Atlanta Biologicals (Lawrenceville, GA). Gentamycin sulfate (50 mg/
mL) was purchased from Mediatech Inc. (Manassas, VA). MTS cell
growth assay reagent (Cell Titer 96 Aque. One Solution cell
proliferation assay) was purchased from Promega Corp, Madison, WL
The HEK-293 cell lines were obtained from the American Type
Culture Collection (ATCC, Manassas, VA).

Characterization. 'H and *C NMR spectra were recorded on a
Bruker DPX 300 at 300 and 75 MHz, respectively. CDCl; was used as
the NMR solvent with tetramethylsilane (TMS) as an internal
standard. Size-exclusion chromatography (SEC) was performed using
tetrahydrofuran as the mobile phase (1.00 mL min™') at 25 °C. A
Shimadzu LC-10AT HPLC pump and one Varian column (PLgel $
um MIXED-D) were used in series. A Shimadzu RID-10A refractive
index detector and a Shimadzu SCL-10A system controller were used
to measure molecular weights of polymers based on a polystyrene
standard calibration curve.

Bis(tributyltin) Sulfide (Molecule A). This molecule was
prepared according to a literature procedure.”* A solution of sodium
sulfide nonahydrate (Na,S-9H,0) (42.0 g, 175 mmol) in deionized
water (34.8 mL) was prepared. This solution was added to a solution
of tributyltin chloride (28.5 g, 87.4 mmol) in THF (174 mL). Extra
deionized water (17.4 mL) was used to transfer the Na,S-9H,0 to the
flask. The mixture was reacted at 65 °C for 5 h. After cooling the
reaction, the organic layer was evaporated. The residue was extracted
with Et,O. The extract was dried over anhydrous magnesium sulfate
and evaporated to give a colorless oil (21.8 g, 81% yield). '"H NMR
(CDCLy): 6 091 (t, 18H, J = 7.2 Hz), 1.08 (m, 12H), 1.34 (m, 12H),
1.55 (m, 12H). *C NMR (CDCl,): § 13.66, 15.85, 27.17, 28.68.
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Bis(succinimide) Sulfide (Molecule B).”* N-Chlorosuccinimide
(222 g, 16.6 mmol) was slowly added to a solution of molecule A
(5.08 g, 8.30 mmol) in CHCl; (22 mL) at 0 °C and stirred. After 1.7 h,
the ice bath was removed and the reaction was stirred for 8 h. A yellow
solid stuck to the walls of the flask. The yellow organic phase was
decanted. The yellow solid was washed with hexanes and dried under
vacuum to give a crude yellow solid (1.30 g, 69% yield). 'H NMR
(DMSO-dy): 6 2.57 (s, 8H). *C NMR (DMSO-dy): & 29.55, 179.47.

N,N’-Dithio(bisethylmethylamine) (Molecule C).°*> A solution
of N-ethylmethylamine (10.5 g, 178 mmol) in petroleum ether (400
mL) was cooled to —78 °C for 30 min. To this solution, sulfur
monochloride (6.00 g, 44.4 mmol) was added dropwise for 10 min.
The solution was stirred for 20 min at —78 °C and another 35 min at
room temperature. The mixture was washed with a saturated NaCl
solution in water. The organic layer was dried over anhydrous
magnesium sulfate and evaporated to give a yellow—green oil (7.00 g).
The product was isolated by vacuum distillation at 30—35 °C to yield a
colorless oil (6.20 g, 78% yield). "H NMR (CDCL,): 5 1.14 (t, 6H, ] =
7.2 Hz), 2.64 (s, 6H), 2.69 (q, 4H, ] = 7.1 Hz). *C NMR (CDCL): §
13.81, 46.28, 53.54. HRMS calcd for C¢H ¢(N,S,: 180.0755. Found:
180.0759.

N-Ethylmethylsulfenyl Chloride (Molecule D).%¢ A solution of
molecule C (4.81 g, 26.7 mmol) in CH,Cl, (70 mL) was precooled to
0 °C for 40 min under N,. Sulfuryl chloride (3.96 g, 29.4 mmol) was
added dropwise to the solution for 17 min under N,. The reaction was
stirred for 30 min at 0 °C and another 50 min at room temperature to
give a crude product (6.70 g, 53.4 mmol), which was used in situ for
the preparation of molecule E.

Bis(N-ethylmethyl) Sulfide (Molecule E).°® A solution of
molecule D (6.70 g, 53.4 mmol) in CH,Cl, (40 mL) was slowly
added to a solution of N-ethylmethylamine (7.89 g, 13.3 mmol) in
CH,Cl, (60 mL) at 0 °C under N, and stirred for 1 h. The reaction
was washed with a saturated NaCl solution in water. The organic
phase was dried over anhydrous magnesium sulfate and evaporated to
give a yellow—green oil (4.22 g). The product was purified by
distillation under vacuum at room temperature to yield a colorless oil
(2.53 g, 32% yield). '"H NMR (CDCL): § 1.14 (t, 6H, ] = 7.2 Hz),
2.95 (s, 6H), 3.11 (q, 4H, ] = 7.1 Hz). 3C NMR (CDCly): § 14.24,
4629, 54.89. HRMS calcd for C(H,(N,S: 148.1034. Found: 148.1033.

N,N’-Dithiobisdimethylamine.”® A solution of dimethylamine
(8.01 g, 178 mmol) in anhydrous ether (400 mL) was cooled to —78
°C for 44 min. Sulfur monochloride (6.00 g, 44.4 mmol) was added
dropwise to the solution for 14 min. The solution was stirred for 30
min at —78 °C and another 30 min at room temperature. The mixture
was washed with a saturated NaCl solution in water. The organic layer
was dried over anhydrous magnesium sulfate and evaporated to give a
colorless oil (6.66 g, 99% yield), which could be used directly for the
preparation of molecule F without further purification. "H NMR
(CDCL): 6 2.63 (s, 12H). 3C NMR (CDCL,): 5 48.31. HRMS calcd
for C,;H;,N,S,: 152.0442. Found: 152.0444.

N-Dimethylsulfenyl Chloride.®® A solution of N,N"dithiobisdi-
methylamine (6.03 g, 39.6 mmol) in anhydrous Et,0 (50 mL) was
cooled to 0 °C for 1 h under N,. Sulfuryl chloride (5.88 g, 43.6 mmol)
was added dropwise to the solution under N,. The reaction was stirred
for 36 min at 0 °C and another 50 min at room temperature to give a
crude product (8.84 g 79.2 mmol), which was used in situ for the
preparation of molecule F.

Bis(N,N’-dimethyl) Sulfide (Molecule F).°® A solution of N-
dimethylsulfenyl chloride (8.84 g, 79.2 mmol) in anhydrous Et,O (50
mL) was slowly added to a solution of dimethylamine (17.9 g, 39.6
mmol) in anhydrous Et,O (75 mL) at —S °C under N, and stirred for
1.2 h. The reaction was washed with saturated aqueous NaCl. The
organic phase was dried over anhydrous magnesium sulfate, and the
solvent was removed after freezing the product at —5 °C to give
yellow-green oil (7.0 g). Further purification was achieved by
distillation under vacuum at 30 °C to yield a colorless oil (4.39 g,
46% yield). '"H NMR (CDCL): § 3.02 (s). ®C NMR (CDCL,): §
49.69. HRMS caled for C,H,N,S: 120.0721. Found: 120.0719.

Bis(N,N’-(3-methoxypropyl(triethylene glycol monomethyl
ether) sulfide)) (Molecule L). In a flask was added N-(3-
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methoxypropyl(triethylene glycol monomethyl ether)) (227 g, 9.64
mmol) and 3.6 mL of benzene. Next, molecule F (0.503 g, 4.18 mmol)
was added, and the flask was connected to a reflux condenser and
heated to 85 °C for 48 h. The benzene was removed under vacuum.
The product was cleaned by chromatography on basic alumina oxide
using ethyl acetate. The product was a clear oil (1.54 g, 73% yield). 'H
NMR (CDCL): 5 1.81 (p, 2H, J = 6 Hz), 3.12 (t, 2H, J = 7.2 Hz) 32—
3.4 (m, 10H), 3.5—3.7 (m, 10H). *C NMR (CDCl,): § 29.06, 54.83,
57.53, 58.56, 59.02, 70.13, 70.28, 70.45, 70.56, 70.64, 71.95. HRMS
caled for CpyH,gN,04S: 500.3131. Found: 500.3125.

Entry 1, Table 2. Molecule F (0.942 g, 7.83 mmol) was reacted
with N,N'-dimethyl-1,6-hexanediamine (1.13 g, 7.83 mmol) in
refluxing benzene (11 mL) at 85 °C for 24 h. After evaporating the
solvent, the polymer was precipitated into methanol (10 mL). The
polymer was dried under vacuum to yield a brown oil (1.02 g, 75%
yield). "H NMR (CDCl,): 5 1.29 (m, 4H), 1.54 (m, 4H), 2.94 (s, 6H),
3.07 (t, 4H, J = 7.2 Hz). *C NMR (CDCL): 6 26.88, 28.86, 46.90.
61.0S.

Entry 3, Table 2. Molecule F (0.186 g, 1.55 mmol) was reacted
with N,N'-bis[3-(methylamino)propylJmethylamine (0.268 g, 1.55
mmol) in refluxing benzene (1.4 mL) at 85 °C for 72 h. The benzene
was removed under vacuum. When the polymer was redissolved in 4
mL of CH;0H and precipitated into 9 mL of water, the polymer
decomposed to unknown products, and the 'H NMR spectrum
became too complicated to assign the peaks. Therefore, after the
polymerization was complete the polymer was dried under vacuum to
yield a brown oil (0.310 g, 97% yield) that was used without further
purification. '"H NMR (CDCly): § 1.71(m, 4H), 2.21 (s, 3H), 2.32 (t,
4H, ] = 7.5 Hz), 2.95 (s, 6H), 3.12 (t, 4H J = 7.1 Hz). 3C NMR
(CDCLy): 6 25.59, 42.43, 46.90, 55.38, 59.01.

Entry 5, Table 2. Molecule F (0.186 g, 1.55 mmol) was reacted
with 4,4"-trimethylenedipiperidine (0.326 g, 1.55 mmol) in CHCl, (1.6
mL) at 60 °C for 72 h. After evaporating the solvent and redissolving it
in CH,Cl, (4 mL), the polymer was precipitated into methanol (8
mL) to give a white-yellow powder (0.330 g, 88% yield). 'H NMR
(CDCLy): 6 1.22(m, 12H), 1.59 (m, 4H), 3.08 (t, 4H, ] = 11.0 Hz),
3.44 (m, 4H). 3C NMR (CDCl,): & 23.68, 34.02, 34.96, 36.72, 58.57.

Reactions of Molecule E and N-Benzylmethylamine (Figure
3). Molecule E (46.3 mg, 312 pmol) was dissolved in 1.35 mL of
CD,ClL,, and 1 mL (344 mg, 232 umol) of the solution was
transferred to a NMR tube. After the addition of N-benzylmethyl-
amine (56.3 mg, 464 umol) and sealing the NMR tube with a rubber
septum, 'H NMR spectra were continually recorded for 3 days. The
reaction was monitored by conversion of the benzyl hydrogens in N-
benzylmethylamine at 3.71 ppm to the benzyl hydrogens in molecule
H at 4.31 ppm and in molecule I at 4.38 ppm.

The same procedure was also followed for the kinetics in CDCl,.
The conversion from molecule E to molecules H and I was monitored
by comparing the benzyl peak (3.74 ppm) of N-benzylmethylamine
with the benzyl peak (4.32 ppm) of molecule H and the benzyl peak
(4.38 ppm) of molecule I for 10 days.

For the kinetics in DMSO-dg, molecule E (51.3 mg, 345 umol) was
dissolved in 1.49 mL of DMSO-d, from which 1 mL (34.4 mg, 232
pumol) was added to an NMR tube. After adding N-benzylmethylamine
(56.3 mg, 464 umol) and sealing the NMR tube with a rubber septum,
the reaction was monitored by 'H NMR spectroscopy for 5 days. The
conversion was observed by comparing the benzyl hydrogens in N-
benzylmethylamine at 3.63 ppm with the benzyl hydrogens in
molecule H at 4.29 ppm and in molecule I at 4.36 ppm.

For the kinetics in C¢Dg, molecule E (49.4 mg, 333 pmol) was
dissolved in 1.44 mL of C(D¢ and 1 mL (34.4 mg, 232 pmol) was
added to an NMR tube, followed by the addition of N-benzylmethyl-
amine (56.3 mg, 464 umol) and sealing the NMR tube with a rubber
septum. The conversion from molecule E to molecules H and I was
monitored by comparing the benzyl hydrogens in N-benzylmethyl-
amine at 3.62 ppm with the benzyl hydrogens in molecule H at 4.34
ppm and in molecule I at 4.36 ppm.

Transamination Reaction of Molecule F and N-Benzylme-
thylamine (Table 1). N-Benzylmethylamine (153 mg, 1.26 mmol)
was added to a solution of molecule F (75.8 mg, 631 ymol) in 1.26 mL
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of CDCl;, After connecting a condenser to the flask, the mixture was
reacted at 50 °C, and the reaction was monitored by 'H NMR
spectroscopy every 24 h showing 9% conversion to J and 88%
conversion to I after 72 h.

The same procedure was followed for the reaction of molecule F
(88.3 mg, 735 pmol) and N-benzylmethylamine (178 mg, 1.47 mmol)
in 147 mL of DMSO-d4 showing 13% conversion to J and 77%
conversion to I after 72 h. The reaction of molecule F (82.3 mg, 685
umol) and N-benzylmethylamine (166 mg, 1.37 mmol) in 1.37 mL of
CeDg showed 17% conversion to J and 75% conversion to I after 72 h.

Molecule F (89.9 mg, 748 ymol) and N-benzylmethylamine (181
mg, 1.50 mmol) were reacted in 1.5 mL of benzene at 85 °C showing
3% conversion to J and 97% conversion to I after 24 h.

Stability of Molecule E in Organic Solvents. The stability of
molecule E was studied in CDCl;, DMSO-ds/D,0 (10/1 v/v), and
C¢Ds following the same procedure. Molecule E (34.4 mg, 2.32 X 107*
mol) was added to an NMR tube with 1 mL of solvent. Next,
diethylene glycol dimethyl ether (31.2 mg, 2.32 X 107* mol) was
added. The NMR tube was capped, and '"H NMR spectra were
periodically collected. The amount of decomposition was determined
by the difference in ratio of the peaks due to molecule E and the ether
measured on days 1 and 32.

Stability of Molecule L in D,0. Molecule L (31.4 mg, 6.27 X 107
mol) was added to an NMR tube. A 1 mL solution in D,O of fert-
butanol (5.96 mg, 6.27 X 107> mol) and acetic acid (30.3 mg, 5.02 X
10~* mol) was added to the NMR tube, and it was vigorously shaken.
The first '"H NMR spectrum after 271 s showed no evidence of
molecule L and showed the secondary amine as the only degradation
product.

The same procedure was followed except that no acetic acid was
added (the neutral conditions). The decomposition of molecule L was
followed by "H NMR spectroscopy. The same procedure was followed
except that no acetic acid was added and KOH (9 mol equiv) was
added (the basic conditions). The decomposition of molecule L was
followed by 'H NMR spectroscopy.

Formulation of Microparticles. Microparticles were fabricated
from the polymer in entry 6 of Table 2 using a double emulsion-
solvent evaporation method that is widely used for the encapsulation
of hydrophilic drugs. The surfactant solution (1 wt % PVA in water,
internal water phase or W) was added to the polymer solution (in
dichloromethane, oil phase or O) under microtip probe sonication for
30 s (10 W energy output, Fisher Scientific sonic dismembrator Model
100) to form the first emulsion (W,/O). This was then immediately
added to the second PVA solution (in water, external water phase or
W,) and further sonicated at the same speed for another 30 s to form
the second emulsion (W;/O/W,). These processes were carried out
under an ice bath. The final emulsion was then added to aqueous PVA
solution under magnetic agitation and stirred at room temperature and
under atmospheric pressure until complete evaporation of dichloro-
methane. The microparticles were collected by centrifugation at 8500
rpm for 10 min (Fischer Scientific Accuspin 400), washed twice with
water, and freeze-dried for 48 h (FreezeZone 4.5, Labconco). The
FITC-dextran loaded microparticles were prepared in the same
manner by dissolving FITC-dextran in the internal water phase used in
making the primary emulsion.

Determination of Particle Size (Hydrodynamic Diameter)
and Size Distribution. Particle size and particle size distribution of
microparticles were analyzed at a concentration of approximately 1 mg
particles/1 mL of deionized water. Appropriate dilution of the particle
suspension is necessary in order to avoid multiscattering events. The
measurements were carried out on microparticle suspensions using a
Zetasizer Nano-ZS (Malvern Instruments). The particle size and size
distribution by intensity were measured by dynamic light scattering
(He—Ne laser with a fixed wavelength of 633 nm, 173° backscatter at
25 °C) in 10 mm diameter cells.

Measurement of Surface Charge. The zeta potential of
microparticles was analyzed by dispersing the microparticles in
deionized distilled water at a concentration of 1 mg/mL using folded
capillary cells. Sample dilution is often necessary in order to eliminate
particle interactions. Zeta potential is an indicator of the charge on the
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surface of the microparticles. The surface charge measurements of the
blank microparticles were performed using the electrophoretic laser
scattering method (Laser Doppler Microelectrophoresis, He—Ne laser
633 nm at 25 °C).

Scanning Electron Microscopy (SEM). The shape and the
surface morphology of the microparticles were studied using a
scanning electron microscope. The particles were mounted on silicon
wafers which were placed on aluminum specimen stubs using adhesive
carbon tape. The mount was then coated by ion sputtering (KSSO
Emitech sputter coater, set at 10 mA for 2.5 min) with conductive gold
and examined using a Hitachi Model S-4800 SEM, operated at 4 kV
accelerating voltage.

Cell Culture. The cells were maintained in DMEM supplemented
with 10 vol % FBS and gentamycin at a concentration S0 yg/mL in a
humidified incubator (Sanyo Scientific Autoflow, IR direct heat CO,
incubator) at 37 °C containing 95% air and 5% CO,. The cells were
plated and grown as a monolayer in 75 cm” polystyrene cell culture
flasks (Corning Inc,, Corning, NY) and subcultured (subcultivation
ratio of 1:4) after 80—90% confluence was achieved. Cell lines were
started from frozen stocks, and the medium was changed every 2—3
days. The passages used for the experiment were between 4 and 15.

Investigation of FITC-Dextran Loaded Microparticle Uptake
by HEK-293 Cells Using Confocal Microscopy. To determine the
qualitative in vitro intracellular uptake of microparticles, cells were
plated at a density of 50000 cells/well in a clear, flat-bottom, 8-
chambered glass slide with cover (Lab-Tek, Nunc, NY) that were
previously coated with 0.1 wt % poly(L-lysine). The cells were allowed
to attach overnight, and the next day the cell culture medium was
removed and the cells were treated with an aliquot of a suspension of
FITC-dextran loaded microparticles in medium and further incubated
at 37 °C for 24 h. The experiment was terminated by removing the
particulate suspension and washing the cell monolayer two times with
PBS in order to remove particles not internalized by the cells. The cells
were then fixed with 4 vol % paraformaldehyde, followed by
permeabilization of cells with 0.2 wt % Triton X-100 (Sigma, Sigma-
Aldrich, St. Louis, MO). The cells were later treated with phalloidin
and finally mounted with Vectashield, Hardset mounted medium with
DAPI (H-1500, Vector Laboratories, Inc., Burlingame, CA). The cells
were washed with PBS during every step in the process. Cellular
uptake of FITC-dextran loaded microparticles and their intracellular
distribution was visualized by confocal microscopy (Carl Zeiss LSM
710, 60X oil objective lens) by using DAPIL, FITC, and phalloidin
filters equipped with Zen 2009 imaging software.

Evaluation of the Cytotoxicity of Microparticles Incubated
in HEK-293 Cells. The in vitro cytotoxicity of blank nanoparticles was
examined by a colorimetric MTS assay. A stock suspension of
microparticles was prepared by dispersing freeze-dried particles in an
appropriate volume of cell culture medium. To obtain different test
concentrations (1—1000 pg/mL), serial dilutions from the stock
microparticle suspension were prepared with the medium. On the first
day of the experiment, confluent cells were seeded in clear polystyrene,
flat bottom, 96-well plates (Costar, Corning Inc., Corning, NY) at a
density of 10000 cells/well and allowed to attach overnight in the
incubator. Next day, the cells were exposed to the polymer by
replacing the culture medium with different dilutions of stock
suspensions and further incubating for 24 h. On the last day of the
experiment, the treatments were removed and fresh medium was
added along with 20 L of MTS reagent. The plate was incubated at
37 °C in a humidified, 5% CO, atmosphere for 4 h. To measure the
amount of soluble formazan produced by the reduction of MTS
reagent by viable cells, the plate was read by Spectramax 384 Plus
(Softmax Pro, Molecular Devices, Sunnyvale, CA) at a wavelength of
490 nm. The absorbance readings were recorded and quantitated for
the colorimetric assay and the cell viability was expressed by the
following equation:
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cell viability(%) = [absorbance intensity of cells treated with
MPs]/[absorbance intensity of cells

without any treatment (control)] X 100

The cytotoxic effect of different treatments was calculated as a
percentage of cell growth with respect to the control. Values are
expressed as mean + SEM for each microparticle concentration (n =

6).
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ABSTRACT: Six members of a new family of {ONSO}-type
ligands—the tetradentate-diainionic imine-thiobis(phenolate)
ligands—were prepared by a two-step synthesis. Their
[{ONSO}Zr(O'Bu),] complexes formed as single diaster-
eomers with different degrees of fluxionality that depended on
the substitution pattern of the two phenolate rings. The
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complexes were active in polymerization of L-lactide and rac-lactide. The tacticity of the poly(lactic acid) prepared from rac-
lactide changed gradually from heterotactically inclined through atactic to isotactically inclined. The most flexible complex and
the most rigid complex gave the highest degrees of heterotacticity and isotacticity, respectively.

B INTRODUCTION

Poly(lactic acid) (PLA) is a biodegradable polyester derived
from annually renewable resources, which finds applications as
a commodity plastic and in biomedicine." The physical
properties and degradation tendency of PLA depend strongly
on the microstructure of the polymer chains, and, in particular,
on their stereochemistry.” The most common method of
producing PLA is the ring-opening polymerlzatlon (ROP) of
lactide, the cyclic dimer of lactic acid.” Lactide includes two
stereogenic centers, which are not altered in the polymerization
process by catalysts operating by the coordination—insertion
mechanism. The tacticity of the obtained PLA thus depends on
the constitution of the monomer and on the selectivity of the
catalyst.*>* Polymerization of the homochiral lactides, 1-lactide
and p-lactide yields the isotactic enantiomeric polymers poly(L-
lactic acid), PLLA, and poly(p-lactic acid), PDLA, respectively,
having a melting point of 180 °C, irrespective of the catalyst
employed. For rac-lactide, the character of the catalyst plays a
crucial role. Non selective catalysts, like the industrially
employed tin octoate, give rise to atactic PLA, whereas selective
catalysts may favor consecutive insertions of either the same or
the opposite lactide enantiomer, with formation of isotactic or
heterotactic PLA, respectively. Isoselective catalysts are
relatively scarce and may operate by either the chain-end or
enantiomorphic-site control mechanism. Most of the iso-
selective catalysts reported to date are based on aluminum
complexes, which feature a low activity.”® A racemic mixture of
the isotactic PLLA and PDLA crystallizes as a stereocomplex
whose melting point is 50 °C above that of the homochiral
polymers, so an isoselective catalyst that can yield a
stereocomplex PLA or 1ts stereoblock analogues from rac-
lactide is hlghly desirable.” Heteroselective catalysts are more
abundant.® Suitable such catalysts should be devoid of
permanent chirality that may favor a specific enantiomer.

-4 ACS Publications  © 2012 American Chemical Society
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Indeed, two types of heteroselective catalysts that have emerged
recently are the rigid C,-symmetric catalysts operating by the
chain-end control mechanism® and the fluxional-chiral catalysts
that may operate by the dynamic enantiomorphic site control
mechanism and are proposed to invert chirality between
consecutive insertions of enantiomeric lactide monomers.'”"!
Herein, we introduce semirigid catalysts for lactide polymer-
ization based on zirconium complexes of newly designed
imine—thiobis(phenolate) ligands.'"> We demonstrate that by
stepwise adjustment of the ligand character, the tacticity of the
PLA produced from rac-lactide may be gradually shifted from
heterotactically inclined to isotactically inclined.

B RESULTS AND DISCUSSION

Ligand Design. Since fluxional-chiral catalysts often induce
heterotacticity and rigid-chiral catalysts possibly induce
isotacticity, we were intrigued by the possibility of merging
these two facets in the form of semirigid complexes, i.e.,
complexes containing a rigid segment and a flexible segment. A
possible way of achieving semirigidity is by designing a
sequential tetradentate dianionic ligand that features an internal
rigid anchor and an internal flexible anchor. In addition, it is
preferred that the complex fluctuation would interconvert
between enantiomers rather than diastereomers (so as to avoid
a possible bias toward a specific lactide enantiomer by a given
catalyst molecule). Therefore, upon binding to a metal, the
rigid donor should be nonstereogenic and the flexible donor
should be stereogenic. Suitable candidates for these distinct
roles are the imine donor that typically orients its neighboring
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donors in a meridional arrangement,13 and the thio donor that
typically orients its neighboring donors in a facial arrange-
ment,** respectively. The peripheral anionic arms were chosen

to be of the phenolate type, because their steric and electronic
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Figure 1. {ONSO} ligand design and proposed structure of semirigid
octahedral complexes.

character may be accurately modified by substitutions (Figure
1).

Ligands and Complexes Synthesis and Character-
ization. Six imine-thiobis(phenolate) ligand precursors were
targeted for this exploratory work. They include different
combinations of bulky alkyl groups and electron withdrawing
chloro groups in the ortho and para positions of the two phenol
rings. As one of the phenol rings is bound to the flexible donor
and the other is bound to the rigid donor, the placement of the
substituents may play different roles on the degree of
fluxionality of the corresponding complexes and on their
activity in lactide polymerization. To investigate this possibility,
the targeted ligands included the isomeric pairs Lig'H,/Lig’H,
and Lig*H,/Lig H, having inversely linked substituted phenols.
The ligands were prepared in moderate yields by a two step
synthesis starting from 2-aminoethanethiol: condensation of
the amine functionality with the appropriate salicylaldehyde,'®
followed by nucleophilic reaction of the thiol functionality with
the given bromomethyl phenol. The six {ONSO}H, ligand
precursors were reacted with 1 equiv of Zr(O'Bu), yielding the
corresponding [{ONSO}Zr(O'Bu),] complexes in high to
quantitative yields, as described in Scheme 1.

"H NMR characterization of the complexes revealed that
they had all formed as single diastereomers, and supported their
mononuclear structures. As expected, the complexes were
fluxional. Having a C;-symmetry on the slow-exchange regime,
and an average Co-symmetry of the fast-exchange regime, the
geometry of these complexes is consistent with the proposed
meridional (imine)/facial (thio) wrapping of the {ONSO}
ligand around the octahedral metal center (Figure 1). Variable
temperature NMR experiments revealed that the barriers for
interconversion ranged from AGF of 13.3 to >19.0 kcal/mol.
Bulkier substituents led to higher rigidity, especially if they were
located in the ortho position of the flexible-segment phenol. For
example, Lig’Zr(O'Bu), having two tert-butyl groups on both
phenol arms exhibited a AG" of 17.1 kcal/mol. Replacing the
two tert-butyl groups on the rigid-side phenol with chloro
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Scheme 1. Synthesis of the {ONSO} Ligand Precursors and
their Zirconium Complexes

R’ R

RZQOH RZQOH
H,N  SH CHO —N  SH
R3
R’ RS
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RZQOH Hof\;yrre4
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N S
/
Lig'H,: R'=R2="Bu, R®=R*=ClI
Lig?H,: R'=R?=Cl, R®=R*="Bu
Lig®H,: R'= R2="Bu, R®=R*="Bu
Zr(O'Bu)y Lig*H,: R" = Ad, R = Me, R®= R*=Cl.
t Lig"Zr(O'Bu),  LigSHy: R1 R2=Cl, R3= Ad, R* = Me.
-2 'BUOH Lig8H,: R" = Ad, R? = Me, R®= Ad, R* = Me

groups led to a mild decrease of the interconversion barrier to
AG' = 15.6 kcal/mol (Lig?Zr(O'Bu),), while the analogous
replacement on the flexible-side phenol led to a more
pronounced decrease of the interconversion barrier to AG* =
13.3 keal/mol (Lig'Zr(O'Bu),). The same trend was found for
the complexes of the three other ligands, Lig**Zr(O'Bu),
having interconversion barriers of AG' = 15.5,17.7, and >19.0
kcal/mol, respectively, with the highest barrier found for the
most crowded complex, containing ortho-adamantyl groups on
both phenolate rings (Figure 2).

tBuO O‘Bu ‘BuO O‘B
Zr\

Lig'zr(O'Buy),

Lig®zr(0'Bu),

Figure 2. The most fluxional complex (Lig'Zr(OBu),; AGL =133
kcal/mol) and the most rigid complex (Lig°Zr(O'Bu),; AG™ > 19.0
kcal/mol) described in this work.

Lactide Polymerization. The performance of these
[{ONSO}Zr(O'Bu),] complexes in polymerization of L-lactide
and rac-lactide was investigated. The complexes exhibited high
catalytic activities in the polymerization of both monomers at
140 °C. As may be appreciated from Tables 1 and 2, high
conversions of monomer to polymer were usually obtained
within a few minutes, and in certain cases almost complete
conversions were attained (entries 1 and 3 in Tables 1 and 2).
The complex of the bulkiest {ONSO} ligand—Lig®Zr(O'Bu),
seemed to be somewhat slower requiring longer times to reach
high conversions of both r-lactide and rac-lactide. For L-lactide,
the molecular weight distributions were relatively narrow (PDI
as low as 1.10) which seems to support a living polymerization,
however, in several polymerizations, the molecular weights
were higher than calculated based on a single growing polymer
chain for each catalyst molecule. For example, Lig'Zr(O'Bu),
led to PLLA with M,, = 72 600 g mol ' whereas the calculated
molecular weight for 87% conversion of 300 equiv of L-lactide is
M, e = 37500 g mol'". This is consistent with partial

activation of the catalyst. Slightly broader molecular weight
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Table 1. Polymerization of L-Lactide at 140 °C

entry initiator® L-lactide (g) time (min) PLA obtained (g) convn Mt (g mol™) M, .. (g mol™!) PDI
1 Lig'Zr(O-tert-Bu), 0.62 15 0.54 0.87 72600 37500 1.10
2 Lig?Zr(O-tert Bu), 0.58 14 0.18 031 22300 13400 112
3 Lig?Zr(O-tert-Bu), 0.60 10 0.55 092 49200 39700 139
4 Lig*Zt(O-tert Bu), 0.58 13 0.41 071 20300 30 600 116
5 Lig*Zr(O-tert-Bu), 0.58 6 0.40 0.69 23000 30000 147
6 Lig®Zr(O-tert-Bu), 049 54 028 0.57 29100 24 500 117

“10 mg of catalyst were employed. bCorrection parameter 0.58 X M, polystyrene standards. “calculated from 144.13 x (LA/I) X conversion of

monomer.

Table 2. Polymerization of rac-Lactide at 140 °C

entry initiator” raclactide (g)  time (min)  PLA obtained (g) convn  M,” (gmol!) M, (g mol") PDI p/P,?
1 LigIZr(O-tert-Bu)z 0.62 6 0.58 0.92 16 300 39 500 1.55 0.63/0.37
2 Lig?Zr(O-tert-Bu), 0.61 5 0.46 075 17700 32500 138 0.58/0.42
3 Lig*Zr(O-tert-Bu), 0.63 7 0.61 097 20300 42000 157 0.50/0.50
4 Lig*Zr(O-tert-Bu), 0.58 8 042 0.72 9500 31000 144 050/0.50
5 Lig*Zr(O-tert-Bu), 0.58 6 041 0.70 7000 30000 144 050/0.50
6 Lig®Zr(O-tert-Bu), 0.52 18 032 0.61 20300 26 500 134 0.55/045

“10 mg of catalyst were employed. “Correction parameter 0.58 X M, polystyrene standards. “Calculated from 144.13 X (LA/I) X conversion of

monomer.

9p_and P, are the probability for heterotactic and isotactic enchainment calculated from homonuclear decoupled "H NMR spectrum.

Table 3. Polymerization of rac-Lactide at 70 °C in Toluene

entry initiator® rac-lactide (g) PLA obtained (g)
1 Lig'Zr(O-tert-Bu), 0.64 0.63
2 Lig?Zr(O-tert-Bu), 0.59 0.51
3 Lig*Zr(O-tert-Bu), 0.62 0.50
4 Lig*Zr(O-tert-Bu), 0.57 0.40
5 Lig*Zr(O-tert-Bu), 0.59 0.44
6 Lig®Zr(O-tert-Bu), 0.56 0.09

convn M,P (g mol™) M, (g mol™) PDI p/p. 2
0.98 8500 42 000 1.45 0.72/0.28
0.87 14 700 37 500 1.50 0.65/0.35
0.81 21300 35000 1.70 0.50/0.50
0.70 11200 30000 1.42 0.50/0.50
0.75 8700 32500 1.56 0.38/0.62
0.18 18 000 8000 1.17 0.33/0.67

“10 mg of catalyst and S mL of toluene were employed. Polymerlzatlon time was 20 h. "Correction parameter 0.58 X M, polystyrene standards.
“Calculated from 144.13 X (LA/ 1) X conversion of monomer. “P, and P, are the probability for heterotactic and isotactic enchainment calculated

from homonuclear decoupled "H NMR spectrum.

distributions and lower molecular weights were found for
polymerizations of rac-lactide with these catalysts at 140 °C,
and the molecular weights of the PLA did not exceed the
calculated values (Table 2). The solution polymerizations of
rac-lactide were pursued for 20 h (Table 3). Most catalysts,
except for Lig®Zr(O'Bu),, exhibited high conversions after that
period. The molecular weights and molecular weight
distributions were generally in line with the values obtained
for the polymerizations run in the melt. The polymerization of
rac-lactide versus time by Lig’Zr(O'Bu), in toluene-dg at 90 °C
was monitored by 'H NMR spectroscopy. Following an
induction period of a few minutes (that may be caused by
catalyst activation as well as monomer dissolution),
polymerization was found to be first order with respect to
lactide up to a conversion of 88% (8 h), as evident from a linear
relationship of In([lactide],o/[lactide],) versus time (Figure 3).
We found that the microstructure of the PLA obtained in the
polymerization of rac-lactide could be gradually shifted by
variation of the phenolate substituents. Significantly, the
character of the substituents on the flexible segment phenol
played a major role, and the character of the substituents on the
rigid segment phenol played a minor role, in parallel to their
effects on the fluxionality of the complexes. This phenomenon,
clearly observable in the homodecoupled '"H NMR spectra of
the PLA was more apparent for the solution polymerizations
run at 70 °C. The most flexible complex—Lig'Zr(O'Bu),—
which includes chloro substituents on the flexible segment
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Figure 3. Semilogarithmic plot of rac-LA conversion versus time
employing Lig’Zr(O'Bu), in toluene-dg at 90 °C. [rac-LA],, = 0.34 M.
[rac-LA]_y: [Zr] = 80. ¥ = 0.994.

phenol and tert-butyl substituents on the rigid segment phenol
led to PLA having the highest degree of heterotacticity, with P,
= 0.72 at 70 °C. The degree of heterotacticity was diminished
to P, = 0.63 at 140 °C. Lig*Zr(O'Bu),, the analogous complex

dx.doi.org/10.1021/ma2023364 | Macromolecules 2012, 45, 698—704
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Figure 4. Homo-decoupled 'H NMR of the polymer samples prepared from catalysts Lig' *Zr(O'Bu), at 70 °C in toluene.

which includes chloro substituents on the flexible segment
phenol and an o-adamantyl substituent on the rigid segment
phenol led to PLA with a slightly lower heterotacticity of P, =
0.65 at 70 °C and P, = 0.58 at 140 °C. Lig’Zr(O'Bu), and
Lig’Zr(O'Bu),, the two complexes featuring tert-butyl groups
on the flexible segment phenol, yielded atactic PLA at both 70
°C and at 140 °C. Most unusually, Lig°Zr(O'Bu), and
Lig®Zr(O'Bu),, the two complexes featuring the bulky 1-
adamantyl ortho-substituent on the flexible segment phenol led
to clear isoselective polymerization at 70 °C, which was more
apparent for the more rigid of the two—Lig®Zr(O'Bu), that
yielded PLA with P, = 0.67. The isoselectivity was reduced for
the two complexes at 140 °C. The transition between tacticity
types can be clearly appreciated in the homodecoupled 'H
NMR spectra of the corresponding polymers in Figure 4.
Notably, reverse tacticity induction could be attained by merely
inverting the substitution patterns on the two different phenol
arms, as apparent for the isomer pair Lig*Zr(O'Bu), (P, = 0.63)
and Lig’Zr(O'Bu), (P,, = 0.63). To our knowledge, the only
precedence for reversal of tacticity of PLA in rac-lactide
polymerization upon a change of the substitution pattern of a
given ligand bound to a given metal involved Salan and related
ligands bound to aluminum.'® While the tacticities reported
herein are not exceptionally high, the ability to manipulate
them by ligand modifications, and the relatively high catalytic
activities indicate that such design motifs may be important for
future stereoselective catalysts.
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B CONCLUSIONS

In summary, zirconium complexes of tetradentate ligands that
combine a rigid segment and a flexible segment were described.
These tailor-made complexes exhibited broad ranges of steric
congestion on each of the different phenol arms that was
manifested in their degree of fluxionality. Notably, the
substitution pattern on the phenolate rings was shown to
play equivalent roles in the degree of fluxionality of the
complexes and in their tendencies to insert the same or the
opposite lactide enantiomer, ie., their tendency to form
isotactic or heterotactic PLA from rac-lactide. It still needs to
be established whether the reversal of stereoselectivity is a
direct consequence of the change of ligand substitution pattern,
or results from the change of complex fluxionality. Current
efforts in our groups include the development of rigid
analogues of the above systems aiming at catalysts of higher
isoselectivity based on the findings introduced herein.

B EXPERIMENTAL SECTION

General Information. All reactions with air- and/or water
sensitive compounds were carried out under dry nitrogen atmosphere
in a glovebox. Ether was purified by distillation under dry argon
atmosphere from purple Na/benzophenone solution. Pentane was
washed with HNO;/H,SO, prior to distillation from Na/benzophe-
none/tetraglyme. Toluene was refluxed over Na and distilled. 3,5-
Dichloro-2-hydroxybenzaldehyde, 3,5-di-tert-butyl-2-hydroxybenzalde-
hyde, 2-aminoethanethiol, triethylamine, and Zr(tert-butoxide), were
purchased from Aldrich and used as received. p-Lactide and r-lactide
were obtained by Purac and used as received, rac-lactide was prepared
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by mixing equal molar amounts of L-lactide and D-lactide and
crystallizing from toluene. 3-Adamantyl-2-hydroxy-S-methylbenzalde-
hyde,"” 2-(bromomethyl)-4,6-dichlorophenol,'® 2-(bromomethyl)-4,6-
di-tert-butylphenol,'® and 2-(bromomethyl)-4-methyl-6-adamanthyl-
phenol'® were synthesized according to published procedures.

All NMR data were recorded on a Bruker Avance-400 spectrometer.
C¢D (impurities in benzene-ds at & 7.15, and *C chemical shift of
benzene at § 128.70 were used as reference) and C,Dg (impurities in
toluene-dy at § 2.09, 6.98, 7.00, 7.09) were used as NMR solvents for
the metal complexes. CDCl; was used as NMR solvent for the PLA
samples (chemical shift of TMS at § 0.00 as reference). Elemental
analyses were performed in the microanalytical laboratory at the
Hebrew University of Jerusalem. PLA molecular weights were
determined by gel permeation chromatography (GPC) using TSKgel
GMHHR-M and TSKgel G 3000 HHR columns set on a Jasco
instrument equipped with a refractive index detector. Molecular weight
determination was carried out relative to polystyrene standards using
THF (high-performance liquid chromatography grade, distilled and
filtered under vacuum prior to use) as the eluting solvent.

Synthesis of 2-(Mercaptoethylimino)methyl-4,6-ditert-butylphe-
nol. 2-Aminoethanethiol (0.88 g, 11.4 mmol) was added to a solution
of 3,5-di-tert-butyl-2-hydroxybenzaldehyde (2.68 g, 11.4 mmol) in
benzene and refluxed for 2 h. The solvent was evaporated yielding a
yellow solid (3.14 g, 93%). MS(APPI): calcd for C,,H,,NOS, 293.5;
found, 294.1.

Synthesis of Lig'H,. A solution of 2-(bromomethyl)-4,6-dichlor-
ophenol (1.40 g, 5.5 mmol) in THF (20 mL) was added dropwise to a
solution of 2-(mercaptoethylimino)methyl-4,6-di-tert-butylphenol
(1.61 g 5.5 mmol) and triethylamine (0.75 mL) in THF (20 mL)
and stirred for 2 h. The solid that had formed was filtered out, the
solvent was removed under vacuum. The crude product was purified
by flash chromatography over Silica gel 60 with a mixture of petroleum
ether/dichloromethane in increasing polarity as eluent. The pure
product was obtained as a yellow solid in a final yield of 40%. "H NMR
(400 MHz, CDCl,): 6 8.32 (s, 1H, NCH), 7.39 (d, 1H, J = 2.4 Hz,
ArH), 7.23 (d, 1H, ] = 2.4 Hz, ArH), 7.15 (d, 1H, ] = 2.4 Hz, ArH),
7.09 (d, 1H, J = 2.4 Hz, ArH), 3.76 (s, 2H, ArCH,S), 3.74 (t, 2H, ] =
6.7 Hz, CH,), 2.80 (t, 2H, ] = 6.7 Hz, CH,), 1.44 (s, 9H, C(CHy,),),
131 (s, 9H, C(CH,),). *C NMR (100.66 MHz, CDCL), § 167.3
(CN), 158.1 (C), 148.6 (C), 1402 (C), 136.8 (C), 129.1 (CH), 127.7
(CH), 127.3 (C), 1272 (CH), 126.1 (CH), 1253 (C), 121.1(C),
117.7 (C), 592 (CH,), 35.1 (C), 34.2 (C), 32.6 (CH,), 31.5 (CH,),
31.3 (CH,), 29.5 (CH;). MS(APPI): calcd for C;,H,NO,S, S11.8;
found, 534.3 (MNa*). Anal. Calcd for C,,H;;CLLNO,S: C, 61.53; H,
6.67; N, 2.99. Found: C, 61.95; H, 6.65; N, 2.82.

Synthesis of 2-(Mercaptoethylimino)methyl-4-methyl-6-ada-
mantylphenol. 2-Aminoethanethiol (0.30 g, 3.88 mmol) was added
to a solution of 3-adamantyl-2-hydroxy-5-methylbenzaldehyde (1.05 g,
3.88 mmol) in benzene and refluxed for 2 h. The solvent was removed
under reduced pressure yielding a yellow solid (091 g 71%).
MS(APPI): caled for C,oH,,NOS, 329.5; found, 330.1.

Synthesis of Lig’H,. A solution of 2-(bromomethyl)-4,6-dichlor-
ophenol (0.60 g, 2.3 mmol) in THF (20 mL) was added dropwise to a
solution of 2-(mercaptoethylimino)methyl-4-methyl-6-adamantylphe-
nol (0.76 g, 2.3 mmol) and triethylamine (0.32 mL) in THF (20 mL)
and stirred for 2 h. The reaction mixture was worked up as described
above for Lig'H, giving Lig?H, in a final yield of 50%. "H NMR (400
MHz, CDCL): § 8.28 (s, 1H, NCH), 7.25 (d, 1H, J = 2.3 Hz, ArH),
7.16 (d, 1H, J = 2.4 Hz, ArH), 7.08 (d, 1H, J = 1.9 Hz, ArH), 6.90 (d,
1H, J = 3.3 Hz, ArH), 3.75 (s, 2H, ArCH,S), 3.75 (t, 2H, ] = 8.3 Hz,
CH,), 2.80 (t, 2H, J = 6.7 Hz, CH,), 2.28 (s, 3H, ArCH,), 2.16 (bs,
6H, adamantyl), 2.07 (bs, 3H, adamantyl), 1.78 (m, 6H, adamantyl).
13C NMR (100.66 MHz, CDCL,): 6 167.7 (CN), 159.1 (C), 149.3
(C), 1382 (C), 131.5 (CH), 130.3 (CH), 129.8 (CH), 128.5 (CH),
127.8 (C), 127.5 (C), 126.0 (C), 121.8 (C), 118.9 (C), 59.9 (CH,),
41.0 (CH,), 37.9 (CH,), 37.7 (C), 33.1 (CH,), 32.0 (CH,), 29.8
(CH), 21.4 (CH,). MS(ESI): calcd for C,,H;;CLLNO,S, 504.5; found,
504.2. Anal. Caled for C,,Hy CLNO,S: C, 64.28; H, 6.19; N, 2.78.
Found: C, 63.14; H, 5.89; N, 2.51.
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Synthesis of 2-(Mercaptoethylimino)methyl-4,6-dichlorophenol.
2-Aminoethanethiol (0.99 g, 12.9 mmol) was added to a solution of
3,5-dichloro-2-hydroxybenzaldehyde (2.46 g, 12.9 mmol) in ethanol
and stirred for 2 h at room temperature. The solvent was removed
under reduced pressure yielding a yellow solid (2.88 g 89%).
MS(APPI): caled for CoH,CLNOS, 250.1; found, 250.0.

Synthesis of Lig?H,. A solution of 2-(bromomethyl)-4,6-di-tert-
butylphenol (1.52 g, 5.1 mmol) in THF (20 mL) was added dropwise
to a solution of 2-(mercaptoethylimino)methyl-4,6-dichlorophenol
(1.27 g, 5.1 mmol) and triethylamine (0.70 mL) in THF (20 mL) and
stirred for 2 h. The reaction mixture was worked up as described above
for Lig'H, giving Lig®H, in a final yield of 53%. '"H NMR (400 MHz,
CDCL): 5 8.18 (s, 1H, NCH), 7.41 (d, 1H, J = 2.5 Hz, ArH), 7.28 (d,
1H, J = 2.4 Hz, ArH), 7.13 (d, 1H, ] = 2.5 Hz, ArH), 6.92 (d, 1H, ] =
2.7 Hz, ArH), 3.83 (s, 2H, ArCH,S), 3.68 (t, 2H, ] = 6.4 Hz, CH,),
2.74 (t, 2H, ] = 6.6 Hz, CH,), 1.42 (s, 9H, C(CH,);), 1.28 (s, 9H,
C(CH,);). C NMR (100.66 MHz, CDCL,), § 164.5 (CN), 156.6
(C), 151.9 (C), 142.5 (C), 137.3 (C), 132.4 (CH), 129.1 (CH), 125.3
(CH), 123.9 (CH), 122.9 (C), 122.7 (C), 121.4 (C), 119.3 (C), 58.1
(CH,), 34.9 (C), 34.4 (CH,), 34.2 (C), 31.6 (CH,), 31.3 (CH,), 29.8
(CH;). MS(APPI): caled for C,,H; CLNO,S, 468.5; found, 506.2
(MK*). Anal. Caled for C,yH;,CLNO,S: C, 61.53; H, 6.67; N, 2.99.
Found: C, 60.94; H, 6.58; N, 2.69.

Synthesis of Lig*H,. A solution of 2-(bromomethyl)-4,6-di-tert-
butylphenol (1.46 g, 4.9 mmol) in THF (20 mL) was added dropwise
to a solution of 2-(mercaptoethylimino)methyl-4,6-di-tert-butylphenol
(1.43 g, 4.9 mmol) and triethylamine (0.68 mL) in THF (20 mL) and
stirred for 2 h. The reaction mixture was worked up as described above
for Lig'H, giving Lig*H, in a final yield of 30%. "H NMR (400 MHz,
CDCly): 5 8.28 (s, 1H, NCH), 7.38 (d, 1H, J = 2.0 Hz, ArH), 7.27 (d,
1H, J = 2.1 Hz, ArH), 7.06 (d, 1H, ] = 1.9 Hz, ArH), 6.95 (d, 1H, ] =
2.0 Hz, ArH), 3.85 (s, 2H, ArCH,S), 3.67 (t, 2H, ] = 6.7 Hz, CH,),
2.72 (, 2H, ] = 6.6 Hz, CH,), 1.43 (s, 9H, C(CH,);), 1.42 (s, 9H,
C(CHs;);), 1.30 (s, 9H, C(CH,),), 1.27 (s, 9H, C(CHj;);). *C NMR
(100.66 MHz, CDCl,), 6 167.2 (CN), 158.0 (C), 152.0 (C), 142.3
(C), 1402 (C), 137.2 (C), 136.8 (C), 127.2 (CH), 125.9 (CH), 125.3
(CH), 123.8 (CH), 121.6 (C), 117.7 (C), 59.2 (CH,), 35.0 (CH,),
34.5 (CH,), 342 (C), 34.1 (C), 31.6 (CH,), 31.5 (CH,), 31.3 (C),
29.8 (CH;,), 29.4 (CH3), 29.3 (C). MS(APPI): calcd for C;,H,oNO,S,
511.8; found, 534.3 (MNa"). Anal. Calcd for C;,H,,NO,S: C, 75.10;
H, 9.65; N, 2.74. Found: C, 75.26; H, 9.36; N, 2.44.

Synthesis of Lig’H,. A solution of 2-(bromomethyl)-4-methyl-6-
adamanthylphenol (1.00 g, 3.0 mmol) in THF (20 mL) was added
dropwise to a solution of 2-(mercaptoethylimino)methyl-4,6-dichlor-
ophenol (0.75 g 3.0 mmol) and triethylamine (0.42 mL) in THF (20
mL) and stirred for 2 h. The reaction mixture was worked up as
described above for Lig'H, giving Lig’H, in a final yield of 31%. 'H
NMR (400 MHz, CDCL,): § 8.15 (s, 1H, NCH), 7.41 (d, 1H, ] = 2.4
Hz, ArH), 7.14 (d, 1H, J = 2.4 Hz, ArH), 6.99 (d, 1H, ] = 1.6 Hz,
ArH), 6.73 (s, 1H, ArH), 3.78 (s, 2H, ArCH,S), 3.66 (t, 2H, ] = 6.3
Hz, CH,), 2.74 (t, 2H, ] = 6.5 Hz, CH,), 2.24 (s, 3H, ArCH,), 2.12
(bs, 6H, adamantyl), 2.07 (bs, 3H, adamantyl), 1.77 (bs, 6H,
adamantyl). 3C NMR (100.66 MHz, CDCL,): § 165.3 (CN), 157.3
(C), 1529 (C), 138.9 (C), 133.1 (CH), 129.9 (C), 129.8 (CH), 129.4
(CH), 128.4 (CH), 123.7 (C), 123.4 (C), 122.8 (C), 120.1 (C), 58.7
(CH,), 41.4 (CH,), 37.8 (CH,), 37.6 (C), 34.8 (CH,), 32.1 (CH,),
29.8 (CH), 21.5 (CH,). MS(APPI): calcd for C,,H;,C,NO,S, 504.5;
found, 526.1 (MNa*). Anal. Calcd for C,,H;;CLLNO,S: C, 64.28; H,
6.19; N, 2.78. Found: C, 63.83; H, 6.11; N, 2.74

Synthesis of Lig°H,. A solution of 2-(bromomethyl)-4-methyl-6-
adamanthylphenol (0.93 g, 2.8 mmol) in THF (20 mL) was added
dropwise to a solution of 2-(mercaptoethylimino)methyl-4-methyl-6-
adamantylphenol (0.91 g, 2.8 mmol) and triethylamine (0.38 mL) in
THF (20 mL) and stirred for 2 h. The reaction mixture was worked up
as described above for Lig'H, giving Lig®H, in a final yield of 20%. 'H
NMR (400 MHz, CDCL,): § 8.23 (s, 1H, NCH), 7.08 (d, 1H, J = 2.0
Hz, ArH), 6.98 (d, 1H, J = 1.9 Hz, ArH), 6.88 (d, 1H, ] = 1.8 Hz,
ArH), 6.76 (d, ] = 1.7, 1H, ArH), 3.77 (s, 2H, ArCH,S), 3.64 (t, 2H, |
= 6.4 Hz, CH,), 2.72 (t, 2H, ] = 6.6 Hz, CH,), 2.28 (s, 3H, ArCH,),
224 (s, 3H, ArCH;), 2.17 (m, 6H, adamantyl), 2.13 (m, 6H,
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adamantyl), 2.07 (bs, 6H, adamantyl) 1.77 (bs, 12H, adamantyl). '*C
NMR (100.66 MHz, CDCL,): § 167.8 (CN), 159.1 (C), 153.1 (C),
138.8 (C), 1382 (C), 131.5 (CH), 130.2 (CH), 129.7 (C), 129.6
(CH), 128.2 (CH), 127.5 (C), 122.9 (C), 118.9 (C), 59.9 (CH,), 41.3
(CH,), 41.0 (CH,), 37.9 (CH,), 37.8 (CH,), 37.7 (C), 37.6 (C), 34.9
(CH,), 32.1 (CH,), 29.8 (CH), 29.8 (CH), 21.5 (CH,), 21.4 (CH,).
MS(APPI): caled for C3sH,oNO,S, 583.9; found, 606.3 (MNa*). Anal.
Caled for C35H,gNO,S: C, 78.17; H, 8.46; N, 2.40. Found: C, 77.89;
H, 8.16; N, 2.12.

Synthesis of Lig'Zr(O-tert-Bu),. Lig'H, (47 mg, 0.10 mmol) was
dissolved in ca. 2 mL of ether and was added dropwise to a solution of
Zr(O'Bu), (38 mg, 0.10 mmol) at room temperature. The solution
was stirred for 2 h after which the solvent was removed under vacuum
and the resulting yellow solid was washed with pentane (49 mg, 70%).
'H NMR (400 MHz, C¢Dq): 6 7.71 (d, 1H, ] = 1.8 Hz, ArH), 7.29 (d,
1H, ] = 1.8 Hz, ArH), 7.24 (s, 1H, NCH), 6.94 (d, 1H, J = 2.0 Hz,
ArH), 6.63 (d, J = 2.4, 1H, ArH), 3.50 (bs, 2H, CH,), 2.85 (bs, 2H,
CH,), 191 (m, 2H, CH,), 1.75 (s, 9H, C(CH,);), 1.29 (s, 27H,
C(CHj),). 3C NMR (100.66 MHz, C¢Dy): & 167.8 (CN), 160.7 (C),
1584 (C), 139.1 (C), 138.6 (C), 129.7 (CH), 129.6 (CH), 128.5
(CH), 128.1 (CH), 124.9 (C), 123.4 (C), 122.1 (C), 119.8 (C), 59.2
(CH,), 35.5 (CH,), 34.5 (CH,), 33.9 (C), 32.5 (CH,), 31.3 (CH,),
31.1 (C), 29.7 (CH,). Anal. Calcd for C3,H,,CL,NO,SZr: C, 54.60; H,
6.73; N, 1.99. Found: C, 53.82; H, 6.43; N, 1.75.

Synthesis of Lig?’Zr(O-tert-Bu),. Lig’H, (34 mg, 0.07 mmol) was
dissolved in ca. 2 mL of ether and was added dropwise to a solution of
Zr(O'Bu), (26 mg, 0.07 mmol) at room temperature. The solution
was stirred for 2 h after which the solvent was removed under vacuum,
yielding a yellow solid quantitatively (55 mg). "H NMR (400 MHz,
C¢Dg): 6 7.34 (s, 1H, ArH), 7.30 (s, 1H, ArH), 7.28 (s, 1H, NCH),
6.65 (s, 1H, ArH), 6.63 (s, 1H, ArH), 3.68 (d, 1H, J = 11.7, CH), 3.08
(d, 1H, J = 12.6, CH), 3.02 (m, 1H, CH), 2.69 (m, 1H, CH), 2.47 (s,
3H, ArCHj;) 2.22 (m, 6H, adamantyl) 2.01 (m, 6H, adamantyl), 1.92
(m, 1H, CH), 1.86 (m, 3H, adamantyl), 1.67 (m, 1H, CH), 1.38 (s,
9H, C(CH,),), 1.25 (s, 9H, C(CH,);). 3C NMR (100.66 MHz,
C¢Dy): 6 167.7 (CN), 139.9 (C), 139.4 (C), 134.5 (CH), 132.5 (CH),
130.4 (CH), 126.6 (C), 125.8 (C), 124.0 (C), 123.5 (C), 120.3 (C),
59.7 (CH,), 41.2 (CH,), 38.0 (CH,), 374 (C), 352 (CH,), 334
(CH;), 316 (CH,), 30.1 (CH), 212 (CH,). Anal. Calcd for
C;sH,,CLNO,SZr: C, 56.81; H, 6.40; N, 1.89. Found: C, 56.98; H,
641; N, 1.85.

Synthesis of Lig>Zr(O-tert-Bu),. Lig®H, (46 mg, 0.09 mmol) was
dissolved in ca. 2 mL of ether and was added dropwise to a solution of
Zr(OBu), (37 mg, 0.09 mmol) at room temperature. The solution
was stirred for 2 h after which the solvent was removed under vacuum,
resulting in a yellow solid (62 mg, 90%). '"H NMR (400 MHz, C,Dy):
57.57 (d, 1H, J = 2.5 Hz, ArH), 7.40 (d, 1H, ] = 2.7 Hz, ArH), 6.95 (d,
1H, ] = 2.4 Hz, ArH), 6.69 (s, 1H, NCH), 6.52 (d, ] = 2.7, 1H, ArH),
431 (d, 1H, J = 12.2, CH), 3.67 (m, 1H, CH), 3.56 (d, 1H, J = 12.5,
CH), 2.11 (m, 3H, CH, CH,), 1.63 (s, 9H, C(CH,),), 1.58 (s, 9H,
C(CH,),), 1.38 (s, 9H, C(CHj;)3), 1.23 (s, 9H, C(CH,),). *C NMR
(100.66 MHz, C¢Dy): 5 165.9 (CN), 159.8 (C), 159.5 (C), 139.4 (C),
137.0 (C), 133.9 (CH), 130.3 (CH), 126.5 (C), 126.3 (CH), 124.1
(CH), 123.1 (C), 121.4 (C), 119.6 (C), 76.9 (C), 60.0 (CH,), 35.9
(CH,), 35.3 (CH,), 34.0 (C), 32.5 (CHs,), 31.7 (CH,), 30.5 (C), 29.7
(CH,). Anal. Calcd for C4,H,,CL,NO,SZr: C, 54.60; H, 6.73; N, 1.99.
Found: C, 54.90; H, 6.68; N, 1.70.

Synthesis of Lig*Zr(O-tert-Bu),. Lig*H, (42 mg, 0.08 mmol) was
dissolved in ca. 2 mL of ether and was added dropwise to a solution of
Zr(OBu), (32 mg, 0.08 mmol) at room temperature. The solution
was stirred for 2 h after which the solvent was removed under vacuum
and the resulting yellow solid was washed with pentane affording the
product quantitatively (63 mg). '"H NMR (400 MHz, C,Dy): & 7.69
(d, 1H, J = 2.5 Hz, ArH), 7.54 (d, 1H, ] = 2.2 Hz, ArH), 7.23 (s, 1H,
NCH), 6.93 (d, 1H, J = 2.4 Hz, ArH), 6.89 (d, ] = 2.4, 1H, ArH), 4.25
(d, 1H, J = 12.7, CH), 3.58 (d, 1H, J = 13.3, CH), 3.47 (m, 1H, CH),
2.50 (m, 1H, CH), 2.25 (m, 2H, CH,), 1.78 (s, 9H, C(CHj;)5), 1.61 (s,
9H, C(CH,),), 1.37 (s, 9H, C(CHj;)5), 1.35 (s, 18H, C(CHj;)5), 1.31
(s, 9H, C(CHj;);). *C NMR (100.66 MHz, C¢Dy): 6 167.8 (CN),
160.9 (C), 139.2 (C), 138.9 (C), 138.6 (C), 138.1 (C), 130.3 (CH),
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126.4 (CH), 124.7 (CH), 123.1 (CH), 121.1 (C), 76.9 (C), 75.8 (C),
60.1 (CH,), 36.7 (CH,), 36.3 (CH,), 35.9 (C), 34.7 (C), 33.6 (CHy,),
32.4 (CH,), 32.0 (CH,), 31.9 (C), 31.6 (C), 30.6 (CH,). Anal. Calcd
for CyoHNO,SZr: C, 64.29; H, 8.77; N, 1.87. Found: C, 63.36; H,
8.59; N, 1.54.

Synthesis of Lig°Zr(O-tert-Bu),. Lig®H, (49 mg, 0.10 mmol) was
dissolved in ca. 2 mL of ether and was added dropwise to a solution of
Zr(O'Bu), (38 mg, 0.10 mmol) at room temperature. The solution
was stirred for 2 h after which the solvent was removed under vacuum,
giving a yellow solid quantitatively (76 mg). '"H NMR (400 MHz,
Cg¢Dy): 6 7.33 (d, 1H, ] = 2.5 Hz, ArH), 7.07 (d, 1H, ] = 2.4 Hz, ArH),
6.86 (s, IH, NCH), 6.61 (d, 1H, J = 2.6 Hz, ArH), 6.50 (d, 1H, ] = 1.8,
ArH), 3.89 (d, 1H, ] = 13.9, CH), 3.36 (d, 1H, J = 13.9, CH), 3.08 (m,
1H, CH), 240 (m, 1H, CH), 2.24 (s, 3H, ArCH,), 2.14 (m, 6H,
adamantyl), 1.86 (m, 6H, adamantyl), 1.70 (m, 3H, adamantyl), 1.54
(s, 9H, C(CH,;);), 145 (m, 1H, CH), 1.22 (m, 1H, CH), 1.14 (s, 9H,
C(CH,);). ®C NMR (100.66 MHz, C(Dy): 6 164.0 (CN), 160.9 (C),
139.0 (C), 134.5 (CH), 131.7 (CH), 129.4 (CH), 1269 (C), 1254
(C), 123.9 (C), 121.4 (C), 120.9 (C), 77.2 (C), 76.2 (C), 61.3 (CH,),
412 (CH,), 37.7 (CH,), 37.5 (C), 36.5 (CH,), 33.3 (CH,), 33.2
(CH,), 31.8 (CH,), 30.1 (CH) 214 (CH,). Anal. Caled for
CysH,,CLNO,SZr-Et,0: C, 57.54; H, 7.06; N, 1.72. Found: C,
57.60; H, 6.61; N, 1.64.

Synthesis of Lig°Zr(O-tert-Bu),. Lig°H, (34 mg, 0.06 mmol) was
dissolved in ca. 2 mL of ether and was added dropwise to a solution of
Zr(OBu), (22 mg, 0.06 mmol) at room temperature. The solution
was stirred for 2 h after which the solvent was removed under vacuum,
giving a yellow solid quantitatively (55 mg). '"H NMR (400 MHz,
C¢Dg): 6 7.33 (s, 1H, NCH), 7.26 (d, 1H, J = 2.2 Hz, ArH), 7.15 (s,
1H, ArH), 6.58 (d, 2H, J = 1.8 Hz, ArH), 4.05 (d, 1H, ] = 13.7, CH),
348 (d, 1H, J = 13.7, CH), 3.11 (m, 1H, CH), 2.57 (m, 2H, CH), 2.48
(bs, 6H, adamantyl), 2.40 (m, 1H, CH), 2.31 (s, 3H, ArCHj,), 2.26 (m,
6H, adamantyl), 2.15 (s, 3H, ArCHj,), 2.10 (m, 3H, adamantyl), 1.85
(m, 12H, adamantyl), 1.64 (m, 3H, adamantyl), 155 (s, 9H,
C(CH,);), 1.16 (s, 9H, C(CH,);). *C NMR (100.66 MHz, C¢Dy):
5 166.5 (CN), 161.7 (C), 161.1 (C), 139.8 (C), 139.1 (C), 134.2
(CH), 132.7 (CH), 129.4 (CH), 128.9 (CH), 126.3 (C), 124.6 (C),
123.7 (C), 120.9 (C), 76.0 (C), 75.5 (C), 61.5 (CH,), 41.8 (CH,),
41.6 (CH,), 38.2 (C), 38.0 (CH,), 37.9 (CH,), 37.7 (C), 36.6 (CH,),
33.7 (CH;), 33.3 (CH,), 32.0 (CH,), 30.1 (CH), 30.0 (CH), 214
(CH,;), 21.1 (CHj). Anal. Caled for C,sHgNO,SZr: C, 67.43; H, 8.00;
N, 1.71. Found: C, 67.48; H, 7.52; N, 1.25.

General Polymerization Procedure. Bulk polymerizations of L-
lactide and rac-lactide were carried out by heating the monomer and
the catalyst in a closed glass vessel to 140 °C for a period of time by
which the melt had become viscous. Here, 10 mg of catalyst and a
300:1 lactide to catalyst molar ratio were employed for all
polymerizations. The polymerization runs were terminated by the
addition of 1 mL of methanol. The reaction mixture was dissolved in
dichloromethane, followed by removal of the volatiles under reduced
pressure. The resulting polymer was purified by stirring with excess of
methanol overnight to remove any unreacted monomer, filtered, and
dried under vacuum for 2 h. '"H NMR analysis of the PLA samples
obtained by polymerization of 1-lactide (400 MHz, CDCl;) indicated
that no epimerization occurred during the polymerization, and that the
polymer was isotactic, as was evident from a quartet (5.16 ppm) and a
doublet (1.58 ppm) in a ratio of 1:3.

Solution polymerization runs of rac-lactide in S mL of toluene were
carried out at 70 °C employing 10 mg of catalyst and a 300:1 lactide to
catalyst molar ratio. After 20 h the reaction was terminated by the
addition of 1 mL of methanol and the volatiles were removed under
vacuum. The resulting polymer was purified by stirring with excess of
methanol overnight to remove any unreacted monomer, filtered, and
dried under vacuum for 2 h. The homonuclear-decoupled 'H NMR
spectrum of the PLA samples (400 MHz, CDCl;) of the methine
region was consistent with the formation of chains that are
predominantly heterotactic, isotactic or atactic estimated from the
relative intensities of the rmr (5 5.23 ppm) and the mrm (5 5.16 ppm)
tetrads for heterotactic sequences and the mmm (5 5.17 ppm) tetrad
for isotactic sequences vs other tetrads (rmr § 5.23 ppm, mrm & 5.16
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ppm, rmm/mmr § 522 and 5.18 ppm, mmm § 5.17 ppm).2°~*
Molecular weight determination and PDI analysis were done by GPC
measurements.
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ABSTRACT: Acyclic diene metathesis polymerization (ADMET) was used to synthesize a series of perfectly regioregular
polyolefins, in which the number of backbone atoms between pendant terfluorene groups was precisely controlled at 8, 14, or 20
carbons. Analogous random copolymers containing identical chromophore densities were also synthesized to study the impact of
regioregularity on the performance of this class of materials in polymer light emitting diodes (PLEDs). Additionally, the
backbone alkene remnants of ADMET were saturated to generate materials with somewhat different ordering. These saturated
derivatives led to improvements in PLED external quantum efficiencies (EQEs) over their unsaturated analogues in most cases,
with a large improvement in one material. Charge mobility, as manifested in current density during PLED characterization, and
relative solid-state fluorescence quantum yield (®j) also exhibit reasonable dependencies, with longer distances between
electroactive groups yielding lower PLED current densities and higher ®y. Regioregularity has the opposite effect, giving rise to
higher current densities and lower @y as compared to regiorandom analogues.

B INTRODUCTION

As global economic development occurs, the demand for cheap,
energy-efficient displays and lighting continues to increase,' >
placing higher demands on our understanding of design
parameters for fabrication of high performance polymer light
emitting diodes (PLEDs). These devices can be processed from
solution by, for example, ink jet printing or spin coating, as
opposed to the costly processes requiring high temperature,
ultra clean conditions and high vacuum needed in inorganic
LED and small molecule OLED construction. Thus, PLEDs
afford a low cost option for the fabrication of large and or
flexible displays such as television screens, computer monitors,
and large emissive lighting surfaces.*” "

However, even state-of-the-art PLEDs currently suffer from
lower performance compared to their inorganic and molecular
counterparts.>>* Figure 1 shows that the design of efficient
PLEDs necessitates a balance of hole and electron mobilities,
which must also be sufficiently high, to ensure that charge
recombination occurs near the center of the emissive layer of
the device.”**>™>" For those based on emission from singlet

- ACS Publications  © 2012 American Chemical Society
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excitons, high fluorescence quantum yields (@) are required as
well. However, attaining high performance in both parameters
for one material is quite challenging. Highly ordered organic
semiconductors tend to exhibit increased charge mobility over
their amorphous counterparts,””**™>® but ordering may
simultaneously reduce @y, by enhancing quenching mechanisms
via increased energy migration and formation of non emissive
complexes.*

Donor—donor energy migration (DDEM, also referred to as
homo resonance energy transfer), a process closely related to
Forster resonance energy transfer (FRET) but between
chemically identical species,"® " enhances quenching in
fluorescent materials by allowing excited state energy to
migrate via adjacent identical fluorophores to either dark
complexes (static quenching) or to fluorophores which have a
greater propensity to undergo dynamic quenching as a result of
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Figure 1. Schematic of the various processes leading to quenching or light emission that may occur in a PLED.

their microenvironments;** %> the latter is referred to as partial
donor—donor energy migration (PDDEM).®*% The rate of
resonance energy transfer (RET) is dependent on, among other
variables, the distance between energg donor and energy
acceptor to the inverse sixth power.**%””° Therefore, increasing
the intermolecular distance between the fluorophores of
interest is advantageous if one wishes to reduce the effects of
RET. Particularly, in PLEDs and OLEDs, unintentional RET is
disadvantageous as it reduces the device’s external quantum
efficiency (EQE) by enhancing the effects of both self-
quenching and quenching due to impurities such as residual
transition metal catalysts. However, the immediate solution of
increasing the distance between chromophores may be
deleterious to device performance, since charge mobility will
simultaneously drop. The obvious question is “how distant
should chromophores be to limit quenching while, still allowing
for sufficiently high charge mobility for exciton generation?”
One might attempt to approach the problem theoretically,
however calculation of the resulting changes in DDEM,
PDDEM, and FRET rates upon variation of the aforemen-
tioned distance, and ultimately the corresponding changes in
D, requires knowledge of the geometric attitude of the donor
with respect to the acceptor for calculation of the orientational
factor (k*) in the Forster treatment.>>~>”%*~7! This parameter
is extremely difficult or even impossible to predict for materials
of the general type presented here, particularly in the solid
state, where orientational randomization is quite slow and
precludes the oft used approximation of ¥* = 2/3, which is valid
for small molecules in solution.>>~>7¢67687%71 Eyrthermore,
estimation of the variation in charge mobility, which will
invariably result from such structural changes, is impossible at
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the current level of theory, and charge injection rates remain an
additional theoretical problem.72 Therefore, an empirical
structure—property study to assess the impact of chromo-
phore—chromophore distance variation on PLED performance
is necessary.

To determine the effects of chromophore separation on
device parameters, we have prepared a set of perfectly
regioregular electroactive polyolefins with carefully controlled
average chromophore—chromophore distances. As shown in
Figure 2A, regioregular electroactive polyolefins comprise a

R Ay g Ry Iy

B
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D

Figure 2. Architecture of polymeric electroptic materials.
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Scheme 1. Synthetic Approach to Regioregular Electroactive Polyolefins and Two Regiorandom Analogues
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class of materials in which the active pendant group occurs at
exactly defined backbone run length intervals (spacer
1engths).73’74 These regioregular materials are analogous to
previously reported vinyl type or regiorandom polymers
containing pendant electroactive moieties (Figure 2B).>~*
Similar to main chain 7-functional materials (Figure 2C), 48
pendant z-functional polymers offer the opportunity for
inclusion of various electroactive units, which may serve their
purposes cooperatively (e.g., various chromophores for white
emission, emissive units and charge transporters, etc.) ">
and thus afford an interesting and relatively new avenue for
exploration into optoelectronic materials, as compared to
conjugated polymers (Figure 2D).

Good control over the average distance between chromo-
phores can be accomplished via acyclic diene metathesis
polymerization (ADMET) of symmetric a,-diene functional-
ized chromophores followed by alkene hydrogenation or, as
was demonstrated in our earlier work, by post polymerization
coupling of chromophore fragments to regioregular borylated
polyolefins.”*’* In the work reported here, terfluorenylidenes
were placed pendant to fully linear polyethylene at exactly
defined spacer lengths via the former method. We have found
that polymers with longer spacer lengths exhibit higher PLED
performance, despite yielding reduced current densities at
identical device driving voltages. Furthermore, analogous
regiorandom polymers exhibit enhanced relative solid-state
@y, presumably due to relatively reduced ordering and
therefore less quenching. However, they also exhibit somewhat
lower charge mobilities, as manifested in reduced PLED current
densities, also resulting from their disorder. The concepts
demonstrated here may also prove useful in the design of
polymers for other @ dependent devices such as scintillation
detectors”'°" and luminescent solar concentrators.'?>'%

B EXPERIMENTAL SECTION

Materials and Instrumentation. All materials were purchased
from Aldrich and used as received, unless noted otherwise. Absorption
spectra were measured with a PerkinElmer Lambda 25 UV-—vis
spectrometer. Photoluminescence spectra were obtained using a
Horiba Jobin Yvon Fluorolog-3 fluorimeter.

Synthesis. Synthesis of these materials was briefly described
elsewhere;”® however, due to length constraints, characterization was
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limited to differential scanning calorimetry and gel permeation
chromatography of the polymers. Complete characterization of all
materials, including NMR, mass spectrometric data, and elemental
analysis is now fully divulged in the Supporting Information for this
article.

Device Fabrication and Characterization. PLEDs were
fabricated with a device architecture of glass/ITO/PEDOT:PSS/
polymer/LiF/Al. Prepatterned indium tin oxide (ITO) coated glass
(25 mm X25 mm) was used with either a 12 or 20 Q/[] resistance.
ITO-coated glass was cleaned by sequential sonication in sodium
dodecyl sulfate solution, 182 MQ MiliQ water, acetone, and 2-
propanol. Immediately following 2-propanol sonication, substrates
were blown dry with nitrogen and exposed to oxygen plasma for 20
min. Under a particle free hood, substrates were spun cast with
PEDOT:PSS (Baytron P VP Al 4083 which was filtered through 0.45
um nylon filters) at 5000 rpm for 45 s, then annealed for 20 min at
130 °C in an Ar filled glovebox with H,O and O, concentrations of
less than 0.1 ppm. In the glovebox, active layer solutions were
prepared at 15 mg/mL concentrations in anhydrous and deoxygenated
chlorobenzene and spun cast onto the PEDOT:PSS coated substrates
for 60 s at 1000 rpm. Cathodes consisting of 1 nm LiF and 100 nm Al
were thermally deposited on the substrates at a pressure of 1 X 107°
mbar through shadowmasks defining 8 pixels/substrate, each with an
area of 0.071 cm?. Electroluminescence spectra were collected using an
ISA SPEX Triax 180 spectrograph, maintained at ~140 K, with a
Keithley 2400 sourcemeter driving the device at a constant current.
Radiant emittance and current density data were acquired using a
custom written LabVIEW program coupled with a calibrated UDT
Instruments silicon diode and a Keithley 2400 sourcemeter.
Luminance data were collected using a Konica CS-100 minolta
chromameter with the device at a constant voltage bias.

B RESULTS AND DISCUSSION

Synthesis and Physical Characterization. Perfectly
regioregular polymers of the general architecture shown in
Figure 2A may be synthesized in at least one of two ways. In
our first report, we described a general method which allows for
Suzuki coupling of aryl groups to regioregular borylated
fluorene functionalized polyolefins.”* However, this method
was limited to polymers with no more than one electroactive
group on every 21st polymer backbone carbon. This limitation
was the result of solubility issues stemming from ionization of
the polymer during the Suzuki coupling step. As shown in
Scheme 1, this problem has been alleviated by reversing the
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order of synthesis from post polymerization modification for
installation of the chromophore to polymerization of fully
functionalized monomers. The latter method allows for
increased chromophore density, and materials containing
chromophores on exactly every 21st, 15th, and ninth carbon
have been prepared (though presumably, these numbers could
be raised or lowered further via known synthetic proto-
cols'”’7'%). Furthermore, the choice of terfluorenylidenes as
the active species allows for hydrogenation of the residual
backbone olefin after ADMET, thus providing a handle on
material morphology, which is known to dramatically change
upon olefin hydrogenation in similar polymers."'® The
regioregularity of these polymers, as opposed to the
regiorandom materials produced in various copolymerizations,
and the distribution of chromophore densities over a
reasonable range, provides good control over the average
distance between electroactive groups in a set of materials.
Their interchromophore distances as well as any potential
aggregates’ sizes and shapes should exhibit greater homogeneity
(reduced polydispersity in distance/size/shape) than in
analogous random copolymers, as previously observed in
other systems containing interactive pendant groups.ln’112
Although the synthesis of the polymers in this work was
reported previously,”> the design rationale and issues
encountered during their preparation were not provided in
detail, thus a more thorough discussion can be found in the
Supporting Information.

Characterization of the polymers by gel permeation
chromatography (GPC), differential scanning calorimetry
(DSC), polarized optical microscopy, and atomic force
microscopy (AFM) was carried out. The GPC and DSC data,
were reported previously”? and can also be found in the
Supporting Information. Molecular weights were high in all
cases (M, = 21—65 kDa), although P-3,3-TF (21 kDa) and P-
3,3-TF-S (22 kDa) exhibited somewhat lower M, and PDI due
to a cyclization issue also discussed in the Supporting
Information. No melting transitions were detected during
DSC experiments up to 200 °C at various scan rates ranging
from 1 to 20 °C/min, and no birefringence was observed under
polarized light microscopy. To further probe morphology, AFM
measurements were carried out on spun cast polymer films;
however, we again observed no unique features in any polymer.
Instead, AFM indicated only very flat surfaces with root mean
squared surface roughnesses around 0.3 nm (see Supporting
Information for micrographs).

UV-Vis Characterization. To assess whether or not
control over @y in this system was achieved, thin films with
nearly identical optical densities (+5%) were prepared by spin
coating onto glass substrates from dilute solutions of each
polymer in chloroform. Using identical instrument parameters,
the front face fluorescence spectra of each film was then
measured and corrected for the small changes in optical density
of each sample (see Figure 3). Each measurement was carried
out in duplicate after rotating the substrate 90°, and two films
were prepared for each polymer (total of four measurements
each).

Except for P-9,9-TE-§, it is evident that the relative @y
increases as the spacer between each fluorophore increases in
length, and that regiorandom analogues also exhibit increased
@g. Both increases in @y are presumably due to reduced 7—7
interaction, which is known to systematically vary as a function
of copolymer composition in regiorandom pendant z-func-
tional materials;*’™*° reduced 7—7z interactions lead to
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Figure 3. Solid-state absorbance and front-face fluorescence spectra
(corrected for optical density at excitation = 350 nm). Error bars are
95% confidence intervals for the corrected fluorescence intensity at
Amax- All data points used to create the plots were averaged over four
trials.

decreased energy migration and quenching. Furthermore, as
evidence against the possibility of method error or false results
due to various levels of residual transition metal catalyst
contamination, we carried out similar comparative fluorescence
measurements in chloroform solution; all polymers exhibited
identical fluorescence intensities and therefore identical ®y (see

Figure 4).
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Figure 4. Chloroform solution absorbance and fluorescence spectra
(corrected for optical density at excitation =350 nm) for all polymers.

Careful examination of the data will show that P-9,9-TF-S is
the only polymer which does not fit the aforementioned spacer
length trend; indeed, it has the lowest ®; of the backbone-
saturated polymers. This is perhaps the result of a unique
morphology relative to the other materials. However, as
previously discussed, we have been unable to directly observe
any morphological features by AFM or optical microscopy in
any of these materials.

PLED Fabrication and Characterization. Having dem-
onstrated systematic control of solid-state @ through polymer
backbone run length variation, we were motivated to prepare
relatively simple PLEDs using a Glass/ITO/PEDOT:PSS/
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ActiveLayer/LiF/Al architecture. Electroluminescence spectra,
radiant emittance, current density, and luminance data were
collected for each device, and EQEs were calculated.

As shown in Figure 5, all devices exhibited similar but subtly
different electroluminescence spectra. This is to be expected

1.0
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1 ~—— P-6,6-TF-S
084 —— P-9,9-TF-S
—— P-R21-TF-S
> 0.6
@
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Wavelength (nm)

Figure 5. Normalized electroluminescent spectra of saturated
polymers.

since each polymer contains identical chromophores but
differing degrees of interaction between them. On the other
hand, device performance varies greatly. Figures 6 and 7 show

109 —a—p33TF
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Figure 6. Luminance and current density vs driving voltage for devices
fabricated from unsaturated polymers.

the current density and luminance as a function of applied
voltage for devices fabricated from unsaturated and saturated
polymers, respectively. These data are from single devices;
however, device reproducibility is excellent as indicated by
averaged EQE data shown in Figure 8. Examination of the
current density plots for each device reveals an interesting
trend; as the polymer backbone run length separating pendant
chromophores increases, current density at identical driving
voltages decreases. This is presumably due to reduced charge
mobilities resulting from lower chromophore densities and
longer hopping distances. Furthermore, regiorandom P-R21-
TF, which is an analogue of P-9,9-TF, exhibits a somewhat
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Figure 7. Luminance and current density vs driving voltage for devices
fabricated from saturated polymers.
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Figure 8. Average EQEs measured from eight pixels per polymer
(error bars represent a full standard deviation).

lower current density. One might attribute this difference to
reduced charge mobility resulting from reduced ordering in the
regiorandom polymer; however, P-R21-TF-S and P-9,9-TF-S
devices show nearly identical current densities, although the
latter is somewhat special in its characteristics, as will be
discussed below.

In contrast with the current density and solid-state @y, data,
which shows general spacer length effects, device luminance
output is somewhat less systematic. Instead, P-3,3-TF, P-3,3-
TE-S, P-6,6-TF, and P-6,6-TF-S show similar luminance (<35
cd/m?), P-R21-TF and P-R21-TF-S show some improvement
(max of 43, 45 cd/m” respectively), while P-9,9-TF and P-9,9-
TE-S show far greater luminosity (max of 93, 366 cd/m?
respectively). Finally, EQEs have been calculated and are
shown in Figure 8. Again, a general trend emerges, with longer
backbone run lengths resulting in improved EQEs, thus it can
be concluded that lower chromophore densities are actually
beneficial to the efficiency of this class of materials in PLEDs.
Additionally, for all polymers except P-9,9-TE-S, device EQE
was only slightly effected by backbone saturation; however in P-
9,9-TE-S, saturation led to an over 2-fold improvement in EQE.
Much like the fluorescence and PLED luminance measure-
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ments, in which P-9,9-TF-S was an outlier, such an improve-
ment indicates again that morphological changes may have
occurred as a result of backbone saturation in this polymer and
that such changes play an important role in its performance.
Furthermore, electrode surface texturization, which will be
discussed below, provides additional evidence for morpho-
logical differences between the materials studied here.

Having demonstrated systematic control of PLED EQE via
spacer length variation, it is important to discuss two
anomalous observations: emergence of gold coloration on the
aluminum electrode surface of only P-9,9-TE-S devices,
indicative of morphological changes leading to surface
texturization, as well as temporal and spatial modulation of
PLED pixel luminosity. As expected, vacuum-deposited
aluminum electrodes for all other devices were bright silver in
color (see Figure 9). Here again, the morphological differences

Figure 9. Optical microscope images of electrode surfaces on P-9,9-
TE-S and, as a representative image, P-3,3-TF-S devices.

in P-9,9-TF-S are highlighted by the occurrence of electrode
surface coloration/texturization; however, attempts to elucidate
the nature of this phenomenon via AFM of the electrode have
proven quite challenging.

The observation of spatial and temporal fluctuation of PLED
luminosity (see Figure 10) is somewhat less puzzling. Since the

Figure 10. Sequence of time lapsed photographs of P-9,9-TF-S pixel at
a constant driving voltage of 13 V beginning at device turn on (top
left) and ending 22.5 s later (bottom right).

T,s of these materials are relatively low (22—50 °C, see
Supporting Information), we believe the fluctuation results
from Joule heating, which has been demonstrated to raise the
temperature of PLEDs by several tens of degrees,'*™""® thus
providing the polymer chains with sufficient thermal energy to
undergo long-range segmental motion. This would allow
microdomains to temporarily attain a highly emissive
morphology before temporarily changing to a darker one.
Furthermore, overall luminance increases over the first few
seconds of device operation before reaching a plateay,
indicating that Joule heating is, in this case, beneficial to device
performance. The luminosity fluctuation continues until the
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device is turned off or is driven to burn out at high voltage
biases. Annealing at 80 °C (well above polymer T,s) before
carrying out measurements makes no difference in EQE or the
occurrence of the luminosity fluctuation. We are currently
investigating the possibility of utilizing the residual backbone
alkenes in the unsaturated polymers for cross-linking, as this
would reduce the segmental motion hypothesized as the cause
of this optical phenomenon.

B CONCLUSIONS

We have synthesized and characterized a series of six perfectly
regioregular electroactive polyolefins and two regiorandom
analogues. Differential scanning calorimetry and polarized
optical microscopy illustrate that these materials are amor-
phous. They exhibit spacer length dependent solid-state @,
PLED current densities (presumably resulting from spacer
length dependent charge mobilities), and PLED EQEs. In
summary, longer spacer lengths result in higher ®g, lower
charge mobility (as manifested in PLED current density), and
higher PLED EQE. Furthermore, by comparing the four P-9,9
and P-R21 derivatives, we found that regioregularity reduces
solid-state @p. Interpretation of current densities in the set of
four is less straightforward; charge mobility was improved by
regioregularity in the unsaturated pair but not in the saturated
pair (which we believe is a special case due to suspected
morphological differences in P-9,9-TF-S). While the PLED
performance of this series of polymers leaves much to be
desired, we believe the general trends which they exhibit will be
useful in the design of new electroactive materials based on
pendant z-functional architectures, and their direct application
in other @y dependent devices such as scintillation detectors or
luminescent solar concentrators may prove more valuable.
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ABSTRACT: To date, (n, m) single-walled carbon nanotubes (SWNTs) cannot be selectively synthesized. Therefore,
postprocessing of SWNTs including solubilization and sorting is necessary for further applications. Toward this goal, we have
synthesized a polymer library consisting of fluorene- and carbazole-based homo- and copolymers. Variations of the connection of
these aromatics together with the incorporation of further conjugated monomers give access to a broad diversity of polymers.
Their ability to selectively wrap specific (n, m) species is investigated toward HiPco SWNTSs raw material which contains more
than 40 (n, m) species. Absorption and fluorescence spectroscopies were used to analyze SWNTs/polymer suspensions. These
results provide evidence for selective SWNT's/polymer interactions and allow a more detailed assessment of polymer structure—
property relationships, thus paving the way toward custom synthesis of polymers for single (1, m) SWNTSs extraction.

B INTRODUCTION

Single-walled carbon nanotubes (SWNTs) exhibit unique
physical and mechanical properties, making them excellent
candidates for applications in the fields of optics, electronics,
high-strength fibers, and electrolytes." The corresponding raw
materials are produced in bulk scale using several different
processes including chemical vapor deposition (CVD), laser
vaporization, or arc discharge. However, all these methods are
not selective in terms of electronic structure type (metallic or
semiconducting) or chiral angle (n, m).2 Despite many efforts in
this direction, selective synthetic methods yielding monodis-
perse (n, m) SWNT samples are still not available. As their
physical properties are mainly dictated by their chiral angle,
postprocessing including sorting of SWNTs is needed to tackle
fundamental issues as well as for applications in electronics,
optoelectronics, and photonics.?

Any postprocessing approach requires the preparation of
SWNT suspensions, either using covalent or noncovalent

-4 ACS Publications  © 2011 American Chemical Society
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functionalization.* The former approach induces defects on
the SWNT sidewalls which degrade their physical properties. In
the latter approach, the SWNT intrinsic properties remain
mainly unchanged due to the preservation of the sp>-carbon
hybridization of their backbone. This approach was chosen to
solubilize SWNTs for enrichment and sorting and several
methods were developed for this purpose, which include DNA
wrapping followed by ion-exchange chromatography,” solubili-
zation using detergents followed by either dielectrophoresis,®
density gradient centrifugation’ or nonlinear density gradient
centrifugation,® dispersion with small molecules,” or polymer
wrapping.'® Recently, several types of conjugated polymers have
been shown to be selective toward a few (n, m) species like
poly(9,9-dialkyl-2,7-fluorene) for large chiral angles (close to
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armchair: 6 > 25°)'%M or poly(N-decyl-2,7-carbazole) for
lower chiral angles (typically 10° < 6 < 20°)."® At the same
time they also exhibit strong selectivity toward semiconducting
SWNTs. This approach is of great interest due to the relatively
cheap availability of these materials and due to the perspectives
for further improvement thanks to the great variety of structural
modifications possible with these types of structures.

Despite numerous studies comprising experimental probes as
well as molecular modeling of polymer/SWNT interactions, the
reasons for selective solubilization of SWNTs are not fully under-
stood.'*™"? In order to investigate the correlation between the
polymer structures and its SWNT dispersing features, a
systematic variation of the polymers structure is desirable.
Here we have therefore investigated a small polymer library
comprising homo- and copolymers based on 9,9-didodecyl-
fluorene and N-alkylcarbazole units connected either in the
2,7 or 3,6 position. The selectivity of these polymers was
investigated toward HiPco SWNTs as this material contains
more than 40 different (n, m) tube types ranging from 0.7 to
1.3 nm diameter."® Despite a wide range of parameters able to
influence the polymer/SWNT interactions, significant informa-
tion based on polymeric structural aspect was identified.
Although many variables are still not identified, the structural
diversity of the library allows to get more insight into specific
interactions of polymer/SWNTs and hopefully paves the way
toward custom sorting of single (1, m) species.

B RESULTS AND DISCUSSION

Synthesis of Monomers and Polymers. The library
comprises four families which include 23 homo- and copoly-
mers stemming from (i) 9,9-didodecyl-2,7-fluorenyl, (i) 9,9-
didodecyl-3,6-fluorenyl, (iii) N-alkyl-2,7-carbazolyl, and (iv)
N-alkyl-3,6-carbazolyl. Additionally, combinations of the
aforementioned subunits either with available dihaloaromatics
or with themselves completed the collection of copolymers. An
overview of the library is given in Table 1. All these conjugated
polymers were synthesized by Suzuki coupling, except for
polymer PS which was synthesized by Yamamoto coupling and
polymer P9 which was assembled by Kumada coupling
(Scheme 3). Details of synthetic procedures for monomers
and polymers are given in the Supporting Information. The
synthesis of several polymers presented in this study has alread
been reported, namely polymers P1,'* P7,'®® and P15—P20.'"

Yamamoto and Kumada couplings required dihaloaromatics
as buiding blocks, whereas Suzuki cross-coupling required
boronic esters and a building block comprising two halides or
pseudohalides. Diboronic esters 2,5 419 3nd 6'° were used in
this study to access the diversity of the library. They were
synthesized by palladium-catalyzed Miyaura borylation of their
corresponding dibromides 1, 3, and §, respectively (Scheme 1).
Monoboronic ester 12 (Scheme 2) was synthesized by
monolithiation of dibromide 11'7 followed by quenching with
isopropoxypinacolborane, yielding monomer 12 in 37% yield.
The synthesis of 3,6-dibromofluorene 9 was shortened from
five to three steps'® by starting from the commercially available
phenanthrenequinone to access 3,6-dibromo-9,9-didodecyl-
fluorene 10 after alkylation (Scheme 2). Direct reduction of
ketone 8 using either hydrazine hydrate'® or polysiloxane in
combination with tris(pentafluorophenyl)borane afforded
3,6-dibromofluorene in good yields. Reduction of ketone 8
using magnesium in dry methanol yields the alcohol.*® Other
haloaromatics were commercially available or synthesized
according to the literature (see Supporting Information).
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For convenience, the yields and molecular weights of the
polymers described in this article are summarized in Table 2.
Diboronic ester 2, which displays a 2,7-fluorenyl moiety, was
used to synthesize a large part of the library and was reacted in a
Suzuki coupling with 11 comonomers to access a variety of
polymers. Thus, reaction with its parents 2,7-dibromo-9,9-
didodecylfluorene 1 yielded poly(9,9-didodecylfluorene-2,7-diyl)
P1, in very good yield (99%). Copolymer P2, featuring a 2,7 and
a 3,6 fluorenyl moiety, was obtained by reaction of diboronic
ester 2 with dibromid 10 in very good yield (99%). Strictly
alternating copolymers P6 and P10, in which a 2,7 and 3,6
carbazolyl moiety is installed, were synthesized from dibromide 3
and 11 in 98% and 94% yield, respectively. Electron-withdrawing
groups such as BTD (benzo-2,1,3-thiadiazole) and anthraqui-
none were also introduced via their corresponding 4,7-dibromo-
2,1,3-benzothiadiazole and 1,5-dichloroanthraquinone to yield
polymers P13 and P15 in 96% and 80% yields, respectively.
Finally, a series of five polyaromatics comonomers were reacted
with diboronic ester 2, namely 1,4-dibromonaphthalene, 1,5-
bis(trifluoromethylsulfonyloxy)naphthalene, 1,5-dibromoanthra-
cene, 2,6-dibromoanthracene, and 9,10-dibromoanthracene to
access polymers P23 (90%), P17 (95%), P19 (88%), P21
(94%), and P22 (88%), respectively.

Diboronic ester 4, displaying a 2,7-carbazolyl moiety, was also
reacted in a Suzuki coupling with various (pseudo)haloaromatics
to access a large diversity of polymers. Reaction with its parent
dibromide 3 yielded poly(N-decyl-2,7-carbazole) in P7 in 76%
yield. Polymers P3 and P11, which display a 3,6-fluorenyl and
carbazolyl moieties, were obtained from dibromide 10 and 11 in
94 and 89% vyield, respectively. The reddish polymer P14 was
synthesized from dibromide § in 29% yield. The low yield might
be attributed to the low solubility of this polymer. Finally,
reaction of diboronic ester 4 with 1,5-dichloroanthraquinone,
1,5-bis(trifluoromethylsulfonyloxy)naphthalene, and 1,5-dibro-
moanthracene allowed the synthesis of polymers P16 (39%),
P18 (97%), and P20 (79%), respectively.

Diboronic ester 6 was reacted first with dibromide 10 to
access polymer P4 (87%) which allowed the introduction of a
BTD moiety to a 3,6-fluorenyl moiety. Moreover, the low
solubility of polymer P14 led us to increase the number of
carbon atoms in the N-alkyl side chain. Thus, diboronic ester 6
was reacted with carbazole 7, which displays a branched
2-hexyldecyl chain at the carbazole nitrogen atom, to give the
reddish polymer P8 in 76% yield.

Finally, three homopolymers were obtained as follow. A
Suzuki coupling of the bifunctional carbazole 12 yielded poly(N-
decylcarbazole-3,6-diyl) P12, and homopolymer PS was
obtained via Yamamoto homocoupling of its corresponding
dibromide 10. As previously observed for similar 3,6-linked
structures, it should be noticed that "H NMR spectrum and
SEC data of PS5 and P12 point at the presence of cyclic
oligomers within the polymer sample.'®*' The first attempt to
synthesize polymer P9 was performed via a Yamamoto coupling
of dibromide 7 which yielded high molecular weight polymer P9
barely soluble in toluene (see Supporting Information). As
further investigation of the polymers takes place in toluene, the
polymers should be soluble in this solvent. Therefore, dibromide
7 was engaged in a Kumada coupling to yield a lower molecular
weight polymer P9 (M, = 1189 g mol") which exhibits much
higher solubility in common organic solvents including toluene.

Preparation of Polymer/SWNT Dispersions. Dispersions
of SWNT's were obtained by sonicating pristine HiPco SWNT's
in toluene with an excess of the polymer under investigation.

dx.doi.org/10.1021/ma201890g | Macromolecules 2012, 45, 713—722
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Scheme 1. Synthesis of Boronic Esters 2, 4, and 6 Used for
the Synthesis of the Polymer Library”
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“Reagents and conditions: (a) PdCL,(dppf), bis(pinacolato)diboron,
dioxane, 80 °C, overnight.

For most of the polymers, the DGC did not allow a signifi-
cant enrichment of the dispersions and similar PL maps were
obtained before and after DGC. Figure 2 presents the chiral
angle () vs diameter (@) maps of these suspensions, and Figure 3
contains their corresponding relative intensities (versus sodium
cholate as described in the previous paragraph). However, we
observed a clear enhancement of the selectivity caused by DGC
for three copolymers comprising a 9,9-didodecyl-2,7-fluorenyl
subunit (P6, P13, and P23). The corresponding chiral angle
(6) vs diameter (@) maps obtained from PL maps before and
after DGC treatment are presented in Figure 4.

In order to get a qualitative estimate of the SWNT dispersion
efficiency of HiPco tubes for each polymer (i.e, how many
SWNTs from the parent HiPco mixture are suspended by a
polymer regardless to the (n, m) indice), the sum of the
intensities of all PL maps peaks attributed to SWNTs (before
DGC) was considered. This estimation does not consider any
difference in quantum yields of each SWNT as the data required
to provide an analysis considering individual quantum yields
for each (polymer-wrapped) SWNT type are not available until

now. Thus, the polymers were classified into three categories
according to the amount of SWNT (in mg/L) which was
dispersed (cf. Table S1 in Supporting Information and related
color code in Table 1). Note that this qualitative estimation
depends on the parent composition of HiPco tubes. Having a
polymer which exclusively selects a (1, m) species which has
a low concentration in the starting raw material would lead to a
low concentration in the polymer/SWNT suspension. More-
over, this estimation fits fairly well with the absorption spectra of
the suspensions displayed in Figure S2. Because of a low signal-
to-noise ratio, the absorption spectra of low concentrated
suspensions were not displayed.

Finally, some of the reported polymers formed unstable
suspensions with SWNTs and precipitation occurred within a
few minutes or hours. These polymers, namely P2—PS5, P10,
P14, and P20, were not investigated further.

Polymers Containing a 2,7-Fluorene Moiety. As pre-
viously mentioned, poly(2,7-dialkylfluorene)s are known to
be extremely selective toward close-to-armchair SWNTSs
(6 > 25°) and poly(9,9-didodecylfluorene-2,7-diyl) P1 was
found to behave similarly (Figure 2). It should be noticed that
the length of the alkyl chains at the C-bridging atom has an
influence on the diameter distribution which shifts toward
higher diameter tubes. Indeed, the main species in the polymer
P1/SWNT dispersion is the (7, 6) species, while in comparable
conditions (dispersions of HiPco SWNTs in toluene) poly(9,9-
dioctylfluorene-2,7-diyl) was reported to mainly dls!Ferse the
(8, 6) species having a slightly larger diameter.'®" Also,
poly(9,9-dihexylfluorene-2,7-diyl) mainly disperses (8, 7) and
(9, 7) SWNTs species under similar conditions.'*® Thus, our
results confirm that the diameter of the dispersed nanotubes is
inversely proportional to the alkyl chain length, whereas the
O-selectivity is not affected by alkyl chain length variations. This
pronounced effect of the length of the alkyl chains of poly(9,9-
dialkylfluorene-2,7-diyl) on the diameter selectivity, though not
fully understood, is consistent with the predominance of CH/x
interactions between the alkyl chains and the zigzag bonds of
the fused hexagons on the nanotubes walls as has recently been
suggested by molecular dynamics simulations.'”'* However,

Scheme 2. Synthesis of Monomers 7, 10, and 11
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“Reagents and conditions: (a) hydrazine monohydrate, KOH, triethylene glycol, 80 °C to reflux, 68%;" (b) B(C4Fs);, poly(triethoxysilane),
CH,Cl,, RT, 67%; (c) n-BuLi, isopropoxypinacolborane, THF, —78 °C to RT, 37%.
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Scheme 3. Overview of the Polymerization Procedures Used in This Study
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Table 2. Summary of the Synthesis of the Polymers
Presented in Table 1 and Used in This Study, Including
Yield, Number-Average Molecular Weight, Weight-Average
Molecular Weight, and Polydispersity Index

polymer yield (%) M, (Da) M,, (Da) PDI ref
P1 99 12878 53510 42 14b
P2 99 8608 14136 1.6
P3 94 5471 8404 LS
P4 87 2350 4760 2.0
Ps 83 11920 66990 5.6
P6 98 18840 58620 3.1
P7 20% (76) 34027 5333 1.6° 10b
P8 76 17510 50490 2.9
P9 87° 1189° 1987° 1.7°
P10 94 10722 19125 1.6
P11 89 4461 6912 1.6
P12 98 3035 4552 L5
P13 96 29000 58000 2.0
P14 16” (29) 2250° 2450° 1.1°
P15 80 11861 25764 22 10f
P16 39 2390 3245 1.4 10f
P17 95 59735 220990 3.7 10f
P18 97 23278 133480 5.7 10f
P19 88 21165 51175 2.4 10f
P20 247 (79) 6900° 16800° 2.4° 10f
P21 94 12364 29632 2.4
P22 38 (88) 17100 24000 1.4
P23 90 16800 29200 1.7

“Fraction stemming from Soxhlet extraction with toluene. The
percentage in parentheses corresponds to the total yield which
comprises a further extraction with chloroform. Value given for the
toluene fraction. “Synthesized by Kumada coupling. #Walue given for
the chloroform fraction. The percentage in parentheses corresponds to
the total yield which comprises a further extraction with toluene.
“Value given for the toluene fraction which was not fully soluble in
THF—the solvent in which the SEC measurement was performed.

it can be noticed that the relative intensities of P1/SWNT
dispersion presented in Figure 2 suggests a less pronounced
selectivity toward 6 > 25° for @ > 0.95 nm. Besides its sorting
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Figure 1. Representative PLE maps of HiPco SWNTs suspensions
prepared from polymers P9 and P12 in toluene which allow the
identification of each semiconducting (1, m) species. These maps are
translated into #/@ maps allowing an overview of diameter and chiral
index selectivity (Figure 2).

properties, polymer P1 is also estimated to have good disper-
sion efficiency (cf. Table S1).

Changing the selectivity of poly(2,7-fluorene) can be achieved
by introduction of aromatic moieties in the polymer main chain.
Indeed, polymer P19 exhibits strong diameter selectivity toward
SWNTs having @ > 0.95 nm, which corresponds to a minor
fraction in the starting HiPco material (Figures 2 and 3). 106y
contrast, there is no significant chiral angle selectivity: the
dispersed SWNTs chiral angles 6 range from close to zigzag
(12, 1) to armchair (8, 7). Despite the dispersion of only a
minor fraction of HiPco nanotubes, polymer P19 yields high
concentrations of SWNTs in suspension with regards to the
other polymers; ie., it disperses very efficiently large diameter
SWNTs (cf. Table S1). Similar but not so pronounced selecting
properties were observed for polymer P15 having an electron-
poor 1,5-anthraquinone moiety in the polymer backbone
(Figure 2). Its relative intensity map indicates affinity for high
diameter SWNTs (Figure 3). However, the dispersion ability of
polymer P15 is much lower than that of polymer P19.
Noteworthy is that SWNTs with § < 10° were not selected.
Introduction of a 1,5-naphthyl moiety as in polymer P17 did not
lead to pronounced diameter selectivity. Structural selectivity is
directed toward close-to-armchair SWNTs motifs (Figures 2
and 3). The dispersion ability of P17 is also reduced compared
with polymer P19. The anthracene connectivity of polymer P19
was varied from 1,5 to 2,6 and 9,10 positions leading to

dx.doi.org/10.1021/ma201890g | Macromolecules 2012, 45, 713—722
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Figure 2. Normalized /@ maps of HiPco SWNTs dispersed in aqueous solution using sodium cholate compared to HiPco SWNTs dispersed in
toluene using the polymers of this study (after DGC) (see Table 1). Within an individual 8/@ map, the circles areas are proportional to the
concentration of the corresponding SWNT species in this dispersion. In the sodium cholate map (top left), the circles are assigned to the (n, m)

indices of the corresponding SWNT.

polymers P21 and P22, respectively. Neither of these two
polymers is efficient at dispersing SWNT's having @ < 0.85 nm
(Figures 2 and 3). The suspension stemming from polymer P22
is relatively more concentrated in low chiral index SWNTs com-
pared to polymer P21/SWNTs dispersions. However, polymer
P22 exhibits poor overall solubilizing properties compared with
polymer P21. Neither of them exhibits a diameter selectivity as
pronounced as observed with the parent polymer P19.
Polymers Containing a 3,6-Fluorene Moiety. One major
observation of these results stems from the family of polymers
containing 3,6-fluorenyl units. Whereas polymers derived from
9,9-dialkyl-2,7-fluorene units show good to outstanding dispersing

718

properties and high wrapping selectivity, all homologous polymers
containing 9,9-dialkyl-3,6-fluorenes, namely P2—PS, yield un-
stable suspensions with SWNTSs precipitating within minutes.
Such behavior demonstrates that the 3,6-connectivity prevents
SWNTs dispersion, which can in turn be attributed to an
unfavorable polymer conformation that does not enable efficient
wrapping of the nanotubes. An analogous unfavorable con-
formation has been proposed in the case of foldamers which are
able to reversibly suspend and release SWNTs by adopting a
different conformation by tuning solvent polarity.”®

Polymers Containing a 2,7-Carbazole Moiety. While
poly(9,9-didodecylfluorene-2,7-diyl) P1 exhibits selectivity

dx.doi.org/10.1021/ma201890g | Macromolecules 2012, 45, 713—722
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Figure 3. 0/@ maps presenting normalized relative intensities of HiPco SWNTs dispersed in toluene using the polymers of this study (after DGC).
Intensities are relative to those of the same (n, m) SWNT species in sodium cholate/water dispersion.

toward high chiral angle SWNTs, its structural proxy poly(N-
decylcarbazole-2,7-diyl) P7 exhibits selectivity for lower chiral
angles, namely between 10° < € < 20°, making both polymers
nicely complementary.'® Another noticeable difference is the
dispersing efficiency which was estimated to be S times lower in
the case of polymer P7 compared to polymer P1. This can be
attributed to the single linear alkyl chain attached at the N
atom of the carbazole moiety. A way to increase its dispersing
efficiency is to introduce a branched alkyl chain at the N atom,
yielding poly(N-2-hexyldecylcarbazole-2,7-diyl) P9. Indeed, the
dispersing efficiency is then estimated to increase by a factor of 2.
Polymer P9 exhibits selectivity features relatively similar to those
of its parent poly(2,7-carbazole) P7 despite the increased
bulkiness of the side chain (Figures 1—3). Note that polymer P7
disperses mainly the (11, 3) and (10, S) species, while polymer
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P9 selects preferentially (9, 4) and (9, 5) SWNTs, which
represents a slight shift toward smaller diameters and higher
0 values (around 20°). Thus, as observed for poly(9,9-
dialkylfluorene)s, the nature of the alkyl chain only slightly
influences the selectivity. As previously postulated and simulated,
the selectivity for lower chiral indices may arise from the sp
hybridization of the N-bridging atom which reduces the steric
hindrance at this position, thus allowing a tighter complex with
the SWNT than the poly(9,9-dialkyl-2,7-fluorene)s which have a
sterically more demanding sp*-hybridized C-bridging atom.'®
The low solubility of copolymer P14 did not allow us to test
its dispersing properties toward SWNTs (vide supra). The
introduction of a branched alkyl chain at the N atom of the
carbazole moiety afforded the more soluble polymer P8, and
its dispersing properties toward HiPco SWNTs were tested.
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Figure 4. Normalized /@ maps of HiPco SWNTs dispersed in toluene using polymers P6, P13, and P23 before DGC (second row). First row:
normalized relative intensity 6/@ maps corresponding to the second row. Third and fourth row: normalized 8/@ maps after DGC. In the case of
polymer P6, DGC fractions 25 and 35 are presented due to an inhomogeneous enrichment along the DGC tube, in contrast to suspensions arising
from polymers P13 and P23 which exhibit homogeneous enrichment.

P8 was found to disperse most SWNT's species, regardless of the
diameter and chiral angle, with the (7, 6) and (8, 6) nanotubes
dominating the distribution (Figure 2). The 6/@ map rep-
resenting the relative intensities of SWNTs dispersed by
polymer P8 shows a tendency to suspend SWNTs of higher
diameter regardless of the chiral angle (Figure 3). Furthermore,
polymer P8 exhibits high dispersion efficiency.

Copolymers P16 and P18 which contain a 2,7-carbazole
moiety do not exhibit the same trend and their selectivity is
mainly driven by the 1,5-linked anthraquinone and naphthalene
groups respectively, as previously reported.'” Indeed, polymer
P16 is selective toward small diameter SWNTs having @ < 0.9 nm
(Figures 2 and 3) but shows extremely low dispersing effi-
ciency. Polymer P18 dominantly disperses high chiral indices
0 > 25° with only a minor fraction of @ < 25°. Part of this effect
may also be attributable to the HiPco SWNT distribution as
shown by the related relative intensity 8/@ map (Figure 3).
Even though polymer P18 yields higher concentration of SWNT's
than polymer P16, it is not an efficient dispersing agent.

Polymers Containing a 3,6-Carbazole. As shown in
Figures 1 and 2, poly(N-decylcarbazole-3,6-diyl) P12 is able to
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disperse SWNTSs, in contrast to its poly(3,6-fluorene) homo-
logue PS. However, no strong selectivity was observed as P12
disperses most of the nanotubes species initially present and
exhibits a 6/@ map similar to the one obtained for sodium
cholate aqueous dispersions. The corresponding relative
intensity 8/@ map confirms this behavior while also underlining
that large diameter SWNTs are well dispersed. Moreover,
polymer P12 shows excellent dispersing efficiency (cf. Table
S1). The other mixed polymeric structures P10 and P11, both
having a 3,6-linked carbazole subunit in their backbone, yielded
unstable suspensions of SWNTs, thus showing behavior similar
to their 3,6-fluorene homologues P2 and P3. It should be
pointed out that P11/SWNTs suspensions are slightly more
stable and precipitated within a few hours instead of minutes,
thus allowing fluorescence measurements to be recorded.
Although the intensity was relatively low, the PL map indicated
selectivity toward 8 > 15° and diameters > 0.9 nm (Figure S7).

Enhancement Induced by DGC: Polymers P6, P13,
and P23. In most cases the polymer wrapping is not that
uniform that further fractionation by DGC is possible. However,
in the case of the polymers P6, P13, and P23, besides their
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intrinsic wrapping selectivity (vide infra), a clear enhancement
caused by DGC treatment was observed (Figure 4). Copolymer
P6, which possesses strictly alternating 2,7-linked fluorene and
carbazole moieties, is an interesting example of a combination of
wrapping selectivities. Given the complementary selectivity of
poly(9,9-dialkylfluorene-2,7-diyl) and poly(N-alkylcarbazole-2,7-
diyl) toward high- and low-chiral angle SWNTs, respectively, it
was expected that P6 would combine both properties. Indeed, as
evidenced from the 6/@ map of P6/SWNT dispersion in
toluene before DGC (Figure 4), the dispersion of a wide range
of SWNT's was observed. This tendency is slightly attenuated in
the relative intensity 6/@ map which shows the preferential
solubilization of higher diameter SWNTs together with the
absence of O sorting (Figure 4). Moreover, the dispersion
efficiency of polymer P6 is high. Interestingly, a post-DGC
inhomogeneous enrichment effect was found in this system by
harvesting/analyzing discrete fractions within the density
gradient. In particular, DGC fraction 25 was enriched with
SWNTs having 6 > 25°, mainly the (7, 6) and (8, 6) species,
whereas DGC fraction 35 showed diameter-selective features
with @ > 1.0 nm. The corresponding evolution of the SWNTs
distribution—reflecting characteristic buoyant density differ-
ences—was further confirmed by absorbance spectrometry
(Figure SS). Thus, the nanotubes having the biggest diameter
move to higher (= lower density) regions within the density
gradient than do smaller nanotubes. The opposite trend has
been observed for aqueous dispersions of SWNT's using sodium
cholate, where DGC-induced diameter sorting results in smaller-
diameter SWNT's settling out at higher points in the centrifuge
tube.* This indicates that in the case of P6 the polymer coating
strongly influences the density of the polymer/SWNT
complexes. Note that in most other cases of polymer/SWNTs
dispersions studied here we did not find analogous enrichment
effects via DGC, possibly because of nonuniform coating of the
polymer on the SWNT.'” In contrast, the coating density of
polymer P6 on SWNTs might be relatively uniform for each
single (n, m) species and vary significantly from one species to
another, leading to the differentiation of the buoyant coefficients
for polymer/SWNTs complexes, depending upon diameter/
(n, m) characteristics.

BTD-containing copolymer P13 showed reduced dispersion
efficiency compared to copolymer P8. Copolymer P13 leads to
a suspension in which (8, 6) nanotubes are predominant, with a
noticeable amount of (9, 4) and (10, S) as well as other tubes
(Figure 4). In this case, applying DGC to the dispersion resulted
in a highly enriched suspension of (8, 6) and (10, S) tubes. All
other species, in particular the (9, 4) tube, were efficiently
removed during the DGC step. An opposite trend was observed
by replacing the electron-deficient BTD unit in copolymer P13
by a naphthalene unit in polymer P23. Polymer 23 did not show
significant sorting properties before DGC. However, the relative
intensity map indicates the preferential dispersion of smaller
diameter SWNTs (Figure 4). Moreover, after DGC treatment
the relative amount of the (9, 4) tubes dramatically increased
compared to the other tubes, which might indicate specific
interactions between polymer P23 and the (9, 4) tube. It is
worth noting that energy transfer is observed in the case of the
low-band-gap polymer P13 (Figure S6). Indeed, we attributed
the PL signals observed at excitation wavelength around
500 nm (corresponding to the absorption onset of polymer
P13, Figure S8) with emission wavelength at around 1200 and
1280 nm, corresponding to the (8, 6) and (10, S) tubes to
energy transfers from the polymer to the corresponding tubes.”*
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Further features stemming from similar energy transfer were not
observed, probably due to the PL analysis window which is out
of the absorption region of the described polymers.

H CONCLUSION

We have synthesized a polymer library comprising conjugated
homopolymers and strictly alternating copolymers based on
fluorene and carbazole groups in which their connectivity was
varied in either 2,7- or 3,6-positions. The selectivity of these
polymers toward specific (n, m) SWNTs was investigated with
HiPco material containing more than 40 different nanotube
species. The dispersing properties were estimated from optical
absorption spectra and from photoluminescence intensities,
allowing to classify the polymers into three categories depending
upon their dispersing efficiency. An indirect correlation between
dispersing efficiency and selectivity is observed due to somewhat
inhomogeneous distribution of (n, m) species in the raw
material. Exceptions are polymer P19, which shows high con-
centrated suspensions despite the low “availability” of SWNTSs
having @ > 0.95 nm in raw HiPco material, and polymers P16,
P18, and P22, which show low dispersion efficiency despite
selecting tubes of high availability.

The trends observed in the SWNTs dispersing features with
this polymer library can be summarized as follows: (a) In
contrast to the stable suspensions formed with 2,7-connected
fluorenyl and/or carbazolyl, SWNTs dispersions derived from
polymers containing 3,6-connected building blocks exhibited
rapid precipitation of the SWNTs, with the noticeable
exception of poly(N-decyl-3,6-carbazole) P12 which efficiently
disperses all (n, m) SWNTs species. (b) While poly(9,9-
didodecylfluorene-2,7-diyl) P1 is selective toward high chiral
angle-SWNTs (6 > 20°), poly(N-alkyl-2,7-carbazole) P7 and
P9 show a strong preference toward SWNTs with 10° < @ <
20°. Interestingly, this trend was not affected by the increased
bulkiness of the N-alkyl side chain of poly(2,7-carbazole), which
confirms that the sp” hybridization at the N atom may be the
origin of the difference in selectivity with poly(9,9-dialkyl-2,7-
fluorene). However, the dispersing efficiency was strongly
improved, which can be attributed to the enhanced solubility of
the polymer. (c) The behavior of alternating fluorene- and
carbazole-based copolymers toward SWNTSs can be tuned via
the chemical nature and connectivity of the subunits. In
particular, efficient diameter sorting is achieved by introducing
1,5-linked anthracene units (polymer P19). (d) Although in
most cases DGC has no impact on the selectivity, DGC-induced
separation of SWNT's was observed for some of the copolymers
comprising 9,9-didodecylfluorene-2,7-diyl subunits. In particular,
DGC fraction-dependent SWNT compositions were observed
for copolymers P6, P13, and P23.

This study provides valuable information on structure—
property relationships of conjugated homo- and copolymers
featuring 2,7- and 3,6-fluorenyl and carbazolyl building blocks—
in particular, as pertaining to their interactions with semi-
conducting SWNTs. Fine tuning of comonomers allowed a high
degree of enrichment in terms of (n, m) species as well as in
terms of diameters. Ultimately, we expect such studies to pave
the way toward custom polymer design for comprehensive direct
extraction of single species of SWNTSs corresponding to the
requirements for specific applications in electronics, optoelec-
tronics, or photonics.

In spite of the systematic structural variation within the
(co)polymer libraries of this and other recent studies, clear
design rules for a polymer to be able to enrich a particular (n, m)
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SWNT species still remain to be established. On the experimental
side, we are currently investigating structural aspects like the
peripheral alkyl chain or the backbone composition of the polymer
in further detail. At the same time we hope that our present
study will stimulate further computational modeling of polymer
wrapping of semiconducting (and metallic) SWNTs.
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Experimental section containing synthetic procedures and
characterization of monomers and polymers, description of
the preparation and characterization of polymer/SWNTs
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ABSTRACT: The use of Piers—Rubinsztajn conditions was
explored for the synthesis of silicone polymers bearing pendant
triarylamine functionality. We have found that up to 60% of the
hydride groups of a silicone copolymer can be successfully
substituted with a triarylamine moiety, without metathesis or
redistribution of the silicone. The resulting polymers are
hydrolytically stable. The functionalization procedure is
straightforward, conducted under ambient conditions with a
simple one-step work-up, and avoids the use of a metal-based
catalyst. The resulting phenylated triarylamine—silicone hybrid
polymer was characterized by optical absorption and fluores-
cence spectroscopy, CV, and differential scanning calorimetry.
The hybrids maintain the physical appearance of a silicone
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polymer while adopting the photophysical and electrochemical characteristics of the triarylamine.

B INTRODUCTION

Triarylamines are a well-known class of organic hole-trans-
porting materials (HTMs)." Often, as small molecules, HTMs
are incorporated in organic electronic devices as thin films
using vacuum deposition techniques. However, solution
processing methods, such as inkjet printing, hold particular
advantages in the production of uniform layers across large
areas.” Incorporating a triarylamine into the structure of a
flexible polymer is recognized to provide better film-forming
properties and allows for facile, cost-effective solution
processing methods to be used.”® For example, a polymeric
version of a fluorinated triphenyldiamine, made by polymer-
ization of a constituent vinyl group, showed similar or better
performance in an organic light-emitting diode (OLED) than
the small-molecule analogue.® In addition to the direct
polymerization of vinyl-containing triarylamines,”® a postpoly-
merization grafting technique has been used to form triaryl-
amine-containing polymers.” Most commonly this technique
has involved hydrosilylation of vinyl,'%™" allyl,"*"** or
ethynyl®*** groups attached to a triarylamine or carbazole
derivative with silanes (Si—H) using hexachloroplatinate(IV)
hydrate or other Pt- or Ru-based catalysts.>>>*%** For example,
Belfield et al. and the groups of Moerner and Siegel and co-
workers have attached N-allylcarbazoles and an allyl-function-
alized triarylamine, respectively, to poly(methylhydro)siloxane
using hydrosilylation to synthesize new photorefractive
polymers.*®***” The former group found the resulting polymer
to be soluble in a broad range of solvents including CH,Cl,,

-4 ACS Publications  © 2011 American Chemical Society
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CHCIl;, CH;CN, THF, and DMF. The latter group noted the
speed and versatility of this methodology when both nonlinear
optical (NLO) and hole-transporting moieties were grafted to
the same chain.” The incorporation of a triarylamine pendant to
poly(methylhydrosiloxane) was also found to produce a
silicone—triarylamine hybrid polymer with hole-transportin%
properties comparable to the respective small molecule.”
Similar results were observed for polymers containing the
related carbazole group.” Another method for the formation of
pendant triarylamine silicone polymers involves the use of
organometallic reagents, such as Grignard or halolithium
triarylamines, which are reacted with chloro- or alkoxysilanes;
however, these reactions are known to create byproducts.” It is
presumed that if the metal species remains in the final polymer,
it will result in charge trapping, unbalanced carrier transport, or
nonradiative recombination, all of which are generally
detrimental to performance of organic electronic devices.**”>*
Regardless of the method, there is a clear and demonstrated
desire to form silicone polymers with pendant triarylamine
functionality, and the utility of such polymers has been
demonstrated.

Recently, we have demonstrated the applicability of Piers—
Rubinsztajn (P—R) conditions®>>™* in the functionalization of
triarylamines with simple and discrete oligosilicones.*’ The
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Scheme 1. Synthesis of Triarylamine 2 Followed by Grafting onto Silicone Polymer under Piers—Rubinsztajn Conditions To

Produce Silicone—Triarylamine Hybrid Polymer 3
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procedure uses the strong Lewis acid tris(pentafluorophenyl)-
borane (BCF) to effect the reaction under mild conditions. It
was previously known that BCF selectively activates Si—H
bonds to coupling with Si—OH,** Si—O—alkyl,**** and aryl—
OH* groups.**~* We have shown that BCF can also do the
same in the presence of a Lewis basic triarylamine substrate
containing arylmethoxy groups, the result of which is the
formation of an Si—O-—triarylamine bond with the elimination
of CH, as a byproduct. Given the utility outlined above for
silicone—triarylamine hybrid polymers, it was of interest to see
whether P—R conditions can be extended past the use of simple
small discrete silicone fragments and be applicable to the
preparation of silicone—triarylamine hybrid polymers whereby
the triarylamine is in a position pendant to the polymer main
chain. Therefore, in this article, we describe the application of
P—R conditions to install a model triarylamine pendant to a
siloxane copolymer and compare the physical properties of the
triarylamine moiety before and after grafting to the silicone.

B RESULTS AND DISCUSSION

The synthetic route used to construct the model triarylamine 2
is outlined in Scheme 1. The synthesis of 2 was accomplished
by reaction of 3,4-dimethylaniline with 4-bromoanisole to form
the intermediate diarylamine (1) under standard Buchwald—
Hartwig coupling conditions.*”** Further reaction of 1 with 4-
bromobiphenyl, again under standard conditions, gave the
model triarylamine 2 in good yield and purity. Triarylamine 2
contains the reactive arylmethoxy unit that is necessary for
participation in the P—R coupling reaction. It also contains
both 3,4-dimethylphenyl and biphenyl molecular fragments.
These were chosen because of their presence in the triarylamine
bis(3,4-dimethylphenyl)-(1-biphenyl)amine, whose electronic
properties, including oxidation potential and charge carrier
mobility, are known.*’

A silicone polymer was then selected for reaction with the
triarylamine 2. The silicone selected was HPM-502 of Gelest
Inc,, a silicone copolymer of moderate viscosity containing both
methyl—hydride (45—50%) and methyl—phenyl units with a
hydride terminus. A silicone polymer containing phenyl units
was chosen to ensure compatibility/cosolubility of the silicone
polymer and the triarylamine at ambient temperatures in
toluene (the solvent of choice for P—R reactions on
triarylamines). Furthermore, qualitatively the presence of
phenyl units should ensure the polymer adopts a largely
extended uncoiled conformation in solution,*® thus making the
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hydride functionality available for reaction. By comparison,
poly(dimethylsiloxane) is expected to adopt a coiled con-
formation in toluene solution owing to its unfavorable y-
parameter (0.802).%" If we extend this to the structurally related
methyl—hydride/dimethylsiloxane copolymer, the hydride
groups would potentially be unavailable for reaction due to a
likely coiled conformation in solution.

Initial reaction of HPM-502 with 1.1 equiv of triarylamine 2
(relative to hydride) at a solution concentration of 25 wt %
resulted in incorporation of only 53% of the triarylamine into
the polymer, leaving 40% of the original hydrides (Si—H)
remaining in the polymer (ie, 60% reacted, run 1, Table 1).

Table 1. Summary of Reactions of Silicone Copolymer with
Triarylamine 2 under Piers—Rubinsztajn Conditions

mol equiv
tem] wt % solids triarylamine % conv of % conv of
run (°C§ (+19%) (£0.02) triarylamine Si—-H
1 rt 25 1.1 53 60
2 rt 25 0.9 69 62
3 rt 20 0.9 60 54
4 rt 15 0.9 44 39
S SS 25 0.9 66 60
6 80 25 0.9 66 59
7 rt 25 0.6 82 48
8 rt 25 0.55 100 53
9 rt 25 0.55 100 53
10 rt 25 0.55 100 54
11 rt 25 0.55 100 56
12 rt 25 0.55 100 56

The percent incorporation of the triarylamine in the polymer
was calculated based on comparison of areas of the resolved
polymer and triarylamine peaks in a GPC chromatogram
(extracted from a PDA chromatogram at a wavelength specific
for the triarylamine chromophore, 330 nm) with the
assumption of similar molar absorptivities of free and pendant
triarylamine moiety. Chromatograms of the product 3 and
HPM-502 are given in the Supporting Information (Figure S1).
The initial polymer, HPM-502, had an apparent molecular
weight of M, = 1390 (PDI = 2.39, relative to polystyrene
standards). After functionalization to given polymer 3, a
moderate increase to M, = 2700 (PDI = 2.73) was seen. The
Gaussian appearance of the polymer traces suggest that no
metathesis or other redistribution of the silicone occurred. The
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presence of residual Si—H groups was confirmed by FTIR
spectroscopy showing the distinctive Si—H stretch around 2160

em™,*” as illustrated in Figure 1. Decreasing the amount of

% Transmittance

2800 2000 1200 400

Wavenumber [cm™]

3600

Figure 1. Representative FTIR transmission spectra of starting
siloxane copolymer HPM-502 (bottom, black) and polymer 3 (top,

gr: ay) .

triarylamine 2 used to 0.9 equiv resulted in a similar result: 60%
of the hydride functionality was converted (run 2, Table 1).
Continued use of 0.9 equiv of triarylamine 2, but decreasing the
concentration of the reaction solution from 25 to 20 wt % and
then 15 wt %, resulted in 54 and 39% of the hydride
functionality reacting, respectively (runs 3 and 4, Table 1).
Again, by maintaining 0.9 equiv of triarylamine 2 but increasing
the temperature to 55 and 80 °C, respectively, and while
maintaining a concentration of 25 wt % resulted in ~60% of the
hydride functionality reacting (runs S and 6, Table 1). The
conclusions from these initial experiments are that there is a
ceiling above which no further reaction of the hydride occurs.
The ceiling occurs at ~60% conversion and is independent of
temperature and the amount of triarylamine 2 present and
decreases on decreasing the concentration of the reaction. We
concluded that the cause of this observation must be steric in
nature whereby the reaction is hindered once a neighboring
hydride, or a series of neighbors, has been substituted with the
triarylamine. This occurs even though toluene is a good solvent
for the base silicone, the triarylamine, and, presumably, a
silicone—triarylamine hybrid polymer.

Polymer 3 is a highly viscous oil or glassy solid in appearance
even when it contains residual triarylamine. Its physical state
makes removal of residual triarylamine problematic using
techniques such as selective precipitation, solvent extraction, or
chromatography on silica or alumina. Therefore, we preferred
to develop reaction conditions under which the triarylamine is
quantitatively incorporated into the hybrid polymer 3. Given
the observed ceiling of 60% conversion of hydride groups, we
initially tried reacting 0.6 equiv of triarylamine 2 (run 7, Table
1). However, we observed only 82% conversion of the
triarylamine. A small reduction to 0.55 equiv of triarylamine
resulted in its complete incorporation into the polymer (run 8,
Table 1). The only purification that was necessary was removal
of the BCF catalyst by treatment of the reaction mixture with a
small amount of alumina for a short period of time. Filtration
followed by removal of the toluene by rotary evaporation gave
the final polymer 3. We found that prolonged stirring of the
solution (overnight) in the presence of alumina resulted in the
partial hydrolysis of the triarylamine from the silicone polymer,
presumably due to the presence of trace amounts of water
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adsorbed on the alumina surface or present in the toluene.
These conditions were subsequently replicated four times with
equivalent results (runs 9—12, Table 1).

Having polymer 3 free of residual triarylamine in hand, its
basic physical properties were determined. The electrochemical
properties of 2 and 3 were compared by cyclic voltammetry, the
results of which are illustrated in Figure 2. In each case the

Normalized current

600 300 0 -300 -600
Voltage [mV]

1200 900
Figure 2. Cyclic voltammogram of triarylamine 2 (red) and polymer 3

(blue); second cycles only are shown, corrected to the known
reference value for decamethylferrocene standard (—0.012 V).

voltammograms were acquired using the same technique as we
have previously published which involves the use of an internal
standard of decamethylferrocene.>® The reversible oxidation of
the triarylamine moiety pendant to the silicone copolymer
occurs at higher half-wave potential (967 mV) than that of
parent triarylamine (807 mV), behavior similar to that
previously observed for oligosilicone-functionalized triaryl-
amines.*’

DSC experiments were performed on triarylamine 2 and
polymer 3. The samples were first heated to ~275 °C under an
inert atmosphere followed by flash freezing to ~—75 °C. For
polymer 3 on second heating a glass transition temperature
(Tg) was found at ~—60 °C and a second found at ~20 °C
(Figure 3). The first T, is the range expected for a silicone

0 -

Heat Flow [mW]
R N

'
w
N

-4 T r r T T "
-100 50 100 150 200 250 300
Temperature [°C]

-50 0

Figure 3. DSC traces for polymer 3 (black) and parent triarylamine 2
(gray). DSC traces collected on second heating.

polymer while the second is in the range expected for a pure
triarylamine.>® Indeed, DSC confirms that the T, for triaryl-
amine 2 to be ~25 °C (Figure 3). A small melt transition is also
observed for polymer 3 at ~62 °C. While melt transition is well
below that observed for pure triarylamine 2 (~100 °C), its

presence and the presence of a T, in the range expected for
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pure triarylamine would suggest the possibility of aggregation of
the triarylamine moieties in the solid state.

In order to examine whether aggregation of the triarylamine
moieties occurs in polymer 3, UV—vis absorbance and
fluorescence emission spectroscopy were conducted on triaryl-
amine 2 and polymer 3 (Figure 4). In each case the

1.0
_,0.9
208 -

Wavelength [nm]

Figure 4. Overlay of UV—vis absorption and fluorescence emission
spectra for triarylamine (2, red) and polymer 3 in both solution
(dashed blue) and solid state (dash-dotted blue).

characteristic absorption of the triarylamine was seen (334
nm for triarylamine 2 and 333 nm for polymer 3). Similarly,
ordinary fluorescence spectra were observed with Stokes shifts
of 73 and 71 nm for 2 and 3, respectively, in toluene solution. A
fluorescence spectrum obtained on a solid-state sample of
polymer 3 showed a nearly identical emission spectrum to the
solution sample, albeit with a slightly larger Stokes shift. In an
attempt to force aggregation in solution, we compared the
fluorescence spectrum of polymer 3 in pure toluene to that in a
series of solvent mixtures with increasing proportions of
hexamethyldisiloxane (HMDS, a nonsolvent for the triaryl-
amine). As can be seen in Figure S, the emission maximum

1.0 -
_.09 -
208
207 -
g 0.6
£ 0.5 -
o
g 041
T 0.3
502
0.1
0.0

400 440 480 520 560
Wavelength [nm]

320 360
Figure S. Overlay of fluorescence emission spectra of polymer (3) in

toluene solution (green) and 99:1 (v/v) hexamethyldisiloxane:toluene

(blue).

underwent a small hypsochromic shift, but no additional
shoulders or structure was seen in the spectrum. The rather
ordinary photophysical behavior of polymer 3 in both solution
and solid state indicates that if aggregation of the triarylamine
does occur (as suggested by the DSC thermogram), it does not
result in energy transfer on excitation and emission from an
excimer or aggregate.”*>* Finally, the hydrolytic stability of 3
was evaluated using FTIR spectroscopy on a thin film of
polymer 3 exposed to air at rt over a 1 month period. This was
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compared to the same treated with acidic standard alumina over
a 2 day period in solution (conditions mentioned above which
results in hydrolysis). The thin film exposed to air showed no
change in the FTIR spectrum between 4000 and 4500 cm™'
over time, whereas the alumina-treated sample developed an
absorbance band at 3546 cm™!, which is attributable to the
stretch of an Si—OH bond formed on hydrolysis (Supporting
Information, Figure S2). The absence of a 3546 cm™ stretch for
the thin film indicates polymer 3 is hydrolytically stable over
the period of 1 month.

B CONCLUSION

In conclusion, Piers—Rubinsztajn conditions were found to be
useful in functionalizing a phenylmethyl—methylhydride
silicone copolymer with a triarylamine leading to the formation
of a silicone—triarylamine hybrid polymer. The reaction
requires very low concentration of the BCF catalyst; work-up
is clean and straightforward. No redistribution or metathesis of
the silicone polymer was observed, and the polymer showed
excellent hydrolytic stability in air. We did observe a ceiling
whereby only 60% of the hydride functionality present in the
silicone polymer could be reacted under these conditions. The
hybrid silicone—triarylamine hybrid polymer displayed com-
parable electronic and optical properties to the parent
triarylamine as determined from CV and optical absorption
and fluorescence spectroscopy. We can therefore conclude that
Piers—Rubinsztajn conditions are suitable to prepare polymers
of this class that have a demonstrated utility in the field where
we do not believe the residual hydride functionality would be a
problem.

B EXPERIMENTAL SECTION

Materials and Syntheses. Toluene was purified using a PureSolv
solvent purification system prior to use. Tris(pentafluorophenyl)-
borane, montmorillonite K10 clay, and tetrabutylammonium per-
chlorate were obtained from Sigma-Aldrich and used without further
purification. HPM-502 (methylhydrosiloxane—phenylmethylsiloxane
copolymer, 45—50 mol % MeHSiO, hydride-terminated) was
purchased from Gelest Inc. (Morrisville, PA) and used without further
purification. All other solvents were 99% or higher purity from
Caledon Laboratories Ltd. (Brockville, ON, Canada), as was
chromatographic silica gel 60 (S0—100 pm). Deuterated chloroform
(CHCl;) was purchased from Cambridge Isotopes and used without
further purification.

Characterization Techniques. Melting points are uncorrected.
Triarylamine syntheses were monitored by TLC on SilicaPlate 250 ym
thick silica gel with F-254 indicator, using 1:1 (v/v) cyclo-
hexane:toluene as eluent and visualizing using 254 and 365 nm UV
light. Polymer functionalization was monitored by gel permeation
chromatography (GPC) using Waters Styragel HR 4E THF and
Styragel HR SW THEF columns in series, 5 pm particle size, THF
eluent at a flow rate of 1.0 mL/min at 30 °C; a photodiode array
(254—800 nm) in “MaxPlot” mode was used for detection.
Chromatograms were uncorrected by individual compounds’ molar
absorptivities. All NMR spectra were collected on a Varian Mercury
400 spectrometer in CDCl;. Chemical shifts are reported in parts per
million referenced relative to tetramethylsilane internal standard.
Coupling constants (J) are reported in hertz. High-resolution mass
spectroscopy was taken with an AB/Sciex QStar mass spectrometer.
Samples were introduced with an ESI source in solution (50:50
methanol and water) via an HPLC pump. Cyclic voltammetry (CV)
was performed with a Bioanalytical Systems C3 electrochemical cell
setup. The working electrode was a 1 mm platinum disk with a
platinum wire used as a counter electrode. The reference electrode was
Ag/AgCl saturated salt solution. All electrochemistry was done in
“Spectro” grade dichloromethane from Caledon Laboratories with
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(Bu),NCIO, as a supporting electrolyte. Decamethylferrocene was
added to the solutions as an internal reference. All DSC half-wave
potentials are reported from the second scan and corrected by the
internal reference (—0.012 V vs Ag/AgClz).56 Fourier transform
infrared (FTIR) spectra were recorded on KBr plates using a Perkin-
Elmer Spectrum 100 spectrometer from 4000 to 400 cm™'. Solution
spectroscopy was performed in quartz cuvettes with 1.0 cm path
length. Optical absorption measurements were conducted using a
Perkin-Elmer Lambda 1050 UV/vis/NIR spectrometer. Fluorescence
measurements were conducted using a Perkin-Elmer FS5S spectro-
fluorometer. Polymer films were drop-cast onto quartz disks and dried
overnight at 80 °C under vacuum before fluorescence measurements
were taken. Spectra were processed using Spekwin 32 (all types),
Perkin-Elmer UV Winlab (UV—vis), or FL. WinLab (fluorescence)
software. Differential scanning calorimetry was performed with a TA
Instruments 2920 DSC with a refrigerated cooling system, using Al
hermetic pans. Tests were performed under a blanket of nitrogen.

N-(3,4-Dimethylphenyl)-4-anisidine (1). The synthesis proce-
dure is similar to that previously reported,*® using Buchwald—Hartwig
reaction conditions, washing crude product with 1.0 M HCl,q) and
NaHCO;, and substituting silica gel and montmorillonite K10 clay for
alumina and acidic benonite clay. Recrystallization from n-heptane
yielded white needles (46%); mp 99—101 °C. '"H NMR (400 MHz,
CDCly): 6§ 7.02 (2H, d, ] = 8.9 Hz), 6.98 (1H, d, ] = 8.2 Hz), 6.84 (2H,
d,J =89 Hz), 6.75 (1H, d, ] = 2.2 Hz), 6.70 (1H, dd, J, = 8.8 Hz, ], =
2.4 Hz), 5.34 (1H, br s), 3.79 (3H, s), 2.20 (3H, s), 2.19 (3H, s). °C
NMR (100 MHz, CDCL,): 5 = 155.3, 143.4, 137.3, 137.3, 130.7, 127.9,
121.5, 118.6, 115.0, 114.6, 55.1, 20.0, 19.0. HRMS (ESL, [M + H]")
caled for C;sH sNO m/z = 228.1388; found 228.1377.

N-(3,4-Dimethylphenyl)-N-(4-methoxyphenyl)biphenyl-4-
amine (2). The synthesis procedure is similar to that previously
reported,®” using a bis(dibenzylideneacetone)palladium(0) and tri-tert-
butylphosphine catalyst system and using silica gel with montmor-
illonite K10 clay in purification. Excess 4-bromobiphenyl was distilled
off at elevated temperature. Product was recrystallized from n-heptane
as fluffy white powder (48%); mp 134—136 °C. '"H NMR (400 MHz,
CDCLy): 6 7.60—7.56 (2H, m), 7.47—7.39 (4H, m), 7.30 (1H, t, ] =
7.4 Hz), 7.12 (2H, d, ] = 8.8 Hz), 7.05 (3H, d, ] = 8.8 Hz), 6.95 (1H,
d, J = 2.1 Hz), 6.91-6.84 (3H, m), 3.83 (3H, s), 2.25 (3H, s), 2.21
(3H, s). 3C NMR (100 MHz): § 156.0, 147.9, 145.6, 140.8, 137.5,
1334, 131.1, 130.3, 1287, 127.5, 127.0, 126.5, 125.5, 121.8, 121.6,
1147, 55.5. 19.9, 19.1. HRMS (ESL, [M + H]*) caled for C,,H,NO
m/z 380.2014; found 379.2025. UV-vis (nm) 311.1, 333.2.
Fluorescence (nm) 406.2; CV oxidation (mV) 795 vs Ag/AgCl.

Poly[methyl-N-(3,4-dimethylphenyl)-N-(4-biphenyl)-N-(4-
phenyloxy)siloxane-co-phenylmethylsiloxane-co-methylhy-
drosiloxane] (3). N-4-Anisyl-N-3',4"-xylyl-4-biphenylamine (600 mg,
1.53 mmol), methylhydrosiloxane—phenylmethylsiloxane copolymer
(458 mg, 2.78 + 0.08 mmol of Si—H), and 3.06 mL of anhydrous
toluene were loaded into a 4 dram vial with stir bar. The vial was
heated to the reaction temperature if not rt. 115 uL of 0.025 g/mL
tris(pentafluorophenyl)borane in anhydrous toluene was then injected,
resulting in vigorous bubbling within seconds to <4 min after catalyst
addition. Catalyst loading was either 0.25 or 0.50 mol % relative to
triarylamine R—O—Ar groups. Caution: an exotherm and flammable gas
evolution are associated with this reaction, which should be accounted for in
larger scale experiments. Stirring was continued for 20—30 min after
bubbling was no longer visible, after which 600 mg of basic standard
alumina was added, stirred for 20—30 s, and the mixture filtered
through 0.22 ym PTFE. Overnight stirring with silica or alumina, in
ambient conditions or at elevated temperature, was found to result in
more extensive decomposition and so was avoided. 'H NMR of the
purified product showed no detectable toluene after drying overnight
at 80 °C under vacuum. UV—vis (nm) 310.7, 331.4. Fluorescence
(nm) 402.3 (toluene solution), 406.0 (film). CV oxidation (mV) 891
vs Ag/AgCL T, (°C) 27.8 (second heating curve in DSC).
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ABSTRACT: In this study, three novel oxadiazole-based polymers were synthesized
and their electrochemical and optical properties were investigated. The polymers
were found to have both p- and n-type doping properties accompanied by electro-
chromic response. Two polymer films exhibit cyan and magenta colors, which
constitute two legs of CMY color spaces, in their neutral states and they are soluble in
common-organic solvents. According to the color mixing theory, all colors in the
visible spectrum including black color can be obtained by using these polymers with a
yellow colored electrochromic polymer. Among these polymers, the polymer bearing
propyledioxythiophene donor units has some superior properties like high stability
(it retains 94% of its electroactivity after 2000 cycles), solubility, and high coloration
efficiency (230 cm?/C), whereas as expected ethylenedioxythiophene containing one

has the lowest band gap as 1.08 eV.

B INTRODUCTION

In spite of the fact that the earliest electrochromic materials are
mostly based on inorganic oxides (tungsten, iridium and nickel
oxides, etc.), the use of organic compounds (i.e., viologens, phth-
alocyanines, and organic 7-conjugated polymers), has opened
new avenues as well as myriad of applications such as smart
windows," displays,2 mirrors, camouflage materials,* and electro-
chromic devices.” In particular, polymer electrochromes (PECs),%’
based on organic 77-conjugated materials, have been envisioned as
one of the most useful next generation electrochromes for high
performance innovative devices, since they can show high redox
stability, long cycle life, multicolors with the same material, high
optical contrast ratio, low response time, and low operation
voltage.*'° Furthermore, PECs can easily be processed, if they
are soluble.

Colors are important parameters for the PECs, among them
red—green—blue (RGB) and cyan—magenta—yellow and “key”
black (CMYK) colors are important since by mixing two of
these colors, any colors in the visible spectrum can be obtained
according to the color mixing theory.'' In order to obtain
desired colors, many methodologies have been investigated and
among them, donor—acceptor—donor (D—A—D) method
developed by Havinga et al.' is the most widely and efficiently
used one. By using a D—A—D approach, blue,">'* green'>'>~'
and black'®™*" colored polymers in their neutral states have
been synthesized whereas CMY colors remain elusive. Very
recently, two novel yellow colored soluble polymers have been
synthesized;*>*> however, still there has been inadequate attention

-4 ACS Publications  © 2011 American Chemical Society
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on the synthesis of magenta and cyan colored polymers. Reynolds
and his group synthesized a new cyan—blue colored polymer
having optical band gap and transmittance change around 1.6 eV
and 41.7%, respectively.”* However, this polymer was very un-
stable; ie., it lost 20% of its electroactivity after 20 cycles
between its redox states. Derivatives of poly(3,4-propylenedioxy-
thiophene) have strong magenta color and also poly(4-(2-
ethylhexyloxy)-3-methoxy-2-(3,4-dimethoxythiophen-2-yl)-
thiophene) has magenta colors in their neutral states.

Recently, in our group color tuning has been achieved via
changing the acceptor units in the polymeric structure by
keeping the donor groups same." In this study, the aim is not
only to synthesize cyan and magenta colored PECs, which are
rare in the literature, but also to adjust the color of polymers by
changing the donor units. Furthermore, via applying the color
mixing theory to these polymers obtaining all color in the
visible spectrum was the second target of this study.

For this aim, three novel monomers called as 4,7-bis(3,
3-didecyl-3,4-dihydro-6-methyl-2H-thieno[3,4-b] [ 1,4]dioxepin-
8-yl)benzo[c][1,2,5]oxadiazole (POP-C,,), 4-(2,3-dihydro-
thieno[3,4-b][1,4]dioxin-5-yl)-7-(2,3-dihydrothieno[3,4-b]-
[1,4]dioxin-7-yl)benzo[c][1,2,5]oxadiazole (EOE) (Scheme 1),
and 4,7-di(thiophen-2-yl)benzo[c][1,2,5]oxadiazole (TOT)
(Scheme 1) and the optical and electrochemical properties of
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Scheme 1. Chemical Structure of POP-C,,, EOE, and TOT
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their corresponding polymers, namely poly(4,7-bis(3,3-didecyl-
3,4-dihydro-6-methyl-2H-thieno[3,4-b][1,4]dioxepin-8-yl)benzo-
[c][1,2,5]oxadiazole) (P(POP-C,,)), poly(4-(2,3-dihydrothieno
[3,4-b][1,4]dioxin-5-y1)-7-(2,3-dihydrothieno[3,4-b][1,4]-
dioxin-7-yl)benzo[c][1,2,5]oxadiazole) (P(EOE)), and poly-
(4,7-di(thiophen-2-yl)benzo[c][1,2,5]oxadiazole) (P(TOT)),

were investigated.

B RESULTS AND DISCUSSION

Three novel monomers, POP-C,,, EOE, and TOT, having the
same acceptor unit as benzo[c][1,2,5]oxadiazole and different
donor units as 3,3-didecyl-3,4-dihydro-2H-thieno[3,4-b][1,4]-
dioxepine, 3,4-ethylenedioxythiophene, and thiophene were
synthesized via a Stille coupling reaction.”® Their characteriza-
tions were done based on 'H, 3C NMR and FTIR measure-
ments (see Supporting Information, Figures S1—S7).

First, in order to investigate the effect of donor units on the
redox behavior, electrochemical properties of the monomers
were examined. EOE and TOT were dissolved in acetonitrile
(ACN) containing 0.1 M tetrabutylammonium hexafluorophos-
phate (TBAH) and POP-C,, dissolved in dichloromethane
(DCM): ACN (5: 95 by volume) containing 0.1 M TBAH
since POP-C,, is insoluble in ACN. POP-C,,, EOE, and TOT
showed irreversible oxidation peaks at 1.09, 1.01, and 1.36 V,
respectively (Figure 1 and Table 1). This is an expected result
and it is in accordance with our previous results.”

1.5
—POFC“,
1.04 —— EOE
—TOT
£ o051
<
£
== 0.0
0.5+
1.0 . ; T T T
15 10 05 00 05 10 15
E/V

Figure 1. Cyclic voltammograms of 5.0 X 10 M of EOE and 3.5 X
10~ M of TOT in 0.1 M TBAH/ACN, and 1.5 X 10~ M of POP-C,,
in 0.1 M TBAH/DCM:ACN (S: 95 v/v) at a scan rate of 100 mV/s vs
Ag/AgCl.

According to the D—A—D method as the donor group is
changed, the HOMO level will also change, without any
appreciable change in the LUMO level. From this point of the
view, since the acceptor groups are same, the reduction half
peak potential values (E:,f‘i /1) should be almost same for the
three monomers. The results are in accordance with the theory
for POP-C10 and EOE, that is, their E:,fﬁ/z values are very
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Table 1. Electrochemical and Optical Properties of P(POP-
C,0), P(EOE), and P(TOT) as Well as Electrochemical
Properties of Their Monomers

polymers  Ev. (V) Eri s (V) Eiy (V) Ejipa (V) Ejfy (eV) ES™ (eV)
P(POP-C,,) 109  —13 060 —13 148 1.40
P(EOE) 101 —12 020 —124 1.08 1.27
P(TOT) 136  -11 133 —1.06 1.62 148

similar. In contrast to this general expectation, sometimes
LUMO level could also be affected from the donor unit,26 as it
was observed in the TOT, i.e,, it exhibits somehow lower :,fﬁ P
value during cathodic scan.

Then, electrochemical polymerization of the monomers were
carried out in ACN solution containing 0.1 M TBAH for EOE
and TOT and in a mixture of DCM and ACN solution con-
taining 0.1 M TBAH for POP-C,, since P(POP-C,,) was
soluble in DCM. During the repetitive anodic scans, a new rever-
sible redox couple appeared, which is a characteristic sign of a
conducting polymer film formation on the electrode surface. Also,
as the number of the cycles increases, the current density of the
redox couple was intensified, confirming the formation of the
electroactive polymer on the working electrode surface with
increasing film thickness (Figure 2).

Next, the polymer films were scanned both anodically and
cathodically to determine their electrochemical properties. As it
was reported earlier, selenadiazole, thiadiazole and triazole con-
taining counterparts of P(POP-C,,) did not show n-doping
property'® most probably due to the steric effect of long alkyl
chains in the polymer structure. However, in the case of
P(POP-C,,) a pseudo reversible peak was observed at about
—1.5 V during the cathodic scan indicating that P(POP-Cy,) is
not only p-dopable but also n-dopable (Figure 3). The presence
of n-doping property in P(POP-C,) in contrast to its selena-
diazole, thiadiazole and triazole containing counterparts can be
explained in terms of the electronegativity differences between
the heteroatoms of these monomers. Since oxygen atom has
the highest electronegativity among the others (ie, N, S,
and Se), it can be concluded that the best acceptor groups
between them is the benzo[c][1,2,5]oxadiazole and the electro-
negativity of heteroatom is more effective than the steric effect
of the alkyl chains. An inspection of Figure 3 reveals that oxi-
dation potentials of the polymers show similar behavors with the
monomers; that is, the oxidation potentials of the polymers
depend on the electron density of the donor units.

In order to investigate the redox process during p-doping
process, the behaviors of P(POP-C,,), P(EOE), and P(TOT)
polymer were investigated in monomer free electrolyte solutions
at different scan rates. A linear increase in the peak currents as a
function of the scan rates confirmed well-adhered electroactive
polymer film on the electrode surface as well as nondiffusional
redox process (see Supporting Information, Figures S8—S10).
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Figure 2. Repetitive cyclic voltammograms (CVs) of (a) 1.5 X 107> M
POP-C,, in 0.1 M TBAH-DCM/ACN (5:95 v/v), (b) 5.0 X 107> M
of EQE, and (c) 1.5 X 1072 M of TOT in 0.1 M TBAH/ACN at a
scan rate of 100 mV/s by potential scanning to get P(POP-C,),
P(EOE), and P(TOT), respectively.
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Figure 3. CVs of P(POP-C,), P(EOE), and P(TOT) in 0.1 M
TBAH/ACN electrolyte solution at a scan rate of 100 mV/s vs Ag/
AgCl.

Spectroelectrochemical behaviors of these polymers during
p- and n-doping were also investigated (Figure 4). P(POP-C,,),
P(EOE), and P(TOT) polymers have two absorption bands
having maxima around 400 and 697 nm; 420 and 775 nm; and
345 and 560 nm, respectively. These bands had been dimin-
ished for P(POP-C,,), and reached a minimum value for
P(EOE), and P(TOT) upon oxidation and formation of new
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Figure 4. Spectroelectrochemical behaviors of (a) P(POP-C,),
(b) P(EOE), and (c) P(TOT) on ITO in 0.1 M TBAH/ACN at
various applied potentials during p-doping.

bands observed beyond 900, 1000, and 750 nm, respectively,
showing the formation of the charge carriers. The optical
band gap (E; ") of P(POP-C,,), P(EOE), and P(TOT)
were calculated as 1.40, 1.27, and 1.48 €V, respectively, from
spectroelectrochemical data. These data are in agreement with
those were obtained from electrochemically (EgCV) obtained
ones (Table 1).

The optical contrasts, switching time and coloration
efficiency of P(POP-C,,) were found to be 38%, 0.9 s and
230 cm?/C for 697 nm, respectively; those of P(EOE) were
calculated to be 23%, 1 s and 199 cm?/C at 775 nm, respec-
tively; also, those for P(TOT) were found as 19%, 2.4 s and
75 cm?/C for 560 nm, respectively, at 95% of optical contrast
(see Supporting Information, Figures S11—S13).

Since the reduction peaks observed in the cyclic
voltammogram of polymer films might also be due to the
monomers trapped inside the polymer or a reduction process
taking place on the polymer backbone, using electrochemical
analysis alone is not enough to prove if the process taking
place during the cathodic scan is n-doping or not. Therefore,
to find further support for the n-doping process, formation
of the charge carriers upon reduction should be observed
with the optical data. Upon reduction, formation of new
species observed with spectroelectrochemical data confirm-
ing electrochemical data of P(POP-C,), P(EOE), and
P(TOT) polymers that n-doping process taking place for
these polymers (Figure S).

dx.doi.org/10.1021/ma202331t | Macromolecules 2012, 45, 729—734
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Figure 5. Spectroelectrochemical behaviors of (a) P(POP-C,),
(b) P(EOE), and (c) P(TOT) on ITO in 0.1 M TBAH/ACN at
various applied potentials during n-doping.

P(EOE), P(POP-C,,), and P(TOT) have greenish-blue,
cyan and magenta color in their neutral states, upon oxidation
their colors changed to light gray, transmissive gray and light
navy, respectively. Also, during n-doping process the colors of
P(EOE), P(POP-C,,), and P(TOT) are light brown, brown,
and dark gray, respectively. Colorimetric experiment results
have been tabulated in Table 2. It can be seen from the colori-
metric results that color tuning can be achieved between greenish-
blue region to magenta region of the visible spectrum via changing
the donor units.

According to color mixing theory L* is the parameter of the
lightness (it is between 0 and 100, that is, between black and
white). Whereas, a* is the parameter of the red-green balance
and b* is the parameter of yellow-blue balance.'’ From this
point of the view, it can be concluded that P(EOE) is more
close to green color due to its more negative a* value (—30.58)
as compared to b* value (—0.73). In contrast to this, since a*
and b* values are almost similar for P(POP-C,,), the polymer
has cyan color. P(TOT) contains highly positive a* value, that
is, it has more red balance, however, since yellow balance is not
enough the color of the polymer is magenta instead of red. If
the b* value were more negative, magenta color would be more
intense (Table 2).

Since stability is a crucially important property for any
material to be amenable for use in applications, the stability of
the polymer films was investigated under ambient conditions
(without purging with inert gas). Although, P(POP-C,,) and
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P(EOE) are very stable, P(TOT) is very unstable since
P(POP-C,,) and P(EOE) retained 94% and 90% of their
electroactivities after 2000 cycles, respectively (Figure S14,
Supporting Information), P(TOT) lost 45% of its electro-
activity after 200 cycles. These data confirms that adding 3,4-
ethylenedioxythiophene and 3,4-propylenedioxythiophene
units instead of thiophene to the polymeric structure increases
stability of the polymer films."?

P(POP-C,,) and P(TOT) are soluble in common organic
solvents such as chloroform, and tetrahydrofuran (THF) and
partially soluble in dichloromethane. In order to obtained
large quantities, P(POP-C,,) was also synthesized chemically,
and optical and electrochemical properties of polymer was
investigated (Figure S1S, Supporting Information). Chemi-
cally obtained polymer has similar properties with electro-
chemically obtained one, just a 15 nm red shift was observed
in optical behavior. In order to determine molecular weight of
P(POP-C,,) GPC measurements had been done. HPLC grade
of THF was used as a solvent for this study. M,, value was
found as 5867 with a polydispersity index of 2.08. P(POP-C,,)
had average number of 6 repeating trimeric units bearing 18
heterocyclic units (Figure S16, Supporting Information). GPC
analysis was also done for electrochemically obtained P(TOT)
at the same conditions with P(POP-C,,) and the results are as
followings: M,, = 1485; M,, = 8450; M,= 19402; HI = 5.7). The
higher heterogeneity index and M,, value obtained for P(TOT)
when compared to P(POP-C,,) can be explained in terms of
different polymerization methods utilized in their synthesis,
that is, in general electrochemical polymerization yielded high
HI index products.

In order to obtain any color in the visible spectrum, three
subtractive colors; that is, RGB or CMY colors and “key” black
colors are needed in theory. Since the polymers are nonemitting
systems, it should be possible to obtain, for example, blue via
mixing cyan and magenta.'"

In Figure 6, some members of RGB and CMYK color
spaces can be seen.'"'*?**”7?* RGB and black colors were
obtained via using cyan colored P(POP-C,,), magenta colored
P(TOT) and yellow colored P(PPyP-C,,)>* (poly(3,3-didecyl-
6-(1-(3,3-didecyl-3,4-dihydro-2H-thieno[3,4-b][ 1,4]dioxepin-
6-yl)pyren-6-yl)-3,4-dihydro-2H-thieno[3,4-b][1,4]-
dioxepine).

Figure 7 shows how to obtain a third color, via using color
mixing theory, from the polymers containing CMY colors. The
explanation of the results is very reasonable for the color mixing
theory. For example, in order to obtain green color, at least two
absorption bands were needed; that is, the polymer should
absorb red and blue light (absorptions around 400 and 700 nm
were needed) at the same time.'”'®*° P(POP-C,,) showed
two absorption bands at these wavelengths actually; however,
the intensity of the band around 400 nm was not enough to
obtain green color. Then, via mixing P(POP-C,,) polymer with
a polymer absorbing the red region of visible spectrum (a yellow
polymer, P(PPyP-C,,)), green color was obtained (Figure 7a).
Also, red and blue colors can be obtained via using CMY color
space according to the same theory (see Figure S17, Supporting
Information). In order to obtain black color, the whole visible
spectrum should be absorbed by the material; however, it is not
an easy task to obtain such as this kind of compound. In
literature, copolymerization had been applied to obtain black
color PECs."” ! Actually, the color mixing theory is a viable
route to obtain black color. During this study, the black color
was obtained via mixing cyan, magenta and yellow colored

dx.doi.org/10.1021/ma202331t | Macromolecules 2012, 45, 729—734
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Table 2. Colorimetric Data for P(EOE), P(POP-C,,), and P(TOT) Polymers on ITO According to CIE (The Commission
Internationale de I'Eclairage-International Commission on Illumination) Method Developed in 1976

Colorimetric results Colors of Polymers
Polymers
Neut. Ox. Red. Neut. | Ox. | Red.
0/’\0 o™ L* 64.99 76.17 65.27
1\ 7 | °
s < sk a* -30.58 1.02 10.24
o
P(EOE) b* -0.73 -8.76 6.33
CroHaro 1 Crobay L* 59.96 82.12 59.89
0?4\0 p Oc1oH21
's\ gl a* -19.69 3.93 6.46
N ’
P(POP-C1y) b* | -16.02 | -0.71 7.95
L* 42.82° 57.65 44.19
» 71
S 1\ ST * ¥
NN a 51.52 -8.76 -0.13
P(TOT) v
b* 0.72 -8.09 -2.40

¥These data are measured in the THF solution different from the others polymers’ conditions, for this compound data measured on ITO are L* =

38.19, a* = 11.63, and b* = —25.95.

Figure 6. Representation of CMYK and RGB color spaces from the
polymer solutions: (a) P(POP-C,); (b) PProDOS-C,, (poly(3,3-
didecyl-3,4-dihydro-2H-selenopheno[3,4-b][ 1,4]dioxepine) );*”** (c)
P(TOT); (d) ECP-Red (polzf(3,4-di(Z-ethylhexyloxy)thiophene-co-
3,4-di(methoxy)thiophene)),'** (e) P(PPyP-C,y) (poly(3,3-didec-
yl-6-(1-(3,3-didecyl-3,4-dihydro-2H-thieno[3,4-b][ 1,4]dioxepin-6-
yl)pyren-6-yl)-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine) );** (£)
P(PSeP-C,,) (poly(4,7-bis (3,3-didecyl-3,4-dihydro-2H-thieno|[3,4-
b][1,4]dioxepin-6-yl1)-2,1,3-benzoselenadiazole))'* in CHCL,,

polymers (Figure 7a). As a result RGB colors and also black
color can be acquired by using color mixing theory from CMY
colors or vice versa.

It can be seen from the colorimetric measurements results
that the negative a* value (—15.55) of the cyan and yellow
colored polymer mixtures determine the green color of the
solution however due to its somehow positive b* value
mixture contains yellow balance in it (Figure 7a). For the
cyan, magenta, and yellow mixture, as expected L* value is
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Figure 7. Obtaining (a) green color (absorption spectrum of cyan
colored P(POP-C,,), yellow colored P(PPyP-C ), and their
mixtures having a green color) and (b) black color (absorption
spectrum of cyan colored P(POP-C,,), magenta colored P(TOT),
yellow colored P(PPyP-C,y), and their mixtures having black color)
according to color mixing theory.

very close to zero, however, it contains a few yellow parameter
in it (Figure 7b).
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B CONCLUSIONS

Three novel monomers, POP-C,,, EOE, and TOT, and their
corresponding polymers, P(POP-C,,), P(EOE), and P(TOT),
were synthesized and their optical and electrochemical
properties were investigated. Cyan colored P(POP-C,,) and
magenta colored P(TOT) are very precious polymers since
they are not only soluble, i.e. processable, but also one leg of
the CMY color space. Via using these polymers and applying
the color mixing theory, all colors in the visible spectrum were
obtained. All these polymer have both p- and n-type doping
properties, so they are potential candidates on the applications
of electrochromic devices. Also, color tuning is achieved in the
range of greenish-blue to magenta region of the visible
spectrum via keeping constant acceptor units and just changing
the donor units in the polymer structure.

B ASSOCIATED CONTENT

© Supporting Information

Experimental procedures, 'H and *C NMR and FTIR of
monomers, some optical, electrochemical data of polymers, and
GPC of one of the polymer. This material is available free of
charge via the Internet at http://pubs.acs.org.
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ABSTRACT: Here we report a simple methodology for the synthesis of
dithienosilole and dithienogermole monomers in which the necessary solubilizing
long chain alkyl groups are incorporated into the peripheral 3,5-positions of the
fused ring. We report four novel monomers in which methyl or butyl groups are
attached to the bridging Si and Ge atom. Copolymers with bithiophene were
synthesized by a Stille polymerization in high molecular weight. We report the
optical, electrical, electrochemical and morphological properties of the resulting
polymers. We find that the nature of the bridging heteroatom (Si or Ge) has only a

X=Sior Ge
Y= Me or Bu
R= C2H2s5

minor influence on these properties, whereas the nature of the alkyl chain attached

to the bridging atom is found to have a much larger effect.

B INTRODUCTION

Semiconducting polymers have attracted much attention for
their interesting optoelectronic properties in a number of
applications. Many conjugated building blocks have been
investigated in polymer backbones, and in particular much
attention has focused upon building blocks in which the
aromatic units are forced to be coplanar by the use of bridging
heteroatoms." In addition to ensuring full delocalization
between the coplanar aromatics, the bridging heteroatom
plays an important role, both in modifying the electronic
properties of the system and in serving as a point of attachment
for the solubilizing side chains typically required to ensure
processabiliity. Understanding the optoelectronic and morpho-
logical effects of systematically changing the heteroatom within
one group of the periodic table has been the focus of much
research, particularly within group 14 (C, Si, Ge).>"'° For
example the replacement of 9,9-dialkylfluorene with 9,9-
dialkylsilafluorene has resulted in copolymers that show
enhanced photoluminescence emission stability'' and im-
proved photovoltaic efficiency in blends with PCBM.> The
improved device efficiency was attributed to a reduction in
optical band gap, increased hole carrier mobility and a higher
ionization potential of the silafluorene polymer over the
fluorene polymer. These changes in electronic properties can
be related to both the interaction of the low lying 6 orbitals of
the Si atom with the #* orbitals of the conjugated carbon
framework which can have a stabilizing effect on LUMO,"

well as to the lengthening of the C—Si bond in comparison to
the C—C bond. In bridged aromatics this can have the effect of
increasing the distance between adjacent sp* hybridized carbon

-4 ACS Publications  © 2011 American Chemical Society
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atoms and therefore reducing the strength of the interaction
between them.

Furthermore, copolymers containing alkylated dithienosiloles
(DTS) units have demonstrated improved performance over
their carbon-bridged analogues (cyclopentadithiophene, CDT),
with FET mobilities up to 0.08 cm?/(V s)*" and solar cell
power conversion efficiencies up to 7.3%" reported. Several
studies have demonstrated the DTS containing polymers
exhibit smaller band gaps than the carbon-bridged analogues
which has been attributed to the stabilizing effects on the
LUMO described above.'*™'® In addition to the electronic
effects, copolymers of DTS have been found to be more
crystalline in the solid state, compared to the analogous CDT
copolymers which were amorphous. This has been attributed to
the longer carbon—silicon bond in DTS, which results in a
reduction of intermolecular steric hindrance between the alkyl
groups on the bridging Si and adjacent comonomer units and
allows better packing in the solid state.'>'¢

Despite this interest in silicon bridged aromatics, there has
been less work on germanium containing polymers. Germa-
nium sits below silicon in the periodic table and typical C—Ge
bonds are slightly longer than a C—Si bond (1.96 versus 1.88 A,
respectively'”'®), possibly reducing intermolecular steric
hindrance further. Germafluorene containing polymers were
recently reported by Leclerc'” and Huang® and showed
encouraging optoelectronic properties in solar and electro-
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luminescent devices. Very recently, several copolymers
contalmn% dlthlenogermole (DTG) have been reported by
Ohshita, Reynolds, Leclerc,® and our group24 and exhibit
promising properties. For example the copolymer between 4,4'-
bis(2-ethylhexyl)dithieno[3,2-b:2',3"-d]germole and 2,1,3-ben-
zothiadiazole (BT) exhibits a FET mobility up to 0.11 cm?/(V
s),”* while the copolymer with N-octylthieno[3,4-C]pyrrole-
4,6-dione (TPD) had solar cell power conversion efficiencies
up to 7.3%,”> higher than the analogous DTS polymer in
comparative studies.

In all of the cases reported to date, the required long chain
alkyl solubilizing groups have been directly attached to the
bridging Ge atom. This introduces some additional synthetic
complexity because the required long chain dialkyldichlor-
ogermanes are not commercially available, and their synthesis is
rather tedious. In this paper we report a different approach to
afford soluble polymer materials. Rather than include the long
chain solubilizing groups on the bridging heteroatom, we
instead move them onto adjacent thiophene rings (Figure 1) in

R R

Y\X Y

MeSiDT: X= Si, Y= Me
MeGeDT: X= Ge, Y= Me
BuSiDT: X= Si, Y=n-Bu

BuGeDT: X= Ge, Y=n-Bu
R=Cq2H2s

Figure 1. Structures of polymers MeSiDT, MeGeDT, BuSiDT, and
BuGeDT.

the peripheral 3,5-positions. This now allows the use of
commercially available short chain dialkyldichlorogermanes and
silanes to readily introduce the silyl and germyl bridging groups,
such that we can systematically investigate the electronic effects
of the different heteroatoms. Furthermore, we can also vary the
alkyl group on the heteroatom as a second tool to potentially
control molecular packing and polymer solubility. In this study
we investigate methyl and more sterically demanding butyl
groups on the heteroatom, and copolymerize the resulting

dithienosiloles and dithienogermoles with 2,2"-bithiophene to
afford four novel polymers MeSiDT, MeGeDT, BuSiDT, and
BuGeDT (Figure 1) whose optoelectronic properties we report
here.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Monomers and
Polymers. The synthetic route to the monomers and polymers
is shown in Scheme 1, and begins with commercially available
3-dodecylthiophene (1). This was selectively lithiated in the
less hindered S position by treatment with a preformed
TMEDA/n-BuLi complex. The resulting anion was oxidatively
dimerized by treatment with CuCl, to afford the tail-to-tail
coupled dimer (2) in 57% yield*® This was exhaustively
brominated in all the free aromatic positions by reaction with
bromine in a chloroform/acetic acid mixture in an 87 yield%.
The more reactive 5,5-positions were then cleanly lithiated by
treatment with n-BuLi and protected as trimethylsilyl groups to
afford § in 89% yield. This important intermediate was readily
made on a 30 g scale. The 3,3"positions could then be readily
dilithiated by treatment with n-BuLi at —78 °C. This dianion
appeared stable at cryogenic temperatures with no competing
rearrangements by silyl group migration observed.”**” Treat-
ment of this dianion with dialkyldichlorosilane or dialkyldi-
chlorogermane afforded the respective dithienosiloles or
dithienogermoles in good yields. Purification was complicated
by the tendency of the trimethylsilyl groups to protodesilylate,
especially during flash chromatography. We therefore devel-
oped a protocol in which the crude heterocycles were rapidly
filtered through silica, and the resultant mixtures containing
dithienosilole (or germole) with 2, 1, or 0 trimethylsilyl groups
were brominated directly with an excess of NBS to give the
final monomers §, 6, 7, and 8 in yields of 69—81%. Here we
found that short reaction times were necessary (2 h). On one
occasion when the reaction was left overnight, some cleavage of
the bridging (Ge) heteroatom was observed. The monomers
were polymerized by Stille cross coupling with 5,5"-bis-
(trimethylstannyl)-2,2 -bithiophene under mlcrowave heatmg
conditions similar to those previously reported.*® After
precipitation and solvent extraction to remove lower weight
oligomers and catalyst residues, the polymers were obtained as
dark-red solids in yields of 55—89%. The structure and purity of

Scheme 1. Synthetic Route to Monomers and Polymers

R R R BrBr R
TMEDA, n-BuLi n-Bui
) Plakisieauy i N/ i QLI o G
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the polymers was confirmed by '"H NMR (see Supporting
Information) and elemental analysis. The two butyl-bridged
polymers gave well resolved '"H NMR spectra in CDCl; at
room temperature, whereas the methyl-bridged polymers only
gave well resolved spectra in C,D,Cl, at 130 °C due to line
broadening by aggregation at lower temperatures.

The molecular weights and the polydispersities (PDI) of
obtained polymers were determined by gel permeation
chromatography (GPC) in chlorobenzene at 80 °C against
polystyrene standards. The GPC elution curves of polymers are
shown in Figure 2. All the polymers displayed a monomodal

14 16 20

Retention time (min)

Figure 2. GPC elution traces of BuSiDT, BuGeDT, MeSiDT, and
MeGeDT.

molecular weight distribution as expected for a polycondensa-
tion reaction, with reasonable molecular weights and
polydispersities (PDI) around 2 (see Table 1). The nature of

Table 1. Molecular Weight and Polydispersity of BuSiDT,
BuGeDT, MeSiDT, and MeGeDT

polymers M,? (kDa) prb M,, (kDa) P polydispersity
MeSiDT 35 48 57 79 1.6
MeGeDT 41 53 68 89 1.7
BuSiDT 26 32 59 73 23
BuGeDT 38 45 83 97 2.2

“Determined by SEC and reported as their polystyrene equivalents.
®The number of repeat units calculated by M,,. “The number of repeat
units calculated by M,

the alkyl group on the heteroatom had a significant influence
on the solubility of the polymer. BuSiDT and BuGeDT were
readily dissolved in THF, CHCIl; and chlorobenzene, whereas
MeSiDT and MeGeDT could only be dissolved in hot
chlorobenzene or 1, 2-dichlorobenzene. This explains the
slightly narrower PDI for the two methyl bridged polymers,
since low molecular weight material was removed by chloro-
form extraction (Soxhlet) prior to subsequent extraction into
chlorobenzene and precipitation. In the case of the butyl
bridged polymers, all material was soluble in chloroform.
Thermal Properties. The thermal properties of the
polymers were evaluated by differential scanning calorimetry
(DSC) under nitrogen. The DSC curves of these polymers are
shown in Figure 3. All polymers show evidence of crystallinity
in these curves. BuSiDT and BuGeDT each exhibit a single
endothermic melting peak at 216 and 225 °C respectively in
the heating cycle, and a single exothermic crystallization peak at
~195 °C in the cooling cycle. These temperatures are much

737
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Figure 3. DSC heating and cooling traces (second cycle) of BuSiDT,
BuGeDT, MeSiDT, and MeGeDT at a scanning speed of 10 °C/min
under N, (endo up).

above the typical temperature range expected for dodecyl side
chain melting, and we ascribe them to backbone melting and
crystallization, respectively. Changing the central bridging
group from butyl to methyl causes a significant increase in
the observed melting peaks, and also uncovers a second thermal
transition just before the backbone melting. Thus, MeSiDT
exhibits two endothermic peaks at 296 and 305 °C and a single
exothermic peak at 268 °C, and MeGeDT has a slightly more
pronounced first endothermic peak at 292 °C and a backbone
melt at 306 °C, with a crystallization peak at 262 °C. The
nature of the first transition is unclear, but it may correspond to
the formation of a mesophase before backbone melting. In
addition to raising the melting point, changing the bridging
alkyl chain has a clear influence on the crystallization enthalpy,
which the Me-bridged polymers exhibiting significantly higher
values than the Bu-bridged (ca. 9.3 J/g vs ca. 5.3 J/g)
suggesting that the methyl substituted polymers have a closer
packing in the solid state. It is apparent therefore that while the
length of the alkyl chain on the heteroatom has a significant
effect on the thermal behavior, the nature of the heteroatom
itself has very minor influence on thermal behavior.

Optical Properties. The UV—visible absorption and PL
spectra of the polymers in chlorobenzene solution and as spin
coated films are shown in Figure 4 and the data is summarized
in Table 2. In solution, BuSiDT and BuGeDT exhibit nearly
identical absorption spectra, with a maximum at 508 and 509
nm, whereas MeSiDT and MeGeDT exhibit broad spectra with
maximum at 559 and 548 nm, respectively. Heating the
solutions of MeSiDT and MeGeDT resulted in a significant
narrowing of their spectra and a blue shift of 4, to 501 and
510 nm, although longer wavelength shoulders remain visible.
The red-shift (58 and 37 nm) of absorption maximum of
MeSiDT and MeGeDT from hot solution to cold solution
indicated there was strong 77—z interaction between the
polymers’ backbones even in solution. The absorption
maximum in the solid state of BuSiDT, BuGeDT, MeSiDT
and MeGeDT are 558, 558, 586, and 579 nm, respectively. The
red-shift of the absorption maximum from the solution to solid
state of all polymers indicated there is strong aggregation
between the polymers’ backbones in the solid state. In addition
the red-shift of the absorption maximum from BuSiDT
(BuGeDT) to MeSiDT (MeGeDT) indicated that the

dx.doi.org/10.1021/ma202374c | Macromolecules 2012, 45, 735—742
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Figure 4. The UV—vis absorption spectra of BuSiDT, BuGeDT,
MeSiDT and MeGeDT (a) in chlorobenzene solution (b) as spun cast
films. (c) PL spectra of BuSiDT and BuGeDT both in chlorobenzene
solution and thin film, MeSiDT and MeGeDT in thin films.

polymers with methyl groups attached have a stronger
interaction between the backbones than the polymers with
the butyl group attached, suggesting that the bridging alkyl
group can be used effectively to tune solid state packing. The
absorption onsets of BuSiDT, BuGeDT, MeSiDT, and
MeGeDT in the solid state are 653, 655, 696, and 686 nm,
which corresponds to an optical band gap of 1.90, 1.89, 1.78,
and 1.81 eV respectively.

The emission spectra of BuSiDT and BuGeDT chloroben-
zene solution, and BuSiDT, BuGeDT, MeSiDT, and MeGeDT
as thin films are shown in Figure 3c. Both BuSiDT and
BuGeDT exhibit a red emission with a maximum at 604 nm in
solution corresponding to a large Stokes shift of 96 nm. Such
large shifts have been observed in other silole-based polymers,
and may be related to excimer emission.” In thin films, the
maximum emission is red-shifted to approximately 650 nm.
The emission spectra of MeSiDT and MeGeDT in
chlorobenzene solution were not tested due to their tendency
to aggregate in solution. In thin films MeSiDT and MeGeDT
exhibit a red emission with a maximum at around 700 nm. The
red-shift of the emission maximum from BuSiDT (BuGeDT)
to MeSiDT (MeGeDT) in films further indicated that the
polymers with methyl groups attached have a stronger
interaction between the backbones than the polymers with
the butyl group attached.

Electrochemical Properties. Cyclic voltammograms of the
polymer thin films are shown in Figure S, and the electro-

—— BuSiDT
—— BuGeDT

— —
—
——

00 04 08 12 16 20
Potential (V)

Current (a.u.)

Figure 5. Cyclic voltammograms of BuSiDT, BuGeDT, MeSiDT, and
MeGeDT as thin films in 0.1 M Bu,NPF solution in acetonitrile at a
scan rate of 0.1 V5%,

chemical data is summarized in Table 2. All four polymers show
quasi-reversible oxidation peaks, but reduction peaks were not
observed. The HOMO energy levels of BuSiDT, BuGeDT,
MeSiDT, and MeGeDT determined by the oxidation onset
were —5.34, —5.29, —5.25, and —5.22 eV. The Si-containing
polymers consistently have a slightly higher oxidation potential
than the analogous Ge-containing polymers. This is in
agreement with previous theoretical results on germole and
silole oligomers,"® as well as with recent reports which found
DTG-containing polymers to have slightly higher HOMO
levels that the corresponding DTS polymer.”* The LUMO
could not be measured directly by CV, so was estimated to be
—3.44, —3.40, —3.47, and —3.41 eV, respectively, by subtracting
the optical band gap from the electrochemical oxidation.
Thin Film Morphology. The ordering of thin films of
BuSiDT, BuGeDT, MeSiDT, and MeGeDT was investigated
by wide-angle X-ray scattering (WAXS). Films were prepared
by drop casting hot chlorobenzene solutions onto 100 °C glass
substrates, followed by annealing at 140 °C for 20 min. As
shown in Figure 6, in agreement with the DSC data, all films
displayed evidence of crystallinity with clear diffraction peaks
observed in all cases. The nature of the alkyl group on the
bridging heteroatom had the clearest influence of film
morphology. Thus, BuSiDT and BuGeDT films showed
similar behavior, with pronounced peaks at 3.92 and 3.85 deg
(20) corresponding to a d-spacing of 22.5 and 22.9 A. No
obvious peaks corresponding to a 7—x stacking distance were
observed. The lamellar spacings are similar to those reported
for a polymer of similar molecular structure except that the
bridging group is sulfur (i, Figure 1, X = S,). This polymer
(P2TDCI10FT3), which has decyl side chains instead of the

Table 2. Physical Properties of MeSiDT, MeGeDT, BuSiDT, and BuGeDT

AH (T Adps guax (501) Ay oy (film)
polymers T,, T.* (°C) /g (nm) (nm)
MeSiDT 296 and 305, 9.3 559 (501%) 586

268
MeGeDT 292 and 306, 9.1 548 (510) 579
262
BuSiDT 216, 196 53 508 558
BuGeDT 225, 193 52 509 558

s opser (B1M) By A s (01 Aem gy (flm)  HOMO®  LUMO/
(nm) (eV) (nm) (nm) (eV) (eV)
696 1.78 d 701, 758 =525 —347
686 1.81 d 706, 760 —-522 —3.41
653 1.90 604 652, 699 —5.34 —3.44
655 1.89 604 649, 698 -5.29 -3.40

“Melting temperature (T,) and crystallization temperature (T.) determined by DSC. bUV—vis data from hot chlorobenzene solution. “Optical band
Jgap estimated from the low energy band edge in the optical spectrum. “Not measured. “HOMO level estimated from cyclic voltammetry (CV).

LUMO = HOMO + Eg,
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Figure 6. X-ray diffraction patterns of BuSiDT, BuGeDT, MeSiDT,
and MeGeDT films.

dodecyl reported here, had a d-spacing of 24.8 A and is
reported to pack in a lamellar type morphology.* In analogy to
this and other thiophene polymers,*' this is suggestive of a
lamellar type ordering where the majority of the polymers have
an edge on orientation on the substrate, with the 7—7 stacking
direction parallel to the substrate. Reducing the size of the
bridging substituent results in an increase of d-spacing, with
MeSiDT and MeGeDT exhibiting peaks at 3.55 and 3.62
degree (20) corresponding to d-spacings of 24.9 and 24.4 A.
Both polymers also show weak higher order peaks at 10.50 deg
(20) (8.4 A), suggesting improved ordering compared to butyl-
bridged polymers. The increase in lamellar distance upon
reducing the size of the bridging group may be related to a
reduction in the tilt angle of the dodecyl side chains due to a
reduction in steric strain between the alkyl substituents on the
bridging atom.

OFET Performance. The charge transport behavior of the
polymers was investigated in bottom-gate, top-contact tran-
sistor devices. All transistors were fabricated at the same time to
reduce process variations. Bottom gate devices used heavily
doped Si*" substrates as the gate electrode and a 400 nm
thermally oxidized SiO, layer as the gate dielectric. The SiO,
layer was treated with octyltrichlorosilane (OTS) before use in
order to both passivate the surface and promote edge on
alignment of the polymers. Polymers thin films were fabricated
by spin coating, followed by thermal annealing before Au
source/drain electrodes were deposited by shadow masking. All
of the polymers exhibited typical p-type semiconducting
behavior. The performance data of MeSiDT, MeGeDT,
BuSiDT, and BuGeDT are outlined in Table 3. Comparison
between the various polymers was complicated by difficulties in
forming homogeneous films. MeSiDT and BuSiDT formed
smooth films after spin coating and annealing (150 °C) which
showed reproducible electrical characteristics with little
hysteresis between the forward and reverse sweeps. However
films of MeGeDT and BuGeDT demonstrated poor
reproducibility and high hysteresis after annealing at 150 °C.
This could be solved by annealing at 200 °C for 20 min, but at
this temperature films of MeSiDT and BuSiDT dewetted,
preventing measurement. The reasons behind this difference in

film forming and wetting behavior are not clear, but
nevertheless working devices with low hysteresis could be
obtained in all cases. The saturated and linear charge carrier
mobilities were rather low in all cases, on the order of 107
cm?/(V s). Figure 7 shows the typical transfer and output
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Figure 7. Representative transfer (a) and output (b) characteristics of
bottom-gate, top-contact organic field-effect transistor (OFET) of
MeSiDT (transistor channel = SO ym, transistor width = 1000 ym).

characteristics of an OFET device based on MeSiDT, which
was the best performing polymer with a saturated mobility of
8.0 X 107% Increasing the length of the bridging group as in
BuSiDT resulted in a reduction of saturated mobility to 1.3 X
107* cm?/(V s), which we believe is reasonable to attribute to
the reduced ordering over MeSiDT. However, the same trend
was not observed for the Ge bridged polymers, with MeGeDT
and BuGeDT having similar mobility after annealing at 200 °C,
around 3 X 107* cm?/vs. Because of the wetting difficulties with
the germanium bridged polymers in the bottom gate device
architecture, top gate, bottom contact devices were also
fabricated for MeGeDT and BuGeDT. Here the semi-
conductor was coated onto glass substrates prepatterned with
Au source drain electrodes. The substrate in this case was less
hydrophobic than the OTS treated SiO, of the bottom gate
devices, and smooth films were formed after annealing at 150
°C. Following deposition of the dielectric (Cytop) and gate
electrode, working devices were obtained which displayed low
hysteresis (see Supporting Information). In this configuration
differences in the mobility were observed depending on the
length of the alkyl bridge, with MeGeDT exhibiting linear and
saturated mobilities of 1.7 X 107* cm?/(V s), while BuGeDT
was lower, around 4 X 107> cm?/(V s) for both the linear and
saturated regimes.

In conclusion it would appear that there are not significant
differences in the transistor performance of the Si or Ge
bridged polymers for identical side chain lengths. Increasing the
length of the side chain on the bridging heteroatom does
appear to result in a reduction in device performance. In all
cases the observed mobilities are rather low, and are
comparable to the analogous polymer bridged with a sulfur
group (P2TDCI0FT3).>° In agreement with earlier studies,
the low mobility may be a result of the packing pattern of the
dodecyl side chains on the DTS or DTG monomer, since they

Table 3. OFET Device Performance of MeSiDT, MeGeDT, BuSiDT, and BuGeDT in Bottom Gate, Top Contact Devices

polymers annealing temperature (°C) M (cm?/(V 5)) Heye (cm?/(V 5)) Vi (V) I,/ L
MeSiDT 150 38 x 107* 8.0 x 107* -10.0 7.4 % 103
MeGeDT 200 1.7 x 107* 32x 10 —-11.0 4.4 % 10°
BuSiDT 150 64 % 10°° 1.3 x 1074 -72 24 % 10°
BuGeDT 200 1.3 x 107* 40 x 1074 -83 32 X 10*
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are both are positioned on the same side of the polymer
backbone resulting in a lack of C, rotational symmetry.>>*?
This has been observed to result in a less dense lamellar
packing due to a lack of side chain interdigitation and reduced
transistor performance.32

B CONCLUSIONS

In summary, we have reported a straightforward methodology
for the synthesis of fused dithienosilole or dithienogermole
monomers in which the required solubilizing side chains are
attached in the peripheral 3,3"-positions of the heterocycle.
Such an approach allows the use of simple commercially
available dialkyl-dichloro-silanes and -germanes for the
construction of the fused ring. We have reported the synthesis
and characterization of a four series of Si- or Ge-containing
bithiophene copolymers. High molecular weight soluble
polymers were obtained by the Stille coupling reaction in all
cases. The optical, electrical, electrochemical, and morpho-
logical properties of the polymers are reported. We find that the
nature of the bridging atom (Si or Ge) only has a minor
influence on these properties. However, the nature of the alkyl
substituent attached to the bridging Si or Ge atom has a much
greater influence and can be used as an additional tool to
control polymer packing, crystallinity, and optoelectronic
properties. Further tuning of the polymer properties by
variation of the comonomer unit is currently under
investigation in our laboratories.

B EXPERIMENTAL SECTION

General Data. All reactions were carried out in oven-dried
glassware using reagents and chemicals as commercially supplied from
Aldrich and Acros unless otherwise noted. Syringes which were used to
transfer reagents or solvents were purged with Ar prior to use. "H and
3C NMR spectra were recorded on Bruker AV-400 (400 MHz)
spectrometers. Chemical shifts are quoted in parts per million (ppm),
referenced to the residual solvent peak, 7.26 ppm (‘"H NMR) and 77.0
ppm (*C NMR) for CDCl, and coupling constants (J) are given in
Hertz (Hz). Number-average (M,) and weight-average (M,,) were
determined by Agilent Technologies 1200 series GPC running in
chlorobenzene at 80 °C, using two PL mixed B columns in series, and
calibrated against narrow polydispersity polystyrene standards. Micro-
wave experiments were performed in a Biotage initiator V 2.3 in
constant heating mode. Electron ionization mass spectrometry was
performed with a Waters Micromass AutoSpec Premier, coupled to an
Agilent 6890 gas chromatograph for GC-MS measurements:. UV—vis
spectra were recorded on a UV-1601 Shimadzu UV—vis spectrometer.
Flash chromatography (FC) was performed on silica gel (Merck
Kieselgel 60 grade 40—63 um F,,) using flash techniques. Analytical
thin layer chromatography (TLC) was performed on Merck Kieselgel
60 F,q, aluminum sheets and visualization was effected with UV
fluorescence (254 and 365 nm). Cyclic voltammetry (CV) was
carried out with a standard three-electrode cell in a 0.1 M
tetrabutylammonium hexafluorophosphate ((TBA)PF() solution in
acetonitrile at room temperature with a scanning rate of 0.1 Vs™'. A Pt
wire working electrode, a Pt mesh counter electrode, and an Ag wire
reference electrode were used. The oxidation potentials were
calibrated with a standard ferrocene/ferrocenium (FOC) redox system
as the standard (assuming the energy level of FOC is 4.8 e V below
vacuum) for estimating the HOMO energy level of polymers. The
polymer films were prepared by dipping the platinum working
electrode into the polymer solution in chloroform or chlorobenzene,
and drying on a hot plate. X-ray diffraction (XRD) measurements
were carried out with a Panalytical X'Pert-pro MRD diffractometer
equipped with a nickel-filtered Cu Ko source and X'Celerator detector,
using current I = 40 mA and accelerating voltage V = 40 kV. Samples
were prepared by drop casting.
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OFET (Organic Field Effect Transistors) Device Fabrication.
Bottom-gate, top-contact devices were fabricated on highly doped p
type Si wafer with 400 nm SiO, dielectric layer. The SiO, dielectric
was treated with octyltrichlorosilane (OTS) prior to deposition of the
semiconductor. Polymer films were spin-casted from hot chloroben-
zene with 1000 rpm and annealed at 150 °C for 20 min. 60 nm Au
source/drain electrodes were deposited by vacuum sublimation
through shadow masks. Channel width and length of the transistors
were 1 mm and S0 um, respectively. V; was varied from 10 to —60 V
in 1V steps Vp set at =S or —6 V (linear) and —60 V (saturation).

Electrical characterization was carried out in N, at atmospheric
pressure using a Keithley 4200 semiconductor parameter analyzer.
Using standard semiconductor models,** the field effect mobility was
determined from transfer characteristics in the saturation regime using
the following equation:

2
_|NDb | 2L

. g | WG

Here p is the field-effect mobility, I, is the drain current in the
saturation regime, Vj; is the voltage applied to the gate terminal of the
OFET, L and W are the OFET channel length and width, respectively,
and C; is the geometrical capacitance of the gate dielectric.

Synthesis of Monomers and Polymers. 4,4'-Bis(dodecyl)-
2,2'-bithiophene (2). In a slight modification of the published
procedure,” dry TMEDA (55 mL, 196.7 mmol) and THF (80 mL)
were charged to a 250 mL 3-neck round bottomed flask and the
mixture was cooled to —30 °C. 2.5 M n-BuLi in hexane (86.5 mL,
216.4 mmol) was added via a syringe slowly and the temperature was
kept below —30 °C. 3-Dodecylthiophene (1) (49.6 g, 196.7 mmol)
and dry THF (300 mL) were charged to a 500 mL 3-neck round
bottomed flask at room temperature and the cooled n-BuLi/TMEDA
mixture was introduced in portions into the solution over 15 min via
cannula. After the addition was complete, the reaction mixture was
heated to reflux for 1 h, then cooled to —40 °C. Anhydrous copper(II)
chloride (29.1 g, 216.4 mmol) was added. The mixture was allowed to
warm to room temperature by removing the cold-bath and stirring
overnight. Upon completion of the reaction (TLC controlled), 37%
HCI (70 mL) and water (200 mL) were added. The aqueous layer was
extracted with ether (3 X 200 mL). The combined organic phases
were washed with 5% Na,SO; solution, followed by water (3 X 150
mL), dried over Na,SO, and concentrated in vacuo. The crude product
was collected by vacuum filtration through a pad of silica gel eluting
with warm hexane (60 °C). The filtrate was concentrated in vacuo.
Recrystallization from acetone afforded the bithiophene (2) as a pale
yellow solid (28.2 g, 57%). '"H NMR (CDCl;, 400 MHz), § (ppm):
6.98 (s, 2H), 6.76 (d, ] = 1.2 Hz, 2H), 2.56 (t, ] = 7.5 Hz, 4H), 1.63—
1.58 (m, 4H), 1.31—1.26 (m, 36H), 0.88 (t, ] = 6.8 Hz, 6H). *C NMR
(CDCly, 100 MHz), 5 (ppm): 144.0, 137.4, 124.8, 118.7, 31.9, 304,
29.7,29.6,29.5, 29.4, 29.3, 22.7, 14.1. GC—MS (EL): m/z = 502 (M").

3,3',5,5'-Tetrabromo-4,4'-bis(dodecyl)-2,2'-bithiophene (3). To
the stirring mixture of 4,4-bis(dodecyl)-2,2"bithiophene (27.0 g,
53.8 mmol) dissolved in acetic acid (50 mL) and chloroform (200
mL) was added liquid Br, (11.4 mL, 221.6 mmol) in the absence of
light and the solution was stirred at ambient temperature for 2 h. The
reaction mixture was then heated to 70 °C and stirred overnight. Upon
completion of the reaction (TLC indicated), the mixture was
quenched by addition of 5% Na,SOj; solution, followed by extraction
with CH,Cl, (2 X 100 mL). The combined organic layer was washed
with water (3 X 200 mL), dried over MgSO, and concentrated in
vacuo. Recrystallization from acetone yielded tetrabromo bithiophene
(3) as a pale yellow solid (38.2 g, 87%). 'H NMR (CDCl,, 400 MHz),
8 (ppm): 2.66 (t, J = 7.8 Hz, 4H), 1.56—1.52 (m, 4H), 1.37—1.27 (m,
36H), 0.88 (t, ] = 6.8 Hz, 6H). *C NMR (CDCl;, 100 MHz), §
(ppm): 1415, 128.6, 114.6, 111.1, 31.9, 304, 29.7, 29.7, 29.6, 29.4,
28.6, 22.7, 14.1. GC—MS (EI): m/z = 818.

3,3'-Dibromo-5,5'-bis(trimethylsilyl)-4,4'-bis(dodecyl)-2,2’-bithio-
phene (4). To a solution of 3,3',5,5"tetrabromo-4,4"-bis(dodecyl)-2,2"-
bithiophene (38.2 g, 46.7 mmol) in dry THF (800 mL) was added 2.5
M n-BuLi in hexane (39.6 mL, 99.0 mmol) dropwise at —78 °C. The
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mixture was stirred for a further 20 min at this temperature, followed
by addition of chlorotrimethylsilane (14.3 mL, 113.3 mmol) in one
portion. The mixture was allowed to warm to ambient temperature.
Solvent was removed in vacuo. Column chromatography using hexane
as eluent gave TMS-protected bithiophene (4) as a pale yellow oil
(33.4 g, 89%). "H NMR (CDCl,, 400 MHz), § (ppm): 2.67 (t, ] = 8.3
Hz, 4H), 1.58—1.54 (m, 4H), 1.32—1.30 (m, 36H), 0.88 (t, ] = 6.8 Hz,
6H), 0.35 (s, 18H). *C NMR (CDCl;, 100 MHz), § (ppm): 149.5,
135.3, 134.0, 116.6, 32.0, 31.9, 30.8, 30.0, 29.7, 29.7, 29.6, 29.4, 22.7,
14.2, 0.2. MS (EI) m/z = 804 (M").

3,5-Didodecyl-2,6-dibromo-4,4'-dimethyldithieno[3,2-b:2',3'-d]-
silole (5). 2.5 M n-BuLi in hexane (6.2 mL, 15.4 mmol) was added
dropwise to a solution of (4) (5.9 g, 7.3 mmol) in THF (20 mL) at
=78 °C. After stirring for 15 min at this temperature, dichlor-
odimethylsilane (1.1 mL, 8.8 mmol) was added in one portion. The
mixture was allowed to warm to room temperature with further
stirring for 0.5 h, followed by treatment with water (S0 mL) and
extraction with hexane (3 X SO mL). The combined organics were
dried over MgSO, and concentrated under reduced pressure. The
residue was purified by column chromatography from hexane to afford
a pale yellow oil.

To the resulting oil dissolved in THF (40 mL) was added NBS (2.6
g 14.6 mmol) in one portion followed by stirring for 2 h at room
temperature in the absence of light. Upon completion of the reaction
(TLC controlled), an aqueous solution of Na,SO; (40 mL) was added
to quench this reaction. The aqueous layer was extracted with hexane
(3 X 50 mL). The combined organics were dried over MgSO, and
concentrated under reduced pressure. Purification by column
chromatography using hexane afforded title compound ($) as a pale
yellow oil (4.2 g, 80%). '"H NMR (CDCl,, 400 MHz), 5 (ppm): 2.56
(t, ] = 8.4 Hz, 4H), 1.58—1.52 (m, 4H), 1.34—1.26 (m, 36H), 0.88 (t, ]
= 7.7 Hz, 6H), 0.44 (s, 6H). *C NMR (CDCl;, 100 MHz), § (ppm):
147.0, 145.0, 141.5, 108.1, 32.0, 30.3, 30.3, 29.7, 29.7, 29.6, 29.5, 29.5,
29.4,22.7, 142, —3.2. HRMS (EI): calcd for C3,HsBr,S,Si, 714.1959;
found, 714.1945.

3,5-Didodecyl-2,6-dibromo-4,4'-di-n-butyldithieno[3,2-b:2’,3'-d]-
silole (6). 2.5 M n-BuLi in hexane (6.7 mL, 16.7 mmol) was added
dropwise to a solution of (4) (6.1 g, 7.6 mmol) in THF (40 mL) at
—78 °C. After stirring for 15 min at —78 °C, di-n-butyldichlorosilane
(2.0 mL, 9.1 mmol) was added in one portion. The mixture was
allowed to warm to room temperature with a further stirring for 0.5 h,
followed by treatment with water (50 mL) and extraction with hexane
(3 X 50 mL). The combined organic phases were dried over MgSO,,
and concentrated in vacuo. Column chromatography using hexane
afforded a pale yellow oil.

To the resulting oil dissolved in THF (40 mL) was added NBS (2.7
g, 15.2 mmol) in one portion. The mixture was stirred for 2 h at room
temperature in the absence of light. The reaction was quenched by
treatment of Na,SO5(aq) (40 mL), extracted with hexane (3 X SO
mL). The combined organic layer was dried over MgSO, and
concentrated in vacuo. Column chromatography using hexane afforded
the title compound (6) as a pale yellow oil (4.4 g, 73%). '"H NMR
(CDCl,;, 400 MHz), 5 (ppm): 2.57 (t, ] = 7.9 Hz, 4H), 1.59—1.52 (m,
4H), 1.45—1.16 (m, 44H), 1.03—0.95 (m, 4H), 0.89 (t, ] = 6.8 Hz,
6H), 0.83 (t, ] = 7.1 Hz, 6H). *C NMR (CDCl,;, 100 MHz), 5 (ppm):
147.6, 145.0, 140.3, 108.1, 32.0, 30.6, 30.2, 29.7, 29.7, 29.6, 29.6, 29.5,
29.4,25.9, 22.7,14.2, 13.6, 12.5. HRMS (EI): calcd for C,oHeBr,S,Si,
798.2898; found, 798.2888.

3,5-Didodecyl-2,6-dibromo-4,4'-dimethyldithieno[3,2-b:2',3'-d]-
germole (7). A 2.5 M sample of n-BuLi in hexane (44 mL, 10.9
mmol) was added dropwise to a solution of (4) (4.0 g, 5.0 mmol) in
THF (15 mL) at —78 °C. After the reaction was stirred for 20 min at
this temperature, dichlorodimethylgermane (0.63 mL, 5.5 mmol) was
added in one portion. The mixture was allowed to warm to room
temperature with a further stirring for 0.5 h, followed by treatment
with water (50 mL) and extraction with hexane (3 X 50 mL). The
combined organic layer was dried over MgSO, and concentrated
under reduced pressure. Column chromatography using hexane
afforded a pale yellow oil.
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To the resulting oil dissolved in THF (30 mL) was added NBS (1.8
g, 10.0 mmol) in one portion. The mixture was stirred for 2 h at room
temperature in the absence of light. Upon completion of the reaction
(TLC indicated), the mixture was quenched by treatment with an
aqueous solution of Na,SO; (40 mL). The aqueous layer was extracted
with hexane (3 X 50 mL). The combined organic layer was dried over
MgSO, and concentrated in vacuo. Column chromatography using
hexane afforded title compound (7) as a pale yellow oil (2.6 g, 69%).
'H NMR (CDCl,, 400 MHz), 5 (ppm): 2.59 (t, J = 7.7 Hz, 4H),
1.59—1.54 (m, 4H), 1.36—1.29 (m, 36H), 0.91 (t, ] = 7.1 Hz, 6H),
0.70 (s, 6H). *C NMR (CDCl,, 100 MHz), 5 (ppm): 144.6, 144.6,
142.4, 107.9, 32.0, 30.5, 30.3, 29.8, 29.7, 29.7, 29.6, 29.5, 29.5, 22.8,
142, —2.1. HRMS (EI): calcd for Cy,H¢Br,S,Ge, 760.1402; found,
760.1391.

3,5-Didodecyl-2,6-dibromo-4,4'-di-n-butyldithieno[3,2-b:2',3'-d]-
germole (8). A 2.5 M sample of n-BuLiin hexane (6.8 mL, 17.0 mmol)
was added dropwise to a solution of (4) (6.2 g, 7.7 mmol) in THF (30
mL) at —78 °C. After stirring for 20 min at —78 °C, di-n-
butyldichlorogermane (2.0 mL, 9.3 mmol) was added in one portion.
The mixture was allowed to warm to room temperature with a further
stirring for 0.5 h, followed by treatment with water (S0 mL) and
extraction with hexane (3 X SO mL). The combined organic phases
were dried over MgSO, and concentrated in vacuo. Column
chromatography using hexane afforded a pale yellow oil.

To the resulting oil in THF (40 mL) was added NBS (2.7 g, 152
mmol) in one portion at ambient temperature, followed by a further
stirring for 1 h at room temperature in the absence of light. Upon
completion of the reaction (TLC indicated), the mixture was
quenched by treatment with an aqueous solution of Na,SO; (40
mL). The aqueous layer was extracted with hexane (3 X 50 mL). The
combined organic phases were dried over MgSO,, and concentrated in
vacuo. Column chromatography using hexane yielded title compound
(8) as a pale yellow oil (5.3 g, 81%). '"H NMR (CDCl,;, 400 MHz), §
(ppm): 2.55 (t, ] = 8.1 Hz, 4H), 1.57—1.53 (m, 4H), 1.28—1.21 (m,
48H), 0.89 (t, ] = 6.8 Hz, 6H), 0.83 (t, J = 7.1 Hz, 6H). *C NMR
(CDCl,, 100 MHz), § (ppm): 145.0, 144.7, 141.3, 107.7, 32.0, 30.8,
302, 29.7, 29.7, 29.6, 29.427.4, 26.1, 22.7, 149, 14.2, 13.6. HRMS
(EID): caled for CyoHggBr,S,Ge, 844.2341; found, 844.2338.

Poly(3,5-didodecyl)-4,4'-dimethyldithieno[3,2-b:2',3'-d]silole)-
2,6-diyl-alt-(2,2'-bithiophene)-5,5'-diyl) (MeSiDT). To an oven-dried
S mL high pressure microwave reactor tube equipped with a sealed
septum was added the following reagents in a sequential fashion:
compound (5) (297.4 mg, 0.42 mmol), 5,5 bis(trimethylstannyl)-2,2'-
bithiophene (204.1 mg, 0.42 mmol), Pd,(dba); (7.6 mg, 0.0084
mmol) and P-(o-tol); (10.1 mg, 0.033 mmol). The tube was sealed
and flushed with Ar, then degassed chlorobenzene (2.5 mL) was
added. The mixture was thoroughly degassed under Ar, and then the
argon inlet was removed. The tube was subjected to the following
conditions in a microwave reactor: 120 °C for 5 min, 140 °C for 5 min
and 180 °C for 50 min. After cooling to room temperature, the
polymer was precipitated into methanol (100 mL), and filtered
through a Soxhlet thimble. The polymer was extracted using Soxhlet
apparatus with methanol, acetone, hexane, chloroform and chlor-
obenzene. The chlorobenzene solution was concentrated in vacuo and
precipitation was induced in methanol. Vacuum filtration followed by
drying under vacuum afforded MeSiDT as a dark-red solid (165 mg,
55%). 'H NMR (1,1,2,2-tetrachloroethane-d,, 130 °C, 400 MHz), §
(ppm): 7.20 (broad, 2H), 7.11 (broad, 2H), 2.88 (broad, 4H), 1.78
(broad, 4H), 1.52—1.38 (broad, 36H), 0.97 (broad, 6H), 0.63 (broad,
6H). Anal. Calcd: (Cj,Hg,SiS,),: C, 69.94; H, 8.38. Found: C, 69.51;
H, 8.14.

Poly(3,5-didodecyl)-4,4'-di-n-butyldithieno[3,2-b:2’,3’-d]silole)-
2,6-diyl-alt-(2,2'-bithiophene)-5,5'-diyl) (BuSiDT). Compound 6
(286.5 mg, 0.36 mmol), S,5-bis(trimethylstannyl)-2,2-bithiophene
(176.6 mg, 0.36 mmol), Pd,(dba); (6.6 mg, 0.0072 mmol), and P-(o-
tol); (8.7 mg, 0.029 mmol) were reacted following the procedure
reported for MeSiDT. The polymer was extracted using Soxhlet
apparatus with methanol, acetone, hexane and chloroform. The
chloroform solution was concentrated in vacuo and precipitation was
induced in methanol. Vacuum filtration followed by drying under
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vacuum yielded BuSiDT as a dark-red solid (203 mg, 71%). '"H NMR
(CDCl;, 400 MHz), § (ppm): 7.14 (broad, 2H), 7.06 (broad, 2H),
2.82 (broad, 4H), 1.67 (broad, 4H), 1.48—1.29 (broad, 44H), 1.06
(broad, 4H), 0.88 (broad, 12H). Anal. Calcd: (C,sH;,SiS,),: C, 71.58;
H, 9.01. Found: C, 71.23; H, 9.10.
Poly(3,5-didodecyl)-4,4'-dimethyldithieno[3,2-b:2’,3’-d]germole)-
2,6-diyl-alt-(2,2'-bithiophene)-5,5'-diyl) (MeGeDT). Compound 7
(230.7 mg, 0.30 mmol), S,5"bis(trimethylstannyl)-2,2"-bithiophene
(149.0 mg, 0.42 mmol), Pd,(dba); (5.5 mg, 0.006 mmol), and P-(o-
tol); (7.3 mg, 0.024 mmol) were reacted following the procedure for
MeSiDT to afford MeGeDT as a dark-red solid (195 mg, 84%). 'H
NMR (1,1,2,2-tetrachloroethane-d,, 130 °C, 400 MHz), § (ppm): 7.19
(broad, 2H), 7.11 (broad, 2H), 2.89 (broad, 4H), 1.78 (broad, 4H),
1.50—1.38 (broad, 36H), 0.97 (broad, 6H), 0.63 (broad, 6H). Anal.
Caled: (CHgoGeS,),: C, 65.88; H, 7.90. Found: C, 65.31; H, 7.78.
Poly(3,5-didodecyl)-4,4'-di-n-butyldithieno[3,2-b:2',3'-d]-
germole)-2,6-diyl-alt-(2,2'-bithiophene)-5,5'-diyl) (BuGeDT). Com-
pound 8 (484.5 mg, 0.57 mmol), S5,5-bis(trimethylstannyl)-2,2-
bithiophene (281.8 mg, 0.57 mmol), Pd,(dba); (10.5 mg, 0.011
mmol) and P-(o-tol); (13.9 mg, 0.046 mmol) were reacted following
the method reported for BuSiDT to afford BuGeDT as a dark-red
solid (430 mg, 89%). 'H NMR (CDCl,, 400 MHz), § (ppm): 7.15
(broad, 2H), 7.06 (broad, 2H), 2.82 (broad, 4H), 1.67 (broad, 4H),
1.56—1.29 (broad, 48H), 0.88 (broad, 12H). Anal. Calcd:
(C4sH7,GeS,),: C, 67.83; H, 8.54. Found: C, 67.23; H, 8.80.

B ASSOCIATED CONTENT

© Supporting Information

Top gate transistor data and transfer and output plots and 'H
and >C NMR spectra. This material is available free of charge
via the Internet at http://pubs.acs.org.
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ABSTRACT: A series of 7-conjugated polymers consisting of
bis-EDOT or bis-EDTT units and p- or o-diphenylbenzodifur-
anones have been prepared electrochemically. The monomers
and polymers were investigated using UV/vis absorption spectros-
copy and cyclic voltammetry. The monomers were synthesized
from 3,4-ethylenedioxythien-2-yl or 3,4-ethylenedithiathien-2-yl tri-
methylstannane and 3,7-bis(4-bromophenyl)benzo[1,2-b:4,5-b"]-
difuran-2,6-dione or 3,6-bis(4-bromophenyl)benzo[1,2-b:6,5-b"]-
difuran-2,7-dione using Stille coupling. The polymers exhibit
broad absorption bands, and strong donor—acceptor character-
istics with very small band gaps (in a range from 0.40 to 1.20 eV).
Electrochemically grown polymer thin films exhibit reversible

behavior under oxidative and reductive conditions. Under reduction, the polymer films show color changes from dark to almost

transparent.

B INTRODUCTION

The incorporation of chromophores in 77-conjugated polymer
chains, which are highly absorbing and emitting in the visible
and near-infrared region, has been widely used for the design of
new polymers for electronic applications. Potentially useful
chromophores can be found among the various organic colorants,
especially in the field of so-called “high-performance pigments”
developed in the past three decades." Among these pigments
are 2,S-diketopyrrolo[3,4-c|pyrrole (DPP) derivatives, which
were commercialized in the 1980s.> In recent years, a growing
number of polymer chemists and physicists became interested
in DPPs since it was shown that DPP-containing polymers
exhibit light-emitting® and photovoltaic properties.* Very recently,
Janssen et al. demonstrated the utility of thiophene-2-yl-DPP-
containing conjugated polymers for application in photovoltaic
devices exhibiting a power conversion efficiency up to 5.5%.°
Another interesting chromophore with a related structure,
benzodifuranone (Scheme 1), has attracted our interest very
recently.

The benzodifuranone chromophore belongs to a class of
currently used dyes and chromophores, which have been deve-
loped in the past 30 years.® Because of their deep color and
high brightness of shape, they were commercialized as disperse
dyes for textiles, especially for polyesters. Depending on the
substitution pattern, benzodifuranones exhibit red to blue colors’
and exhibit strong solvatochromism in organic solvents.®
Benzodifuranones are prepared upon condensation of 1,4-
or 1,2-dihydroxybenzene with derivatives of mandelic acid.’

-4 ACS Publications  © 2011 American Chemical Society 743

The final deep color originates from the quinoid structure of
the central core unit, which is obtained upon oxidation of the
benzene unit with chloranil. The broad absorption in the visible
region of the spectrum, combined with a high color depth,
renders benzodifuranones interesting as building blocks for
novel z-conjugated polymers suitable for electronic applica-
tions. In a first report it has been shown that low-band-gap
polymers can be prepared from dibromobenzodifuranone
derivatives via Stille and Suzuki coupling reactions.'® In another
study, benzodipyrrolidone-based conjugated polymers follow-
ing a similar synthetic route have been reported very recently.'!
As an alternative way to synthesize such polymers we have
chosen the electrochemical polymerization of benzodifuranones
functionalized by EDOT or EDTT units at both ends of the
molecules because their low oxidation potential enables
electrochemical coupling'* and because thiophene-based
compounds are known for their role in organic semiconductor
materials."® In the present work, we describe the synthesis of 7-
conjugated polymers with benzodifuranone chromophores in
the main chain via electrochemical coupling. Synthesis, optical,
electrochemical, and electronic properties of the polymers will
be described. It is demonstrated that the polymers exhibit
interesting redox behavior and can be cathodically reduced with

high reversibility.
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Scheme 1. Synthetic Route to Monomers Al, A2, B1, and B2

A1

B1 B2

“Reagents and conditions: (i)1,2,4-trichlorobenzene, 200 °C, 12 h; (ii) nitrobenzene, 200 °C, 2 h; (iii) tetrakis(triphenylphosphine)palladium(0),

DMF, microwave, 1 h.

B EXPERIMENTAL SECTION

Materials. 3,4-Ethylenedioxythien-2-yl trimethylstannane and 3,
4-ethylenedithiathien-2-yl trimethylstannane were synthesized
according to literature procedures'® (see also Supporting
Information). All other chemicals and solvents were purchased
from commercial sources and used without further purification.
Air- and/or water-sensitive reactions were conducted under nitrogen
using dry solvents. Microwave-assisted syntheses were carried out using
a Biotage Initiator Sixty EXP microwave system.

Physical Measurements. '"H NMR spectra were recorded on a
Bruker DPX instrument at 400 and 100 MHz; chemical shifts are given
in parts per million. Elemental analyses were obtained on a Perkin-
Elmer 2400 elemental analyzer. Absorption spectra were measured on
a Unicam UV 300 spectrophotometer.

Electrochemistry. Dichloromethane (DCM) (HPLC grade, Acros),
acetonitrile (HPLC grade, Aldrich) and tetra-n-butylammonium hexa-
fluorophosphate (TBAPF,, electrochemical grade, Fluka) were used as
received. Electrochemical measurements were performed on a CH
Instruments 660A electrochemical workstation using anhydrous dich-
loromethane or acetonitrile as the solvent, silver wire as the pseudo
reference electrode, and platinum wire and glassy carbon as the counter
and working electrodes, respectively. Electrochemical data were
referenced to the ferrocene/ferrocenium redox couple using metal-
locene as an internal standard. All solutions were degassed (Ar) and
contained monomer substrates in concentration of ca. 1 X 1073 M,
together with TBAPF, (0.1 M) as the supporting electrolyte. Spec-
troelectrochemical experiments were conducted on ITO glass. The gel
electrolyte was prepared according to a literature procedure.'® The
electrolyte contains 70 wt % of acetonitrile, 20 wt % of propylene
carbonate, 7 wt % of PMMA (M,: 50 000 Da), and 3 wt % of tetra-
butylammonium hexafluorophosphate. HOMO and LUMO levels
were calculated according to the literature.'®

Synthesis. 3,7-Bis(4-bromophenyl)benzo[1,2-b:4,5-b'Idifuran-2,6-
dione (3). Using a Dean—Stark apparatus, hydroquinone (0.60 g, 5.41
mmol) and 4-bromomandelic acid (2.5 g 10.82 mmol) were dissolved
in 1,2,4-trichlorobenzene (25 mL) and stirred at 200 °C for 12 h. After
cooling to 60 °C, nitrobenzene (2.2 mL) was added, and the mixture

744

was stirred at 200 °C for another hour. After cooling to room tem-
perature, 50 mL of methanol was added. A precipitate formed, which
was filtered off, washed with methanol, and dried in air. Compound 3
was obtained as a dark green solid (1.7S g, 65%), which was only
sparingly soluble in common organic solvents at room temperature.
However, the product showed high solubility at temperatures above
100 °C (mp above 300 °C). Anal. Calculated for C,,H,,Br,O,: C, 53.05%;
H, 2.02%. Found: C, 52.80%; H, 2.08%. UV/vis (dichloromethane):
Amax at 483 nm.
3,7-Bis(4-(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)phenyl)benzo-
[1,2-b:4,5-b’]difuran-2,6-dione (A1). In a vial, 200 mg (0.40 mmol)
of 3,7-bis(4-bromophenyl)benzo[1,2-b:4,5-b']difuran-2,6-dione (3),
305 mg (1.00 mmol) of 3,4-ethylenedioxythien-2-yl trimethylstannane,
and 14 mg (0.012 mmol) of tetrakis(triphenylphosphine)palladium(0)
were dissolved in 5 mL of dry DMF and stirred for S min. The mixture
was degassed and heated in the microwave synthesizer at 160 °C for
1 h. After cooling, the mixture was diluted with 50 mL of DCM and
washed with S0 mL of brine and 50 mL of water. The organic layer
was separated, dried over magnesium sulfate, and evaporated. The dark
product was recrystallized from DCM/methanol. Yield: 196 mg
(79%). 'H NMR (400 MHz, CDCL,): 6 = 7.87 (d, aromatic, 8H), 6.96
(s, EDOT aromatic H, 2H), 6.41 (s, aromatic, 1H), 4.33 (m, EDOT-
CH,, 8H). UV/vis (dichloromethane): 298, 391, 590 nm. £(590) = 63
580 L mol™ ecm™.
3,7-Bis(4-(2,3-dihydrothieno[3,4-b][1,4]dithien-5-yl)phenyl)-
benzo[1,2-b:4,5-b’]difuran-2,6-dione (A2). The same procedure as
described for compound Al was used except that 3,4-ethylenediox-
ythien-2-yl trimethylstannane was replaced by 3,4-ethylenedithiathien-
2-yl trimethylstannane. A dark solid (200 mg, 89%) was obtained. 'H
NMR (400 MHz, CDCL,): § = 7.85 (d, aromatic, 8H), 6.69 (s, EDTT
aromatic H, 2H), 7.09 (s, aromatic, 1H), 3.24 (m, EDTT-CH,, 8H).
UV/vis (dichloromethane): 306, 502 nm. &(502) = 79220 L mol™ em™.
3,6-Bis(4-bromophenyl)benzo[1,2-b:6,5-b’]difuran-2,7-dione
(4). Using a Dean—Stark apparatus, 1,2-dihydroxybenzene (1.20 g,
10.82 mmol) and 4-bromomandelic acid (5.0 g 21.64 mmol) were
dissolved in 1,2,4-trichlorobenzene (30 mL) and stirred at 200 °C for
S h. After cooling to 60 °C, nitrobenzene (5.0 mL) was added, and the
mixture was stirred for another hour at 200 °C. After cooling to room
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Figure 1. UV/vis absorption spectra of monomers Al, A2, B1, and B2 in dichloromethane solution.

Table 1. Optical and Electrochemical Data for Monomers®

HOMO-LUMO gap/opt onset of oxidation
(eV)

UV (nm) (W%
Al 298, 391, 590 1.81 +0.83
A2 306, 502 1.88 +0.82
B1 302, 588 1.80 +0.45
B2 307, 407, 558 1.86 +0.85

HOMO onset of reduction LUMO HOMO-LUMO gap
(eV) ) (eV) (eV)
—5.63 -0.50 —4.30 133
—5.62 —0.47 —4.33 1.29
=525 —0.80 —4.00 125
—5.65 —041 —4.39 1.26

“Absorption spectra were taken in dichloromethane solutions. All redox potentials are referenced to the ferrocene/ferrocenium redox couple.
HOMO-LUMO gap according to the equation16 —Erumo = Eonset(red) + 4-8 €V and —Eyomo = Eonset(oxr) + 4-8 €V, where E;e(ox) a0d Ejper(red) are

the onset potentials for the oxidation and reduction processes vs ferrocene.

temperature, S0 mL of methanol was added. The solid formed was
filtered off, washed with methanol, and dried in air. Compound 4 was
obtained as a dark red solid (3.28 g, 61%). 'H NMR (400 MHz,
CDCl,): 6 = 7.85 (d, aromatic, 4H), 7.47 (d, aromatic, 4H), 7.16 (d,
aromatic, 2H). (mp over 300 °C). Anal. Calculated for C,,H,(Br,O4:
C, 53.05%; H, 2.02%. Found: C, 52.10%; H, 2.09%. UV/vis
(dichloromethane): A, at 493 nm.
3,6-Bis(4-(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)phenyl)benzo-
[1,2-b:6,5-b’]difuran-2,7-dione (B1). The same procedure as de-
scribed for compound Al was used. A dark solid (93 mg, 82%) was
obtained. '"H NMR (400 MHz, CDCl,): § = 7.88 (d, aromatic, 8H),
6.98 (s, EDOT aromatic H, 2H), 7.29 (s, aromatic, 1H), 4.34 (m,
EDOT-CH,, 8H). UV/vis (dichloromethane): 302, 588 nm. £(588) =
23080 L mol ™! em™.
3,6-Bis(4-(2,3-dihydrothieno[3,4-b][1,4]dithien-5-yl)phenyl)-
benzo[1,2-b:6,5-b’Idifuran-2,7-dione (B2). The same procedure as
described for compound A1 was followed except that compound 3 was
replaced by 4. A dark solid (120 mg, 86%) was obtained. '"H NMR
(400 MHz, CDCly): 6 = 7.84 (d, aromatic, 8H), 7.44 (s, EDTT
aromatic H, 2H), 7.09 (s, aromatic, 1H), 3.27 (m, EDTT-CH,, 8H).
UV/vis (dichloromethane): 307, 407, 558 nm. &(558) = 115560 L

mol™! em™L

B RESULTS AND DISCUSSION

Synthesis. The starting compounds 1—4 and key compounds
Al, A2, B1, and B2 containing para- and ortho-benzodifuranone
units were synthesized as shown in Scheme 1. In general, the
synthesis of the starting compounds 3 and 4 required the

745

condensation of 1 equiv of p-bromomandelic acid with 0.5 equiv
of hydroquinone or 1,2-dihydroxybenzene, respectively, leading
to a double cyclization to benzodihydrofuranones 1 and 2. A
Dean—Stark apparatus was used for the removal of water as a
byproduct, favoring the double cyclization into 1 and 2. 1 and 2
were not isolated but directly oxidized with nitrobenzene. This
resulted in the conjugated system of benzodifuranone in 65%
yield for para- (3) and 61% for the ortho-isomer (4). The low
solubility of benzodifuranone 3 in common solvents at room
temperature could be overcome upon heating to temperatures
above 100 °C. This allowed us to use the monomer for further
synthetic procedures.

The 3,4-ethylenedioxythiophene (EDOT) and 3,4-ethyl-
enedithiathiophene (EDTT) substituted monomers Al, A2,
B1, and B2 were synthesized upon a microwave-assisted Stille
coupling of 3 and 4 with 3,4-ethylenedioxythien-2-yl trimethyl-
stannane (S) and 3,4-ethylenedithiathien-2-yl trimethylstan-
nane (6) using Pd(PPh,), as the catalyst and DMF as the solvent.
The coupling gave high yields of 79, 89, 82, and 86% for Al,
A2, Bl1, and B2, respectively. The four monomers are dark
bluish solids being slightly up to moderately soluble in common
solvents such as chloroform, dichloromethane, DMF, THF, and
toluene, for example.

The 'H NMR spectra of Al, A2, B1, and B2 displayed all the
expected resonances with no discernible peaks corresponding

dx.doi.org/10.1021/ma202387t | Macromolecules 2012, 45, 743—750
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Figure 3. Growth of PA1 (a), PA2 (b), PB1 (c), and PB2 (d) by cyclic voltammetry in dichloromethane using a carbon working electrode, Ag wire
pseudoreference electrode. Supporting electrolyte: 0.1 M TBAPF,. Scan rate: 100 mV s™'; T = 20 °C.

to impurities (see Supporting Information). Significantly, the
singlet signal at about 7.0 ppm can be ascribed to the thiophene
unit in the EDOT and EDTT substituents. The two multiplet
signals with a chemical shift of about 4.34 ppm are typical for
the ethylene bridge of the EDOT unit. The two multiplet
signals at about 3.37 ppm are typical for the ethylene bridge of
the EDTT unit and are similar to those reported in the
literature.'** Unfortunately, the solubility in solvents such as
chloroform-d or dimethyl-d sulfoxide was not high enough to
measure *°C NMR spectra for further structural character-
ization.

UV/vis Absorption of Monomers. In the UV/vis
absorption spectra of Al, A2, B1, and B2, a large bathochromic
shift is introduced upon the addition of EDOT and EDTT to
the conjugated system. Compared with their starting
compounds 3 and 4, the shifts are 154 nm for Al, 64 nm for
A2, 95 nm for B1, and 65 nm for B2. The spectra are displayed
in Figure 1. In dichloromethane Al exhibits an absorption
maximum at 590 nm, A2 at 502 nm, B1 at 588 nm, and B2 at
558 nm (Table 1). The bathochromic shifts result from a com-
bination of two phenomena: (i) an extension in conjugation
through the thiophene units and (ii) a push—pull donor—acceptor
interaction between the electron-rich thiophenes and the
carbonyls of the furanone units. Interestingly, the EDTT-sub-

746

stituted monomers A2 and B2 are not shifted bathochromically
as largely as the EDOT-substituted monomers Al and B1. The
reason could be a larger electron-withdrawing effect caused by
sulfur in the EDTT unit compared to oxygen in the EDOT
units. Alternatively, it is well-known that conjugated compounds
incorporating EDOT and EDTT units provide planar and twisted
geometries, respectively. Therefore, it can be assumed that there is
a lower degree of conjugation in the EDTT-containing com-
pounds. From the absorption edge of the monomers (about
690 nm) similar optical HOMO—LUMO gaps between 1.80
and 1.90 eV (Table 1) can be determined.
Electrochemistry. Cyclic Voltammograms of Mono-
mers. The electrochemistry of compounds Al, A2, B1, and B2
was studied using cyclic voltammetry in dichloromethane solution.
The electrochemical details are given in the Experimental
Section, the cyclic voltammograms of the monomers are shown
in the Supporting Information, and the electrochemical data are
compiled in Table 1. For the para-substituted compound Al,
the oxidative cycle exhibits an irreversible peak at +0.91 V. The
reductive cycle shows two reversible waves at —0.61/—-0.55
and —0.94/—0.88 V. A2 shows an irreversible oxidation peak
at +0.84 V and two reversible cationic waves at —0.61/—0.55
and —0.93/—0.87 V. The ortho-substituted analogue B1 shows
an irreversible oxidation peak at +0.65 V and two reversible
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Figure 4. Cyclic voltammograms of PA1 (a), PA2 (b), PB1 (c), and PB2 (d) as thin films deposited on a glassy carbon electrode. Solvent: 0.1 M
TBAPF,/acetonitrile. Potential calculated versus ferrocene. Scan rate: 100 mV s, T =20 °C.

reductive waves at —0.93/—0.86 and —1.22/-1.18 V. B2 un-
dergoes an irreversible oxidation at +1.00 V, and the reduction
shows two reversible waves at —0.55/—0.49 and —0.87/—0.82 V.
Within this monomer series, a high stability of the anion
radical and dianion showing reversible reductive waves was
observed. The driving force for facile and stable reduction is
the aromatization of the core benzene ring in the four
benzodifuranone monomers. This represents a strong acceptor
character of the benzodifuranone unit. A suggested reduction
mechanism for the p-benzodifuranone is shown in Figure 2. It
also should be noted that the four monomers show narrow
band gaps in the range from 1.25 to 1.33 eV.
Electropolymerization. The four monomers were electro-
polymerized at the anode using the same cell as for the cyclic
voltammetry experiments. Repetitive cycling over the oxidation
range of the materials produced the desired polymers, which
were deposited as thin films on the working electrode. The
polymer growth plots for the series are displayed in Figure 3.
Whereas Al, A2, and Bl polymerized readily, B2 required
more cycles (120 cycles for B2, 60 cycles for Al, A2, and B1)
of continuous scanning between —0.20 and +1.10 V before a
satisfactory film was obtained. It should be noted that the
electropolymerization of thiophenes, especially for EDTTs, at
relatively low oxidation potentials can lead to oligomeric
products rather than to long chain polymers. This could be
the reason for the slow growth rate of B2. In comparison
with B2, the EDTT-substituted A2 exhibited much better
growth characteristics. In this case the angled structure of B2
could be sterically unfavorable for polymer growth in comparison
with the rodlike structure of A2. For all compounds, a plot of
scan rate vs current gives a linear fit (see Supporting Information),
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confirming the stability of adhered films and that charge transport
through the film is not diffusion limited.

Cyclic Voltammograms of Polymers. The cyclovoltammet-
ric response of the four polymers was studied using films of the
polymers on a glassy carbon working electrode in monomer-
free acetonitrile vs Ag/AgCl. The CV diagrams of PAl (a),
PA2 (b), PB1 (c), and PB2 (d) are shown in Figure 4, and the
electrochemical data are listed in Table 2. The four polymers

Table 2. Optical and Electrochemical Data for Polymers®

onset of onset of HOMO-
uv oxidation HOMO reduction LUMO LUMO
(nm) V) (eV) (v) (eV)  gap (eV)
PA1 589 +0.41 —-5.21 0.03 —4.77 0.44
PA2 348,417 +0.50 —5.30 —-0.41 —4.39 091
PB1 515,587 —-0.01 —4.79 -0.37 —4.43 0.36
PB2 530 +0.87 —5.67 —-0.41 —4.39 1.28

“Absorption spectra were taken from thin films.

show a quasi-reversible oxidative and two
although the reduction process for PB1 was
broad single peak. The higher stability
conditions, compared with the less stable oxidation processes,
was similar to the behavior of the monomers. Good reversibility

reductive waves,
represented by a
under reductive

for reduction processes was observed for polymers PAl and
PB2. The difference between the onsets of the oxidation and
reduction potentials of conjugated polymers normally repre-
sents the electrochemical band gap of the semiconductor. From
cyclic voltammetry, small electrochemical band gaps are inferred
for all four polymers (0.44, 0.91, 0.36, and 1.28 eV for PAl,
PA2, PB1, and PB2, respectively). The polymers containing
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Figure S. UV/vis absorption spectra of monomers PA1, PA2, PB1, and PB2 as thin films.

EDOT-substituted benzodifuranone show smaller electroche-
mical band gaps and lower oxidation potentials than the EDTT
analogues, but the reduction onsets were very similar throu-
ghout the series. This could be caused by more planar structures
of the polymer main chains due to the oxygen—sulfur interaction
between adjacent EDOT units."” EDTT does not provide this
advantage for planarity, and in fact there is normally a signi-
ficant twist between the thiophene units."”'® In a comparison,
the electrochemical HOMO—LUMO gap of PB2 (1.28 eV) is
similar to the value found for monomer B2 (1.26 eV). Again,
the reason could be that the polymer chain of PA2 is not fully
conjugated due to the expected twists between EDTT units in
the polymer chain. The narrow HOMO-LUMO gaps arise
from localized donor and acceptor sites within the polymer
chain through the bithiophene units and the benzodifuranones,
respectively. This is similar to our previous work, where even in
conjugated polythiophenes containing strongly redox-active com-
ponents the donor and acceptor units can exhibit independent
electroactivity."®

Spectroelectrochemistry. The absorption spectra of the
four polymers were taken from thin films on ITO-coated glass
substrates. The spectra are displayed in Figure 5, and the ab-
sorption data are listed in Table 2. The UV/vis absorption
spectra of the polymers show very broad bands with no clear
edges so that optical band gaps could not be calculated with a
satisfactory degree of confidence; the four polymers showed
very broad shoulders ranging from about 680 to 750 nm.
However, the optical band gap of the polymer, determined
from the onset of the longest wavelength absorption band, is
estimated to be wider than the electrochemically determined
value. The discrepancy in HOMO—LUMO gap values determined
by the two different methods, cyclic voltammetry and absorption
spectroscopy, is explained by the following. Absorption spectros-
copy reveals the band gap as the energy corresponding to the
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m—7* transition, and this is normally represented by the longest
wavelength absorption band. The 7—7* transition arises from
the conjugated chain of the polymer, and the length and
planarity of this chain dictate the position of this band. Cyclic
voltammetry, on the other hand, provides information on the
HOMO and LUMO energy levels. In simple structures, parti-
cularly in homopolymers, the optical band gap and the HOMO—
LUMO gap are the same, since the redox processes involve
electrons being extracted from or injected into the conjugated
polymer chain. In more complex structures, in which the redox
sites are discrete parts of the polymer, the sites of oxidation and
reduction are localized and the conjugated segment may not
extend over both these components. Therefore, the association
between the donor—acceptor sites is no longer representative of
the effective conjugation length of the polymer. In such cases,
the HOMO—LUMO and band gap values are not the same and
must be considered as separate properties of the polymer. In
our case, the bithiophene units within the polymers and the
benzodifuranone heterocycles act as localized donor and acceptor
redox entities, and this explains the differences observed in the
data relating to the “HOMO—-LUMO” gap.

Because of the high stability under reduction, it was of great
interest to study the spectroelectrochemical properties for this
series of polymers. For this study, the polymer films were grown
on ITO-coated glass substrates, and the electronic absorption
spectra were taken with a gel electrolyte. 3-D absorption spec-
troelectrochemical plots for PAl, PA2, PB1, and PB2 are
shown in Figure 6.

The absorption of PA1 did not change much until a potential
of —1.0 V was reached. From —1.0 to —1.3 V a large drop in
absorbance was observed, which could point to the reduction
from mono- to dianion involving a break in the conjugated
system. Starting at —1.0 V, the film becomes more transparent.
For PA2, it can be seen that the change in the absorption
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Figure 6. 3-D absorption spectroelectrochemical plots for PA1, PA2, PB1, and PB2 as thin films on ITO in gel electrolyte. Ag wire pseudoreference
electrode. Potential calculated versus ferrocene. Scan rate: 100 mV s™}; T = 20 °C.

spectra takes place during the first 10 measurements until a
potential of —0.7 V is reached. This is just past the first
reduction peak in the CV. By taking it to —1.9 V, there is only
little more change in the absorption which corresponds to the
fact that the second reduction peak was smaller compared to
the first one. The color change was only small; the film turned
from a dark to a lighter purple/brown color. The 3D plot of
PB1 shows that there is a drop in the absorption at —0.5 V as
the polymer goes from a purple color to a more transparent
film. The spectroelectrochemistry of PB2 shows that at the first
reduction peak down to —0.8 V a decrease in intensity of the
m—n* band occurs, and a new band ranging from 770 nm into
the near-IR forms, which might originate from the formation of
a radical anion in the polymer chain. This peak diminishes at
—1.0 V, and with the formation of a dianion (second reductive
wave) there is a continuous drop in the 7—z* transition toward
—1.9 V. The color of the film changed from dark purple to a
light orange, transparent color. For this series of polymers, 2-D
electronic absorption spectra are shown in the Supporting
Information.

B CONCLUSIONS

In summary, we have presented the synthetic route and the key
properties of a series of electropolymerizable monomers con-
taining p- and o-diphenylbenzodifuranones. We also have syn-
thesized the first polymers based on EDOT or EDTT and p- or
o-benzodifuranone units electrochemically. The polymers
exhibit broad absorption bands, and very small HOMO-—
LUMO gaps (about 0.40 eV for PAl and PB1). Interesting
electrochromic properties were found under oxidative and
reductive conditions. Under reduction, the polymers showed
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color changes from dark to almost transparent. Because of their
reversibility in oxidation and reduction processes, PAl, PA2,
PB1, and PB2 might be useful for electronic applications.
Further studies to optimize film formation and conductivity of
these materials are underway.
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UV/vis absorption spectra and 'H NMR spectra of some key
compounds, cyclic voltammograms of monomers Al, A2, Bl,
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ABSTRACT: A series of novel oxygen-linked N-phenyl-
carbazole (NPC) dendritic wedges (3—5) and triphenyl-
amine-centered dendrimers (CBD-GO to -G2) have been
synthesized and extensively studied. The aryl—oxygen—aryl
(Ar—O—Ar) linkages were established on 3,6-positions of
carbazole and 4-position of N-phenyl group. UV—vis spectra
revealed that the Ar—O—Ar linkage would break down the 7
conjugation and make NPC units manifest their individual
absorption moiety. Both steady-state luminescence and
fluorescence decay dynamics at room temperature and 77 K
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in tetrahydrofuran suggested that the transfer of energy from the carbazole wedges to the triphenylamine (TPA) core operates in
CBD-G1, so that the luminescence mainly arises from the core unit. The quenching of the emission from carbazole wedges by
the TPA core becomes less effective as the generation develops into CBD-G2. The oxidation potential of the NPC derivatives
clearly revealed the mesomeric electron-donating effect of the oxygen atom and inductive electron-withdrawing effect of the
carbazole unit. The potential gradient could be established on those triphenylamine-centered dendrimers (CBD-G1 and CBD-
G2), such that the outer layer is electron-poor and the inner layer is electron-rich. It is remarkable that the HOMO level of the
NPC dendrimers is as high as —5.17 eV and triplet energy level is kept above 2.85 eV. These levels of HOMO and triplet energy,
together with good thermal stability and compatibility of solution processing, make NPC dendrimers ideal host materials for blue
triplet emitters. Using CBD-G2 as the host material, the FIrpic-doped solution-processed light-emitting diodes were fabricated,
and maximum luminous efficiency could be achieved at a record high of 24.7 cd/A at 484 cd/m>

B INTRODUCTION

The advance of the architecture for constructing dendritic
molecules has attracted considerable attention during the past
two decades." The availability nowadays of a large variety of
dendrons with well-defined branches allows ample materials of
intriguing supramolecular properties for light harvesting,
exciton harvesting, electronic potential gradient, and molecular
recognition to be prepared. Applications including drug
delivery,® organic electronics,’ and homogeneous catalysis*
have been reported. The maturity of synthetic architecture also
allows chemists to explore the manipulation of the relationships
between molecular structures and energy levels, one of the
most important topics in current chemistry.

Carbazole-based (CB) dendrimers have emerged as a new
and attractive family of advanced materials. Because of the
interesting photo- and electrochemistries, as well as distin-
guished electronic properties of the carbazole unit, the CB
dendrons and dendrimers have been utilized in nano-
composites,” efficient light-harvesting antennae,® phosphores-
cent iridium(III) dendrimers,” and fluorescent dendritic
emitters® for organic light-emitting diode (OLED). Besides,
the CB dendrimers hold promise as hole-transporting” and

-4 ACS Publications  © 2011 American Chemical Society
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host'® materials of OLEDs. The CB dendrimers could be
categorized into two classes from the structural point of view:
The first class contains the carbazole units tethered to the
saturated C—C chains.” The carbazole units therefore function
independently so that their original physical properties such as
electrochemical oxidation potential and/or photophysical
properties would be maintained. The second class has the
carbazole units chained through #-conjugation to form
dendritic wedges."" Usually, this type of conjugated dendrimer
demonstrates fascinating optoelectronic properties that are
different from the carbazole monomer unit. Recently,
explorations about formation of the potential or redox gradient
have been reported.'” For examples, Yamamoto and Albrecht
reported the synthesis of N-linked rigid dendritic carbazoles
G4Fc and discovered the accumulative z-polarization sub-
stituent effect of the carbazole unit producing a potential
gradient in the carbazole dendron such that the outer layer
becomes electron-rich while the inner layers are electron-
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poor. ~* Blackstock and Selby reported redox-active polyaryl-
amine dendrimer TPA-G2, which exhibits contrary oxidation
gradients.12b The core, phenylenediamino (PD) group, is more
easily oxidized than the periphery, triarylamino (AA) group.
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As for our continuing efforts in arylamine derivatives,"> N-
phenylcarbazole (NPC) is another interesting monomeric unit
that can be used to construct the CB dendrimer.***'* Although
NPC and N-H-carbazole belong to the same family of
heterocyclic compounds and exhibit similar photophysical'®
and electrochemical'® properties, pure NPC-based dendrimers
are seldom reported.'” Most carbazole-based dendrimers have
been prepared through the formation of C—N linkages,
coupling the nitrogen atom of an external carbazole unit to
the activated C3 and C6 sites of an inner carbazole moiety. In
the past decade, copper-catalyzed Ullmann condensations have
been extensively used for diaryl ether synthesis.'® Therefore, we
are interested in extending our study to the novel oxygen-linked
CB dendrimer CBD-G2 and its derivatives listed in Scheme 1.
We foresee that these compounds may possess intriguing
oxidation potential gradient in the designated structure.
However, achieving the C—O coupling at the C3 and C6 site
of carbazole moiety is challenging. We have thus developed a
novel synthetic approach for building up our Ar—O—Ar linkage,
instead of using the commonly adopted Ar—N—Ar linkage to
construct the molecular framework. We are also interested in
exploring whether the novel C—O—C linkage would bring any
interesting effects on the physical properties of the NPC units.
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B RESULTS AND DISCUSSION

Preparation of the Carbazole—Oxy—Carbazole Den-
dritic Wedge. In our strategy, we adopted the coupling
reaction of 1 with 2 to construct the dendron. To optimize the
reaction conditions, coupling 1 with phenol was first attempted
under different Cul promoted C—O coupling conditions to
give 3." Table 1 summarizes the results in which only under
the condition of Cul/N,N-dimethylglycine hydrochloride'**
and (DMGIyHCl)/1,4-dioxane did the reaction give a
satisfactory yield of 3 after prolonged heating for 72 h (entry
5). Other ligands such as 2-(hydroxymethyl)-2-methylpropane-
1,3-diol (TrisOH),'” ethyl 2-oxacyclohexanecarboxylate (CY-
COEt),"”¢ and trans-N,N'-dimethylcyclohexyldiamine
(DMCHDA)" were found to be less effective. In order to
increase the reaction efficiency, microwave (MW) irradiation
(200 W, open vessel), which has proved to be a practical
synthetic tool,”® was adopted to accelerate the C—O coupling
reaction. Under this condition, the reaction time could be
significantly reduced to 4 h with the yield maintained at 45%
(entry 6). The single crystal of 3 was grown by slow
evaporation from acetonitrile solution, and its structure was
supported by X-ray crystallographic analysis (Figure S-2).

However, the C—O coupling reaction of 1 with 2 was found
to be sluggish under similar conditions (entry 7), so that higher
reaction temperature was required to facilitate the process. This
may be due to the inductive electron-withdrawing properties of
the carbazole group'*® that reduce the nucleophilic properties
of the phenol unit. After several attempts under various
conditions, we discovered that the coupling reactions could be
conducted in dipolar aprotic solvents at 150 °C by application
of microwave (MW) irradiation (entries 8—11). The
disubstituted product 4 was obtained in moderate yields. The
deiodo product § could also be isolated (31%) as a side
product. Deprotection of 4 was performed by demethylation in
the presence of pyridinium chloride in NMP under MW
irradiation”" for 7 h to give the key dendritic wedge 6 in 86%
yield.

Synthesis of the CBD-GO, CBD-G1, and CBD-G2. Tris(4-
bromophenyl)amine (7)** was employed as the precursor of
the electron-rich TPA core in the syntheses of CBD-G0, CBD-
G1, and CBD-G2 (Scheme 2). By applying our MW-assisted
Ullmann condensation protocol to the present synthesis, 8
could be smoothly coupled with phenol in benzonitrile at 150
°C to give CBD-GO (57%). Similar conditions could be applied
to 2, giving CBD-G1 a 59% yield. The de-bromo disubstituted
product 9 (24%) could also be incidentally isolated. This
reaction yield of CBD-G1 is surprisingly high, considering that
three C—O couplings proceed in one step.

By employing the same strategy, CBD-G2 could be prepared
from 6 and 7 in 31% yield. Although the yield is as not
amazingly high as that of CBD-Gl1, it is still acceptable because
the procedure allows ones to prepare the desired CBD-G2 in
one pot. Furthermore, CBD-G2 could be purified conveniently
by liquid column chromatography. The structures of CBD-G1
and CBD-G2 were verified with 'H and "*C spectroscopy,
elemental analysis, and mass spectroscopy. In the gel-
permeation chromatography (GPC), the purity and mono-
dispersity of dendrimers were clearly confirmed (Figure 1).

Photophysical Properties. Pertinent photophysical data
for 3, 4, 5, 8, CBD-G0, CBD-G1, and CBD-G2, including their
UV—vis absorption properties, as well as the PL behavior, were
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Table 1. Cul-Catalyzed Cross-Coupling of 1 with ArOH under Different Ligand-Assisted Conditions

\O ~

O

OZQ

CBD- G1

N N
+ ArOH Ulimann
Q O condensation
~Ar

[ 1 [ Ar~Q o)

entry ArOH ligand solvent MW temp (°C) time (h) product (%)°
14 PhOH TrisOH DMSO no 120 48 3 (20)
24 PhOH CYCOEt DMSO no 100 48 3(22)
3¢ PhOH DMCHDA PhMe no 120 24 3(7)
4 PhOH DMGIyHCl 1,4-dioxane no reflux 72 3 (60)
5° PhOH DMGIyHCl 1,4-dioxane no reflux 96 3 (58)
6" PhOH DMGIyHCI 1,4-dioxane yes 100 4 3 (45)
7° 2 DMGIyHCI 1,4-dioxane yes 100 4 d

8b 2 DMGIyHCI PhCN yes 150 4 4 (49)
9b 2 DMGIyHCI DMF yes 150 4 4 (51)
10® 2 DMGIyHCI NMP yes 150 4 4 (46)
11° 2 DMGIyHCI DMSO yes 150 4 4 (47)

“1 (0.5 M, 1 equiv), phenol (2.4 equiv), Cul (20 mol %), ligand (40 mol %), Cs,CO; (4 equiv), solvent (0.77M). 1 (0.5 M, 1 equiv), 2 (2.4 equiv),
Cul (20 mol %), DMGIyHCI (60 mol %), Cs,CO5 (3 equiv), solvent (0.77 M). “Isolated yield. ¥No reaction.

collected and summarized in Table 2. In addition, we adopted vis spectra of all NPC derivatives show intense UV absorption
NPC and triphenylamine (TPA) as references for comparison. bands (¢ ~ 10* M cm™) due to the spin-allowed 7—r*

UV—vis Absorption Behavior. The solution UV—vis spectra transitions in the singlet manifold, ranging from 250 to 381 nm.
shown in Figures 2 and 3 were collected in THF (Uvasol NPC shows two absorption bands at 292 and 340 nm,
spectral grade) at the concentration of ~1 X 10> M. The UV— assigned as Sg — S, and S5 — S, respectively.”®> Characteristic
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Scheme 2. Synthesis of the CBD-GO through Our Modified Ullman Coupling Conditions

@O@
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Figure 1. GPC analyses for the dendrimers CBD-GO to CBD-G2.

fine structures were observed in both bands (Figure 2). 9-(4-
Methoxyphenyl)-9H-carbazole (8) shows similar spectral
behavior with the absorption only slightly red-shifted to 293
and 341 nm, indicating that the electronic perturbations arising
from the methoxy substituent on the N-phenyl ring are
minimal."*®

On the other hand, when aryloxy substituents are introduced
at the C3- and Cé6-positions of the carbazole ring, electronic
perturbation becomes so significant that 3 exhibits the
absorption maxima red-shifted substantially to 304 and 356
nm, respectively, along with the disappearance of the fine
vibronic structures. As extending the NPC from 3, the dendron
4 exhibits four sets of UV—vis absorption. The bands peaking at
Amax = 292 and 341 nm are attributed to the absorption arising

1.4-
1.2]
1.0
0.8
0.6
0.4
0.2
0.0

250 300 350 400
Wavelength (nm)

Absorbance

Figure 2. Absorption spectra of NPC, 3—S5, and 8 in THF. For details
of the absorptivity in terms of extinction coefficient, please see Table 2.

—TPA

—— CBD-G0
1.54 ——CBD-G1
—— CBD-G2
1.24
Outer Carbazole

Inner Carbazole

N

250 300 350 400
Wavelength (nm)

Normalized absorbance

Figure 3. Absorption spectra of TPA, CBD-GO, CBD-G1, and CBD-
G2 in THF. See Table 2 for the corresponding absorption extinction
coefficient.

Table 2. Photophysical Data for NPC Derivatives

UV absorption® fluorescence® phosphorescence®
A (8 x 107 Aonset” P 77 Qy’ I T, level®
NPC 292 (1.93) 340 (0.40) 348 347 6.44 (7.57)"° 0.29 409 3.03
8 293 (1.79) 341 (0.41) 352 356 6.18 025 411 3.02
3 304 (2.15) 356 (0.42) 381 387 425 021 437 2.86
292 (6.35) 341 (1.30) 380 386 419 0.19 438 2.85
304 (2.80) 361 (0.50)
5 292 (4.11) 341 (0.89) 367 372 4.59 0.22 425 292
300 (2.28) 352 (0.44)
TPA 299 (2.13) 340 358 2.31 (2.19)* 0.07 414 3.00
CBD-GO 303 (3.48) 375 389 1.86 0.06 433 2.85
CBD-G1 292 (8.80) 340 (2.07) 375 3928 2.14 0.11 434 2.86
302 (4.70) 355¢ 0.23"
CBD-G2 292 (21.1) 340 (4.25) 379 385 2.1 (32%) 0.14 435 2.85
302 (13.1)1 362 (1.70) 4.2 (68%)

“Measured in THF. Quantum yield (QY): Quantlﬁed in THF against coumarin 1 (QY: 0.85) as standard.”* The value obtained by this method
would be within 30% accuracy. “Wavelength (nm). “Measured in THF at 298 K nanosecond (ns). “T, level (eV) = 1240.8/y, (nm). /Broad
shoulders. €392 nm: major emission band, 355 nm: very minor emission band. “Monitored at 350 nm.
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Figure 4. (a) Solution fluorescence spectra of NPC, 3—S5, and 8 at room temperature. (b) Solution fluorescence spectra of TPA and CBD-GO to
CBD-G2 for comparison. The emission spectra are normalized at each peak wavelength. The excitation wavelength is selected at the peak

wavelength of the lowest absorption band.

Table 3. Pertinent Data of Lifetime, kigc, and AEg,_r; for the Titled Compounds

(298 K)* (77 K)® 7(77 K)/7(298 K)
NPC 6.44 8.10 1.26
8 6.18 8.51 1.38
3 425 5.87 1.38
4 4.19 543 1.30
5 4.59 5.63 123
TPA 231 298 129
CBD-GO 1.86 2.05 1.10
CBD-G1 214" 284" 133
CBD-G2 3.538 4.85¢ 1.37

kst doo(S1)? doo(T1)? AEg
7.8 342 409 4790
7.7 346 411 4570
12 369 437 4220
14 366 438 4490
13 355 425 4640
31 337 414 5520
46 367 433 4150
30 367 434 4210
11 366 435 4330

“Measured in THF at 298 K, nanosecond (ns). ®Measured in THF at 77 K, nanosecond (ns). “Derived from eq 4; units: X107 S™. dWavelength
(nm). “Derived from the reciprocal of low-temperature (77 K) fluorescence 4y, (obtained from the crossing-point of the normalized absorption and
fluorescence spectra) and phosphorescence g, wavenumber (cm™) at 77 K. /Monitored at 380 nm. £The weighted average of two components.

from the outer NPC units that possess similar chromophores
with 8, while the bands peaking at A, = 304 and 361 nm are
attributed to the absorption arising from the inner NPC unit
analogous with 3. The half-dendron S5 demonstrates an
absorption spectrum slightly different from that of 4; the
inner monosubstituted carbazole displays the shoulder bands at
Amax = 300 and 352 nm. The degree of red shifts is apparently
lower in comparison to that of 3 and 4, manifesting a lesser
perturbation of the mono aryloxy (5) than that of the dual
aryloxy (3, 4) substitution.

Figure 3 depicts the UV—vis absorption spectra of TPA,
CBD-GO, CBD-G1, and CBD-G2. CBD-GO has the absorption
peaking at 303 nm. The 4, is slightly red-shifted from that of
TPA. In addition, a small shoulder is observed at 350 nm with a
broad tail extending to 375 nm. The spectrum of CBD-G1
consists of a shoulder band at 302 nm ascribed to the TPA
moiety as well as the bands at A4, = 292 and 340 nm
originating from the NPC chromophore. As the generation
grows to CBD-G2, the contribution of dendron 4 could be
clearly observed so that the spectrum comprises the absorption
band at A, = 340 nm for the outer carbazole units analogous
with 8 and the bands at 4,,, = 362 nm for the inner carbazole
units similar to that of 4. The well overlaying of the above
spectra implicates that the conformations of the Ar—O—Ar
linkage*® and the N-phenyl group26 are twisted so that the
electronic coupling between the NPC units is broken down. In
these situations, all carbazole groups are decoupled and behave
essentially as independent chromophores. Therefore, the
transitions of the core TPA as well as the carbazole groups at
the inner or outer site can be assigned unambiguously.

Photoluminescence (PL) Studies. Room temperature
fluorescence (FL) emission in degassed THF (Figure 4 and
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Table 2), low-temperature fluorescence and phosphorescence
(Ph) at 77 K in degassed THF (Uvasol spectral grade) glass
(Figures 7 and 8), and their associated relaxation dynamics
(Table 3) were performed to shed light on the effects of the
dendrons on the PL properties of the dendrimers. The
quantum yields were quantified in THF against coumarin 1
(QY: 0.85) as a standard according to the protocol published
elsewhere®*® and announced by Jobin-Yvon Ltd. (Horiba
Scientific).>* Although the QY being measured by this method
is not as accurate as that obtained by an absolute method using
an integrating sphere, this approach has been widely used due
to the fact that the relative trends of the QY changes are still
reliable for a fair comparison. The spectra were collected within
the concentration range of 1 X 107°—5 X 107° M, in which a
linear fluorescence response to the concentration was obtained
(Figure S-6). The observation of the linear response indicated
that the interferences arising from the self-quenching and self-
absorption problems are negligible in this concentration range.

Room Temperature FL Behavior. Introduction of the
aryloxy substituents onto either the TPA or the NPC cores
leads to the perturbation on their fluorescence spectra. NPC,
the reference compound, emits at 347 nm with vibronic fine
structures being observed. The quantum yield (QY) was found
to be 0.29 in THF (298 K), which is higher than that of the
carbazole dendrons 3 (0.21) and 4 (0.19). Red-shifts in the
emission spectra are observed in moving from the least aryloxy-
substituted 8 at 4., = 356 nm (Figure 4a) to the dendron 4 at
Amax = 386 nm, along with decreasing quantum yield. The trend
of the bathochromic shifts is parallel to the red shifts in their
UV spectra. The preservation of the vibronic fine patterns,
regardless of the significant red shift of the spectra, signifies that
all the emission of the dedrons originates from the rigid
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carbazole units. The decreasing of the QY as well as the spectral
red shifts may due to the electronic perturbations arising from
the electron-donating aryloxy substituent on the carbazole ring.
On the other hand, the aryloxy substituent might also introduce
the loose-bolt and free-rotor effects”’—the torsional motion of
which, in part, might induce the additional radiationless
deactivation pathway and hence quench the emission. Not
until the low-temperature fluorescence lifetime measurements
have been carried out, we are unable to identify the importance
of the loose-bolt and free-rotor effects on the quantum yield.
This issue will be discussed in the later section regarding
relaxation dynamics in the 77 K solid matrix. It is also
noteworthy that the emission spectra of 3 and 4 well overlay
with each other, indicating that the luminescence is mainly
arising from the inner carbazole fluorophore. Also, evidenced
by the absorption spectrum, the outer carbazole units on 4 do
not cause significant perturbation to electronic structures of the
inner carbazole unit (vide supra). Therefore, the lack of
emission from outer carbazole units indicates that the outer
carbazole units, upon excitation, must undergo fast energy
transfer to the inner carbazole units, giving rise to the observed
emission.

The dendrimers CBD-GO, CBD-G1, and CBD-G2 also
display red-shifted emission spectra at 4., ~ 390 nm in
comparison with that of TPA (358 nm) (Figure 4b). As for
CBD-GO, since no NPC unit involves in the framework, the
emission originating from the intact tri-para-phenoxy-substi-
tuted TPA unit is unambiguous. As for CBD-G1, first of all, the
spectral profile and peak wavelength (390 nm) of the major
emission band are nearly identical with that of CBD-GO. Thus,
both CBD-GO and CBD-G1 may share the same origin of the
emission from the core tri-para-aryloxy-substituted TPA unit.
This viewpoint is further supported by nearly the same
emission lifetime of 1.9 and 2.1 ns for CBD-GO and CBD-
G1, respectively. However, as shown in Figure 4b, we notice
that for CBD-G1, a minor, short wavelength emission
maximized at ~350 nm cannot be ignored. We tentatively
assign this emission to the outer mono aryloxy-substituted
NPC unit (see Scheme 1) due to its similar spectral profile and
peak position with respect to that of 8. However, upon
monitoring at 350 nm, the emission decay time is measured to
be 230 ps, which is much faster than the lifetime of 6.2 ns for 8.
Since the 350 nm emission overlaps with the absorption tail of
CBD-GO (Figure 3), it is thus reasonable to propose the
occurrence of energy transfer from the outer mono aryloxy-
substituted NPC unit to the core tri-para-aryloxy-substituted
TPA moiety for CBD-G1.

The energy transfer phenomenon was further investigated by
using a model system of 8 and CBD-GO in polystyrene (PS)
(Figure S). As mentioned before, compound 8 shows
characteristic absorption peaking at 330 and 345 nm. When
the film of 8 in PS (10 wt %) was irradiated at 321 nm, strong
PL at 35S and 370 nm were recorded. However, mixing CBD-
GO (4 wt %) into the 8 (10 wt %)—PS blend led to significant
fluorescent quenching at 355 and 370 nm. Instead, a new
emission band from CBD-GO was clearly observed. The
emission from 8 was completely quenched when the amount of
CBD-GO was increased to 8 wt %. To further confirm the
energy transfer phenomenon, excitation spectra of the blends
were collected by monitoring the fluorescence at 392 nm. The
observation of the corresponding signals at 330 and 345 nm,
the signature of 8, strongly supports the energy transfer
mechanism, in which 8 would have the photoenergy absorbed
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Figure S. Study of the energy transfer phenomenon from 8 to CBD-
GO in polystyrene: (a) The blue lines show the absorption and
emission of 8 in PS. (b) The red lines show the emission and the
excitation spectra of the thin-film 8-CBD-GO-PS (10:4:100 by weight).
(c) The green lines show the emission and the excitation spectra of the
thin-film 8-CBD-GO-PS (10:8:100 by weight).

and transferred to CBD-GO and finally contributed to the
emission at 392 nm.

Another question to be addressed is the possibility of having
self-quenching between the carbazole side-arms on CBD-G1,
which might also reduce of the FL intensity of carbazole part.
Although the linear response of the fluorescence intensity
versus the concentration of 8 in the QY measurements
indicated that the intermolecular self-quenching phenomenon
is not particularly serious in highly diluted conditions, it is still
difficult to justify if the self-quenching would occur when three
carbazole side-arms being grouped with the TPA core in a close
distance. Therefore, fluorescence experiments with various
doping concentration 8 in PS thin films were adopted to probe
this problem. In these measurements, front-face detection was
adopted to reduce the interference arising from the self-
absorption phenomenon.**? Figure 6 shows the fluorescence
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Figure 6. Study of the fluorescence self-quenching phenomenon of 8
in PS at various doping levels. The samples were excited at 292 nm,
with the emission intensity being traced at 330 nm.

response of the films with different doping weight ratios of 8 in
PS. One can easily to perceive that the self-quenching problem
is insignificant even with high doping weight ratio up to 12%.

On the basis of the results discussed above, and by assuming
that the energy-transfer mechanism is the major pathway that
leads to the fluorescence decay, we take the lifetime of 230 ps
(350 nm band in CBD-G1) and 6.2 ns (for 8) to be the time
scale of energy transfer for NPC and energy-transfer-free NPC
moiety; the efficiency of energy transfer ET (%) can thus be
estimated from the expression

kET

ET (%) = —————

(1)
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Scheme 3. Energy Transfer Pathways of Three Representative Dendron and Dendrimers

where kgr is the energy transfer rate constant and ky is the
fluorescence decay rate constant with no energy transfer
process involved, which are (230 ps)™ and (6.2 ns)™,
respectively. As a result, ET (%) for the mono aryloxy-
substituted NPC unit to the core tri-para-aryloxy-substituted
TPA moiety in CBD-G1 is estimated to be only ~96%. For
dendron 4, due to the lack of emission from the outer carbazole
units, ET is expected to be complete (100%) from the outer
carbazole units to the inner carbazole units; in other words, the
kgr for CBD-G1 is presumably much slower that of 4, an
ultrafast one.

However, the rational explanations behind these observations
have not yet been completely disclosed. Therefore, it is
necessary to collect more evidence in order to outline the
mechanisms. One possibility leading to the major difference
between mono-aryloxy NPC — tri-aryloxy TPA (in CBD-G1)
and mono-aryloxy NPC — triaryloxy NPC (in 4) may lie in
that the former has relatively poor spectral overlap between
energy donor (emission of mono-aryloxy NPC) and energy
acceptor (absorption of tri-aryloxy TPA), as shown in Figures 3
and 4b. This is a fundamental requirement for having either the
Dexter energy transfer or the Forster resonance energy transfer.
A more clear-cut picture will be provided in a later discussion
on the basis of the HOMO—-LUMO diagram.

For the largest generation dendrimer CBD-G2, as shown in
Figure 4b, the spectral coverage of emission is nearly the same
as that of CBD-GO or CBD-G1. However, unlike the
structureless emission profile in CBD-GO and CBD-G1, the
emission regains certain vibronic profile similar to that observed
in the dendrons 3 or 4. Moreover, the fluorescence decay,
obtained by excitation at 299 nm, cannot be well fitted by a
single-exponential component. Instead, the decay is fitted by
the combination of two single-exponential decay components,
indicating the existence of dual emissions. The lifetimes are
fitted to be 2.1 ns (32%) and 4.2 ns (68%), which, within
experimental error, well correlate with the lifetime of CBD-G1
core and dendron 3 (or 4), respectively. This, together with the
aforementioned results for all dendrons, CBD-GO and CBD-
Gl1, leads us to the following conclusion about the dual
emission behavior of CBD-G2: (1) Similar to that of 4, energy
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transfer from the outmost mono-aryloxy NPC to the inner tri-
aryloxy NPC units with unity efficiency does occur. (2) The
energy transfer from the inner tri-aryloxy NPC units to the core
tri-aryloxy TPA is sluggish so that emissions from the inner tri-
aryloxy NPC units and the core tri-aryloxy TPA could be
simultaneously observed.

Of course, ineffective energy transfer in the latter case is
understandable due to the facts that (1) the core tri-aryloxy
TPA and the inner tri-aryloxy NPC units are electronically
decoupled (vide supra) and (2) both units have nearly identical
So/S; gap (Figures 2—4) so that the overlap between their
absorption (either acceptor) and emission (either donor) is
minimal. According to these reasons, one may perceive that
each excited-state relaxation can be treated independently,
giving dual emission covering nearly the same spectral range.

This hypothesis could also explain for the observation of the
high percentage weight for the longer lifetime carbazole
emission (7 = 4.2 ns): Dendron 4 and CBD-GO have nearly
identical extinction coefficients of 3.1 X 10* and 3.5 X 10* M
cm™! at 299 nm but very different fluorescence quantum yields
of 0.19 and 0.06, respectively. On the basis of extinction
coefficient of the dendron and the 3-fold symmetry of CBD-
G2, one might expect that around 70% of photons should be
harvested by the three dendritic branches on CBD-G2, while
about 30% of photons would be captured by the TPA core. If
each S;-state relaxation can be treated independently, and by
taking the QY factor into account, the contribution from the
carbazole dendrons in the emission intensity should be around
90%. Although one may expect to see some discrepancy based
on this qualitative model, the observation of nearly 70%
contribution from the longer lifetime carbazole clearly supports
that the energy transfer from carbazole dendron to the core
TPA must be minimal.

To sum up in brief, Scheme 3 depicts the energy transfer
pathways of three representative cases: dendron 4 and
dendrimers CBD-G1 and CBD-G2.

Low-Temperature FL and Ph Properties. NPC derivatives
are commonly used as the phosphorescent host materials for
OLEDs.'®?® To further explore the steady-state emission
behavior of the dendrimers, especially the triplet state energy
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for the later application, low-temperature (LT) steady-state PL
spectra of 3—$ and 8 and CBD-G0, CBD-G1, and CBD-G2 in
the organic glass of THF (Uvasol spectral grade) at 77 K were
collected and shown in Figures 7 and 8. The low-temperature
steady-state PL experiments were carried out using Hitachi F-
4500 spectrofluorometer equipped with a quartz Dewar flask
setup for handling the measurements in liquid nitrogen. The
data were collected at the fluorescence and phosphorescence
modes, respectively, in degassed THF glass. When the spectra
were collected at the fluorescence mode, both phosphorescence
and fluorescence emissions could be simultaneously observed.
The spectra of the phosphorescence part are identical with their
spectra measured in the phosphorescence mode, signifying that
these signals really originate from the phosphorescence. A
similar phenomenon in solid matrix has been reported by
Bonesi and Erra-Balsells for carbazole."> The observation of
the phosphorescent signals attracted us to systematically
explore this phenomenon, and the related data are summarized
in Table 2.

ArO Substituent Effects on the Phosphorescence Emission.
Most of them exhibit phosphorescence at the region of 410—
440 nm, corresponding to triplet state energy of 3.03—2.81 eV.
Introduction of the ArO substituents at the C3 and C6
positions leads to a small red-shift effect on the triplet state
emission. The first band of the phosphorescence emission of 8,
S, and 4 is therefore recorded as 411, 425, and 441 nm,
respectively. It is worth to emphasize here the phosphorescence
emissions of 3 and 4 are very similar and well-overlaying with
each others, indicating that the inner carbazole core is the key
phosphor in these cases. According to the above data, we
conclude that the dendrons and the corresponding dendrimers
possess substantially high energy for their lowest lying triplet
state and therefore are suitable host materials for blue-light
triplet emitters that would be discussed in later sections.
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Intensity Ratio for the Phosphorescence versus Fluo-
rescence. The intensity ratio reported in Figures 7 and 8 were
estimated based on the integration of the spectral signals and
denoted as N,j,;/Ng. As shown in Figure 7b, the least aryloxy-
substituted 8 shows strong fluorescence over the phosphor-
escence emission at 77 K with the Ny,,/Nj value of 0.81 was
found. When one ArO substituent is introduced at the C3
position to form S, the intensity ratio for phosphorescence
versus fluorescence was significantly enhanced to N,p,,,/Ny =
2.1. When two ArO substituents are introduced onto the
carbazole ring, the relative intensity of Np.,/Ny = 2.3 was
obtained for 4. Compound 3 also shows a value of Ny.,/Ng =
2.0, indicating that aryloxy substituent effects are salient
features in the presence system.

On the other hand, the dendrimers exhibit photophysical
behaviors that are different from the dendritic wedges.
Although CBD-GO shows PL in a similar region, the observed
relative phosphorescence intensity is much stronger, and hence
a substantially larger Np,/Ng value of 13.1 was recorded
(Figure 8a). When three NPC units are introduced in CBD-
G1, the Nj;,,/Ny value drops significantly to 4.9. Since this
value is still far larger than that of 2.3 for dendron 8, we
therefore believe that the emission from the TPA core might be
overwhelming in this case. This is consistent with the early
conclusion about the NPC — TPA energy transfer process in
CBD-G1. In CBD-G2, the N,/Ny value of 2.3 is nearly
identical to that of 4 (NPhOS/Nﬂ = 2.3) (Figure 8). It is again
consistent with our previous suggestion that the carbazole
dendrons on CBD-G2 is the major group responsible for the
observed emission behavior.

Although the above systematic analyses revealed the
ratiometric phosphorescence/fluorescence changes of the
compounds, any justifications or conclusions simply attributed
to the structural change are not immediately obvious. Many
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parameters about the fluorescence and the intersystem crossing
(ISC) process may vary as a result of the variances of the
singlet—triplet energy gap. Therefore, further understanding
about the relaxation dynamics becomes essential for our study.

Time-Resolved PL Spectroscopy and the Associated
Relaxation Dynamics. To elucidate the correlation between
the ratiometric phosphorescence/fluorescence changes and the
ISC (S; — T,) rate constants among the titled dendrons and/
or dendrimers, their fluorescence properties were characterized
by time-resolved PL spectroscopy.'*“#*7*"

Pertinent data measured in THF at 77 K are summarized in
Table 3. Among the titled compounds studied, the longest
lifetime 7 = 8.51 ns (dg mu = 356 nm) was obtained for
carbazole 8. Having the aryloxy substituents at the C3 and/or
Cé6-positions, carbazole dendrons 3, 4, and S show similar
fluorescence lifetime of 7 = 5.87, 5.43, and 5.63 ns, respectively.
As for the dendrimers, CBD-GO exhibits the shortest
fluorescence decay time of 7; = 2.05 ns.

By assuming that the intermolecular quenching processes are
insignificant in highly diluted solutions, the equations that
could be used to estimate the overall deactivation rate in S, i.e.
ks and the corresponding fluorescence quantum yield can be
expressed as

1
kobs = k¢ + kige + ko (T) = —
Tobs
ke _ ke
kf + kISC + knr(T) kobs

)

D (T) =
f 3)

The radiative decay rate constant, kg is an intrinsic property,
which is proportional to the square of the transition moment
and is thus independent of the temperature. A similar
standpoint can be applied for kg if S; — T, is the only
intersystem crossing channel. Assuming that the thermally
activated deactivation process k,(T) in eqs 2 and 3 is
drastically suppressed in the 77 K THF solid matrix and can
thus be neglected, kigc could be deduced as

1 ®(298K)
T 1(77K)  t(298K)

kigc =k -k

1SC (77K) f )
Knowing the lifetime in 77 and 298 K, together with
fluorescence QY estimated at 298 K, the values of kg
among the titled compounds are listed in Table 3.

As one can see in Table 3, the fluorescence lifetimes for all
dendrons and dendrimers at 77 K increase. The ratio of 7(77
K)/7(298 K) falls into a range of 1.10—1.38, dependent on the
chemical structure. This observation is consistent with our
assumption that the thermally activated deactivation process is
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suppressed at low temperature in an organic glass, which leads
to a longer lifetime. Among the data we collected, the 7(77 K)/
7(298 K) = 1.26 for NPC, which serves as a reference molecule,
is recorded. Since the carbazole unit is relatively rigid, and only
the N-phenyl ring is allowed to rotate freely in NPC, we
therefore suggest that the thermally activated deactivation
process may arise from the free rotation of the phenyl unit.
Further introduction of RO groups to the carbazole ring might
also lead to some enhancement of the 7(77 K)/7(298 K) value
even though the change is not that remarkable. For example, 3
and 8 actually show a higher value of 7(77 K)/7(298 K) = 1.38.

Although CBD-G1 exhibits slightly slower decay time of 7 =
2.84 ns than that of CBD-GO, this value is much shorter than
that of 8. The 7(77 K)/7(298 K) value of 1.33 for CBD-G1 is
close to that of 3 and 8, revealing that similar extents of the
loose-bolt and free rotor effects are operating in CBD-G1.

CBD-G2 exhibits a decay time constant of 7 = 5.4 ns (79%)
and 2.8 ns (21%), which well correlate with the lifetime of
dendron 4 and CBD-GI, respectively. Both results are
consistent with the resulting trend at 298 K and are in good
agreement with the dual emission hypothesis. Again, this
observation supports the argument that energy transfer from
the outmost mono-aryloxy NPC to the inner tri-aryloxy NPC
units may be more efficient than energy transfer from inner
triaryloxy NPC units to TPA core (CBD-G2) so that dual
emission could be observed.

Theoretical Implications. Under the assumption that the
intersystem crossing takes place solely via the S; — T, pathway,
the corresponding rate constant, kigc, could thus be expressed
as
o (WlHg o'W )*

1SC ( A ESI_TI)Z

©)

where Hgg is the Hamiltonian for spin—orbit coupling (SOC)
and AEg,_r, is the energy difference between S; and T states
due to the difference in electron correlation energy,27d which
can be calculated by the gap of the first vibronic peak energy
between fluorescence and phosphorescence (see Table 3). For
compounds having the same type of fluorophore, their SOC
term should be similar and hence their kigc should be inversely
proportional to (AEg,_1,)*> We then made an attempt by
plotting the kigc value as a function of 1/(AEg,_r,)* First, as
shown in Figure 9, the plotted data of the carbazole dendrons
3-S5, 8, NPC, and CBD-G2 are lined up to give a linear
correlation. Knowing that the slope should be proportional to
spin—orbit coupling constant expressed in eq S, the linear
correspondence of the carbazole dendrons and CBD-G2
indicates that this family of compounds may have a similar

dx.doi.org/10.1021/ma202433y | Macromolecules 2012, 45, 751-765



Macromolecules

(a) -40-
-30- 3
20 —4
—5
< -10-
2
~ 0
101

Applied Voltage (V)

20 T
0002040608101214 1618

4:1.20,1.35,1.49V

5:124,142V

00020406081012 14 16 1.8
Applied Voltage (V)
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Figure 11. Electrochemical behavior of the dendrimers: (a) Cyclic voltammograms of CBD-GO, CBD-G1 and CBD-G2. (b) Differential pulse
voltammograms of CBD-G0, CBD-G1, CBD-G2, and 4 for comparison. Solvent: CH,Cl,.

Table 4. Thermal and Electrochemical Data for N-Phenylcarbazole Derivatives

thermal analysis® (°C) Eoneer (V) (CV)°

E™* (V) (DPV)© energy level (eV)

T, T E, E,

NPC 132

8 126

3 86 378 1.08

5 65 351 118 128
129 505 1.14 121

TPA 1.01

CBD-GO b 314 0.76 1.34

CBD-G1 129 571 0.82 128

CBD-G2 198 617 0.82 122

Ep Eyp? HOMO® E/ LUMOS
1.38 1.41 -5.68 3.57 —2.11
131 1.34 -5.61 3.53 —2.08
1L.1S 118 —5.45 325 —-2.20
1.24 127 —5.54 3.38 -2.16
1.20 123 —5.50 327 —223
1.07 1.10 -537 3.65 —-1.72
0.81 0.84 —s.11 331 —1.80
0.87 0.90 -5.17

0.87 0.90 -5.17

“Scan rate: 10 deg/min. *No T, observed, T, = 108 °C. “In CHZCfI2 with Bu,NClO, (0.1 M) as supporting electrolyte vs Ag/AgClL “E, n=E.+
AE/2, where AE = 0.05 V. (HOMO = —(E,,, — 0.53) — 4.8 (eV).”/Band gap =1240.8/absorption 4, (nm). SLUMO = HOMO + band gap (eV).

SOC term and their emissions mainly originate from the NPC
chromophore.

On the other hand, slower kg rate was obtained with the
generation growth of dendrimers. The kg of CBD-GO, CBD-
G1, and CBD-G2 vary dramatically even their AEg;_r; values
are confined within a narrow range of 4150—4350 cm’,
indicating that CBD-GO, CBD-G1, and CBD-G2 should
possess a very different SOC term. This result implies that
very different intersystem crossing and relaxation mechanisms
are operating in these compounds; this picture is consistent
with our previous conclusion being shown in Scheme 3.

It is noteworthy to point out that the value of N,/ Ny being
obtained in the last section is positively correlated to the kg
value (Figure 9b). This relationship clearly explains for the fact
that higher intersystem crossing rate from S, to T, would lead
to stronger the relative phosphorescence emission in the low-
temperature PL experiments.

Electrochemical Oxidation Properties. The electro-
chemical properties were studied by cyclic voltammetry (CV)
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and differential pulse voltammetry (DPV).*’ The HOMO
values are determined from the estimated E,,, with respect to
ferrocene (Fc). Selected CV and DPV diagrams are displayed in
Figures 10 and 11. Pertinent data of the oxidation potentials
(versus Ag/AgCl couple) are summarized in Table 4.

The first point to note from the electrochemistry about the
dendrons is that there appears to be a trend for the first wave
shifting to less positive potentials when more ArO substituents
are introduced to the carbazole unit (Figure 10). NPC
displayed irreversible oxidation wave that is attributed to the
oxidation of the carbazole ring with the onset voltage at 1.32 V.
The irreversibility is arising from the oxidative NPC
dimerization.®® Because of the r-electron-donating ability of
the MeO group, 8 shows lower onset oxidation voltage at 1.26
V, which is about 0.06 V earlier than that of NPC. When the 7-
electron donating PhO substitutents were introduced at the C3
and C6 positions of 3, further destabilization on the HOMO
occurs so that the CV wave exhibits a reversible pattern with
the onset oxidation at 1.08 V, which coincides with the
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Figure 12. Distribution of the oxidation potential and mimicked energy diagrams of CBD-G1 and CBD-G2.

reported result of 9-ethyl-3,6-dimethoxy-9H-carbazole.'® An
explanation for the shift to the less oxidative potential is that
the electron density on the carbazole unit would be
substantially enriched due to the presence of the PhO
substituents. On the other hand, irreversible oxidations were
observed for 4 and S, with the onsets at 1.14 and 1.18 V,
respectively. It is necessary to point out that the oxidation
potential of 3 is lower than that of 4 by 0.06 V, reflecting the
fact that the outer carbazole units on 4 are more electron-
withdrawing than the phenyl substituent on 3. This is
consistent with the Yamamoto’s conclusion on G4Fc,'** in
which the carbazole units are electron-withdrawing through
inductive or z-polarization effects.

The irreversible oxidative process on the NPCs was also
examined by DPV method and could be partially resolved.
From the DPV (see Figure 10b), it was estimated that the first
oxidation of 8 was at ~1.31 V while that of 3 was at ~1.15 V.
On the other hand, 5 demonstrates two waves peaking at 1.24
and 1.42 V. The first wave is assigned to the electrochemical
oxidation of the inner 3-ArO-substituted carbazole while the
second wave is assigned to the outer one. Dendron 4 shows
three waves peaking at 1.20, 1.35, and 149 V that are
reasonably attributed to the oxidations of the inner carbazole as
well as two outer carbazoles, respectively.

The second group of molecules worthy to compare with is
CBD-GO0, CBD-G1, and CBD-G2. Unlike CBD-GO that has
the simple electrochemical oxidation behavior, the electro-
chemical properties of CBD-G1 and CBD-G2 are intricate by
integration of the dendritic wedges to the TPA core. The waves
could only be partially resolved even by DPV methods (Figure
11b).

First of all, two oxidation processes onset at 0.76, and 1.34 V
are respectively observed in the CV of CBD-GO. The first
oxidation process is reversible with the onset lower than that of
TPA by 0.25 V, implying that CBD-GO is more electron-rich
due to the presence of the z-donating ArO substituents. The
E, ), of 0.84 V was recorded accordingly. On the other hand, the
second oxidation is irreversible with the onset at 1.34 V, which
might be due to the oxidation of the radical cation (CBD-G0"*)
to dication (CBD-GO0"), giving rise to the quinoidal forms.>!
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On the other hand, both cyclic voltammograms of CBD-G1
and CBD-G2 exhibit two oxidation waves: one corresponds to
the TPA core oxidation while the other is relevant to the
oxidation of the carbazole dendron (Figure 11a). Both of the
first waves of CBD-G1 and CBD-G2 are reversible and have
the E, /, appearing at 0.90 V. They are unambiguously assigned
to the single electron oxidation of the TPA core. However, the
E,/, value is higher than that of CBD-GO, supporting the
assumption that the dendritic wedge is electron-withdrawing as
elaborated in the early sections.

The second set of irreversible oxidation for CBD-G1 and
CBD-G2 onsets at 1.28 and 1.22 V, respectively. Although the
waves are complicated and could only be partially resolved even
by DPV methods (Figure 11b), we believe that they are
corresponding to the oxidation of the NPC dendrons due to
the close E,, values of the CBD-G1, CBD-G2, 4, and S.
Close examination revealed that the E_ ., of CBD-G2 is almost
identical to the E ., of 4. This result implies that the dendritic
wedge oxidation would not be repelled by cation formed on the
TPA* core in the first oxidation. In addition, the E,, of CBD-
G2 is slightly lower than those of CBD-G1. This is reasonable
due to the electron rich environment of the inner carbazole of
the CBD-G2.

Summarizing the above electrochemistry results, we conclude
that the central core of CBD-G2 is the most electron-rich, the
inner-carbazole units form the second electron-rich interlayer,
while the outmost carbazoles construct the least electron-rich
shell (Figure 12). Therefore, both CBD-G1 and CBD-G2
possess oxidation potential gradients such that the outer layer is
electron-poor and the inner layer is electron-rich. This result is
similar to the phenylazomethine dendrimers,*” but ogposite to
the dendrimers with pure N-H-carbazole backbone.'*

Estimation of the HOMO—LUMO Levels. The HOMO
levels of the compounds were estimated according to the E;/,
values obtained from the DPV experiments. Herein the HOMO
levels were calculated on the basis of the equation of HOMO =
—(E,j, — 0.53) — 4.8 (eV). For simple compounds such as 3—
S, 8, NPC, TPA, and CBD-GO, their LUMO levels could be
estimated directly from the equation of LUMO = HOMO +
band gap (eV), provided that the corresponding optical band
gaps could be easily obtained from the UV—vis absorption
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experiments. However, due to the multichromophoric behavior
of the dendrimers of CBD-G1 and CBD-G2, evaluation of their
electronic levels is relatively complicated. Fortunately, our early
results elucidated that the subgroups in each shell of the
dendrimers are only weakly coupled so that they can be
considered as electronically isolated subgroups. Therefore, we
were able to build their energy level diagrams respectively, as
shown in Figure 12, based on the HOMO—LUMO values of
CBD-GO, 3, and 8. From the diagram one can easily perceive
that the HOMO of CBD-G1 and CBD-G2 are located at the
TPA core, while the corresponding LUMO falls onto the
carbazole units.

On the basis of these HOMO—LUMO diagrams, our energy
transfer mechanism proposed in Scheme 3 could be explained:
(1) Transfer of the energy from the outer carbazole to the inner
carbazole in CBD-G2 is exothermic. In addition, while the
LUMO level of the inner carbazole is lower than the outer one,
the HOMO level of the inner carbazole is higher than that of
the outer one. This type of HOMO—-LUMO alignment would
be beneficial for the Dexter energy transfer mechanisms, and
therefore fast energy transfer is allowed to occur in this case.
This explanation could also be applicable to the dendron 4 due
to the fact that all subgroups could be treated as electronically
isolated ones. (2) On the other hand, the energy transfer
process from the outer carbazole to the core TPA in CBD-G1
would be relatively slow in comparison to the first one. In this
case, although energy transfer process is still exothermic due to
the fact that the energy gap of the outer carbazole is larger than
that of the core TPA unit, the LUMO energy level of the core
TPA is higher than that of the outer carbazole by 0.28 eV (+27
kJ). The endothermic alignment of the LUMO energy levels
would slow down the energy transfer process. This could help
to understand why residual emission from the outer carbazole
could be observed in the PL spectrum of CBD-G1 in Figure 4b.
(3) Energy transfer from the inner carbazole of CBD-G2 to the
core TPA unit is unfavorable. The energy transfer process is
slightly endothermic by 0.06 eV (+6 kJ). In addition, the
LUMO energy level alignment is endothermic by 0.4 eV (+39
kJ). These two factors prohibit any effective energy transfer
from the inner carbazole to the core TPA. On the other hand,
the reverse energy transfer from the core TPA to the inner
carbazole is also unfavorable due to the endothermic alignment
of the HOMO by 0.34 eV (+33 kJ). This would lead to the
observation of the dual-emission phenomenon.

It is noteworthy to point out the interesting LUMO energy-
well features in CBD-G2; either the LUMO of the outer-shell
carbazole units or the central TPA core would have higher
LUMO energy levels in comparison to the LUMO of the inner-
shell carbazole units. This feature would play important role in
the electroluminescence behavior that would be discussed in
the later sections.

Thermal Properties of the Carbazole Dendrons and
Dendrimers. All O-linked-NPC shows high thermal stability
in the TGA analysis (Figure 13). In particular, CBD-G1 and
CBD-G2 can stand for high temperature up to 500 °C or above
under nitrogen atmosphere. Except CBD-GO, the dendritic
NPCs form amorphous organic glass. No crystallization takes
place from the corresponding amorphous glasses when heated
after T,. This is a key criterion to fabricate thermally stable thin
film materials for optoelectronic applications.

Performance of NPC Derivatives as Host in the
Phosphorescent OLED. According to the results above, the
NPC-based dendrimers CBD-G1 and CBD-G2 possess high
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Figure 13. Thermal gravimetric analyses of CDB-GO to CBD-G2.

HOMO levels, which matches the Fermi level of PEDOT:PSS
(=5.1 eV).>* The hole injection between the interfaces of
PEDOT /host would become more efficient. More importantly,
the triplet energy of CBD-G1 and CBD-G2 is higher than that
of FIrPic measured to be ~2.75 eV. Therefore, the reverse
energy transfer from the triplet emitter to host>* would be
prohibited. Along with their good thermal stability, CBD-G1
and CBD-G2 are potential candidates of solution-processable
dendritic hosts for blue-electrophosphorescent device. To
evaluate the performance of CBD-G1 and CBD-G2 as host
materials, a device consisting of ITO (100 nm)/Host-FIrPic
(10 wt %) (40 nm)/TAZ (50 nm)/LiF (1.2 nm)/Al (120 nm)
was employed for the preliminary study (Figure 14). The
maximum luminous efficiency of CBD-G2 could be achieved
up to 24.7 cd/A at 484 cd/m It is quite appealing that the
CBD-G2 device could maintain good luminous efficiency at
such high brightness. Another comparable result'® was
reported in pure carbazole-based conjugated dendritic host at
lower brightness. As a reference, small molecule 3 has also been
applied as host material for FIrPic by thermal deposition
processes. However, only ~2 c¢d/A maximum luminous
efficiency could be obtained on the multilayer devices.

The fluorescence quantum yield of triphenylamine is smaller
than that of N-phenylcarbazole due to its less rigid structure.
This also indicates faster nonradiative deactivation processes
and shorter lifetime of singlet state in triphenylamine. In light
of this viewpoint, triphenylamine should be a poor candidate
for host materials since those fast nonradiative deactivation
processes would compete with the energy transfer process and
lower the efficiency of singlet-state harvesting. The singlet
excited state is mainly populated on the TPA core in CBD-G1
and on the inner tri-aryloxy NPC units in CBD-G2 (vide
supra). Therefore, the high luminous efficiency of CBD-G2
could be attributed to two combination factors. On the one
hand, the singlet-state harvesting is facilitated via energy
transfer from the inner tri-aryloxy NPC units to the triplet
emitters. On the other hand, as evidenced by both CV and
DPV data (vide supra), HOMO of CBD-G2 is strictly located
at the TPA core, whereas LUMO is mainly confined at the
inner NPC sites. The spatial separation of HOMO and LUMO
energy level may, in part, lead to high efficiency of the device
performance.

Bl CONCLUSION

In summary, a series of novel oxygen-linked N-phenylcarbazole
(NPC) dendritic wedges (3—5) and triphenylamine-centered
dendrimers (CBD-GO to -G2) have been synthesized and
extensively studied. The analyses of UV—vis spectra revealed
that the Ar—O-—Ar linkage would break down the 7z
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conjugation and make NPC units manifest their individual
absorption peaks. The PL properties were fully characterized by
luminescence spectroscopy at both room temperature and 77 K
in THF. The results reveal the operation of energy transfer
between NPC and core TPA as well as the NPCs between
different generations. As a result, the origin of emission in both
singlet and triplet manifolds can be ascribed to two categories,
namely the TPA, CBD-GO, and CBD-G1 from the TPA moiety
and the rest of titled compounds from NPC chromphore. Note
that CBD-G2 may possess both but keen on the major NPC
moiety. From the measurement of the oxidation potential of
the NPC derivatives, the mesomeric electron-donating effect of
the oxygen atom and inductive electron-withdrawing effect of
the carbazole unit were revealed. The potential gradient could
be established on those triphenylamine-centered dendrimers
(CBD-G1 and CBD-G2) such that the outer layer is electron-
poor and the inner layer is electron-rich. Standing on these
intriguing physical properties, using CBD-G2 as the host
material, the Flrpic-based electrophosphorescent devices were
successfully fabricated and the maximum luminous efficiency
could be achieved up to a record high of 24.7 cd/A at 484 cd/

m>.

B EXPERIMENTAL SECTION

General Procedure of Microwave-Assisted Synthesis. The
reaction flask was charged with corresponding aryl halides (1 equiv),
aryl phenols (2.4 equiv for wedges and 3.6 equiv for dendrimers),
copper iodide (0.2 equiv), N,N-dimethylglycine hydrochloride (0.6
equiv), Cs,CO; (3 equiv for wedges and 4 equiv for dendrimers), and
benzonitrile (0.77 M). The reaction mixtures were then put into
microwave reactor and reacted at 200 W, open vessel, 150 °C, for 4 h.
The reaction mixture was quenched with water and extracted with
CH,Cl,. The organic layer was separated and dried over anhydrous
MgSO,. The solution was filtered through Celite and distilled under
vacuum to remove the high polar solvent. The crude product was
purified thorough chromatography.

9,9'-(4,4'-(9-(4-Methoxyphenyl)-9H-carbazole-3,6-diyl)bis-
(oxy)bis(4,1-phenylene))bis(9H-carbazole) (4). Elution: hexane/
CH,Cl, = 1/1; white solid; yield 49%; mp 145 °C, T, = 129 °C, Ty =
505 °C. 'H NMR (400 MHz, CD,CL,): 6 8.14 (d, ] = 7.7 Hz, 2H),
791 (d, J = 2.3 Hz, 2H), 7.54—7.49 (m, 6H), 7.42—7.38 (m, 10H),
7.32—7.22 (m, 6H), 7.17 (d, ] = 8.9 Hz, 2H), 3.93 (s, 3H). 3*C NMR
(100 MHz, CD,Cl,): § 159.78, 159.15, 150.16, 141.77, 139.74, 132.23,
130.51, 129.11, 128.98, 126.47, 124.11, 123.67, 120.73, 120.30, 118.90,
11578, 11233, 11170, 11023, 56.21. HRMS (FAB) caled for
CHyN,O, 787.2835 (M), obsd 787.2823. Anal. Caled for
CsHy,N,05: C, 83.84; H, 4.73; N, 5.33. Found: C, 83.63; H, 4.74;
N, 521.

Tris(4-phenoxyphenyl)amine (CBD-GO0). Elution: hexane/
CH,Cl, = 2/1; white solid; yield 57%; mp 131 °C, T, = 108 °C, T,
=373 °C. '"H NMR (400 MHz, CD,Cl,): § 7.33 (t, ] = 8.0 Hz, 6H),
7.10—7.06 (m, 9H), 7.01 (d, ] = 8.0 Hz, 6H), 6.93 (d, ] = 8.9 Hz, 6H).
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BC NMR (100 MHz, CD,Cl,): § 158.39, 152.81, 144.35, 130.27,
125.69, 123.50, 120.63, 118.82. HRMS (EI) calcd for C;H,,NO,
521.1991 (M*), obsd 521.1990. Anal. Calcd for C;sH,,NO;: C, 82.90;
H, 5.22; N, 2.69. Found: C, 83.04; H,4.93; N, 2.63.

Tris(4-(4-(9H-carbazol-9-yl)phenoxy)phenyl)amine (CBD-
G1). Elution: hexane/CH,Cl, = 2/1; white solid; yield 59%; mp
176 °C, T, = 129 °C, Ty = 5§71 °C. 'H NMR (400 MHz, CD,Cl,): &
8.15 (d, J = 8.0 Hz, 6H), 7.53 (d, J = 8.7 Hz, 6H), 7.44—7.38 (m,
12H), 7.30—7.25 (m, 12H), 7.21 (d, J = 8.9 Hz, 6H), 7.11 (d, ] = 8.9
Hz, 6H). *C NMR (100 MHz, CD,Cl,): § 157.75, 152.48, 144.75,
141.73, 132.83, 129.17, 126.49, 125.92, 123.72, 121.14, 120.76, 120.38,
119.76, 110.21. HRMS (FAB) calcd for C,,H,4N,0; 1016.3726 (M*),
obsd 1016.3730. Anal. Calcd for C,,H,4N,O;: C, 85.02; H, 4.76; N,
5.51. Found: C, 85.19; H, 4.78; N, 5.32.

Tris(4-(4-(3,6-bis(4-(9H-carbazol-9-yl)phenoxy)-9H-carbazol-
9-yl)phenoxy)phenyl)amine (CBD-G2). Elution: hexane/CH,Cl, =
1/1; white solid; yield 31%; mp 231-233 °C, T, = 198 °C, Ty = 617
°C. 'H NMR (400 MHz, CD,CL,): 6 8.13 (d, ] = 7.8 Hz, 12H), 7.90
(d, J = 2.3 Hz, 6H), 7.58 (d, ] = 2.1 Hz, 6H), 7.29—7.44 (m, 18H),
7.41=7.36 (m, 24H), 7.32—7.20 (m, 42H), 7.12 (d, J = 9.0 Hz, 6H).
BC NMR (200 MHz, CD,Cl,): § 159.05, 157.96, 152.38, 150.33,
144.79, 141.74, 139.47, 132.61, 132.28, 129.10, 126.46, 125.94, 124.27,
123.66, 121.21, 120.73, 120.31, 119.85, 118.93, 112.36, 111.66, 110.20.
MS (MALDI) caled for ¥CC;,0H; 14N ;0 2559.9 (M*), obsd 2559.2.
Anal. Caled for C g0H, 4N ;(Og: C, 84.42; H, 4.49; N, 5.47. Found: C,
84.64; H, 4.44; N, 5.25.
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Perfluorocyclopentenyl (PFCP) Aryl Ether Polymers via
Polycondensation of Octafluorocyclopentene with Bisphenols
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ABSTRACT: A unique class of aromatic ether polymers
containing perfluorocyclopentenyl (PFCP) enchainment was
prepared from the simple step growth polycondensation of
commercial bisphenols and octafluorocyclopentene (OFCP)
in the presence of triethylamine. Model studies indicate that
the second addition/elimination on OFCP is fast and poly-
condensation results in linear homopolymers and copolymers
without side products. The synthesis of bis(heptafluoro-
cyclopentenyl) aryl ether monomers and their condensation
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with bisphenols further led to PFCP copolymers with alternating structures. This new class of semifluorinated polymers exhibit
surprisingly high crystallinity in some cases and excellent thermal stability.

B INTRODUCTION

Fluoropolymers exhibit outstanding thermal stability, chemical
resistance, unique surface properties, low refractive index, and
low dielectric constant.'™> Despite their general limited
solution and melt processability, emerging technologies
continue to drive the incorporation of fluorine into new poly-
meric systems due to their unique combination of pro-
perties. Here we report the polycondensation of commercial
octafluorocyclopentene (OFCP) and commercial bisphenols to

give a new class of semifluorinated aromatic ether polymers
(Scheme 1).

Scheme 1. Perfluorocyclopentenyl (PFCP) Aryl Ether
Polymer Synthesis

EF
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Although, by far, the largest volume of fluoropolymers are
accessed by chain growth polymerization of fluorine-containing
olefins, step growth mechamsms have also been established. In
particular, Babb and co-workers® at Dow Chemical introduced
a new class of semifluorinated perfluorocyclobutyl (PFCB) aryl
ether polymers prepared from thermal cyclopolymerization of
aromatic trifluorovinyl ether (TFVE) monomers (Scheme 2a).
These PFCB polymers, investigated as potential dielectric
resins for integrated circuits at Dow and later for next
generation optical applications by others,® are uniquely
amorphous due to their stereorandomness and exhibit excellent

-4 ACS Publications  © 2011 American Chemical Society
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Scheme 2. (a) Synthesis of PFCB Polymer and (b) FAVE
Polymer from TFVE Monomers
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processability, high thermal stability, and tunable optical
properties.™

More recently, a new class of semifluorinated polymer was
developed from the nucleophilic addition of bisphenols and
aromatic TFVE monomers to give fluorinated arylene vinylene
ether (FAVE) polymers (Scheme 2b).”~'' The new FAVE
polymers exhibit similar advantageous properties to PFCB
while offering more cost-effective functional diversity since
both aromatic TFVE monomers and functional bisphenols are
commercially available or easily prepared. Further, FAVE
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polymers containing fluorinated vinyl groups are found to be
potentially reactive and thermally cross-linkable.

Octafluorocyclopentene (OFCP) is a readily available
perfluorocyclic olefin with unique chemistry. Many studies
have been reported on the reaction of OFCP with nucleogphiles,
such as phenoxides,lz_15 arenethiolates,16 amines,"”” ™"’ eno-
lates, phosphonium ylides,*® and organolithium reagents.”*~>*
Many other examples include OFCP derivatives for photo-
chromic applications.”> > There are very few examples of
polymers of perfluorocyclopentene by traditional chain growth
mechanisms. This perfluorocyclic olefin does not homopoly-
merize under radical conditions,”® and radical copolymeriza-
tions with styrene and vinyl acetate lead to colz)olymers with a
very low molar ratio of perfluorocyclopentene.”” Nevertheless,
copolymerization with electron-rich monomers like vinyl ethers
leads to alternating copolymers.*®>” Step growth polymer-
ization of OFCP with bis(silyl) ethers was reported, but the
resulting polymers exhibited low molecular weight.”® To our
knowledge, the polycondensation of bisphenols with perfluoro-
cycloolefins has not been previously reported.

B RESULTS AND DISCUSSION

Prior to polycondensation, a model reaction was performed
using OFCP and sodium phenoxide (Scheme 3). Interestingly,

Scheme 3. Model Reaction between OFCP and Sodium
Phenoxide

RS, RN N F

ONa
O e S o
H e O OO

75% of the clean product mixture was the bis adduct as
determined by '"F NMR spectroscopy, most likely due to
increased solubility of the monoadduct (Figure 1).

b
F_F
FF oF F
aF FcC Y
:\><7/“r F)\)j “F
N <5C>— " o )

a <\:/>*0 F d N 0 O_<\ Vs
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Figure 1. ’F NMR spectrum of the model reaction product mixture.

Polycondensation was attempted using the sodium salt of
bis(hydroxyphenyl)hexafluoroisopropylidene (Bisphenol AF)
and OFCP in DMF at 80 °C for 10 h. Low-molecular-weight
oligomers were obtained. Thus, an alternative method was
explored using triethylamine as the base (Scheme 1) to afford
perfluorocyclopentenyl (PFCP) aryl ether homopolymer P1 of
number-average molecular weight and PDI of 9100 g mol ™" and
2.5, respectively (Table 1).

Moreover, homopolymer P1 was determined to be
hydroxytelechelic by the absence of '’F NMR signals centered
at —149 ppm representative of the fluoroolefin (Figure 2b).
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Table 1. PFCP Polymers Molecular Weight, Polydispersity
Index (PDI), Thermal Properties, and Yield of
Polymerization

Tyse yield
PECP M, M, PDI* T, (°C)* (°C)° (wt %)
homopolymer P1 9100 22900 2.5 124 483 70
homopolymer P2 9600 11100 1.1 89 432 S4
homopolymer P3 15450 29800 1.9 105 460 90
P3-co-P1? 5900 9300 15 94 325 74
copolymer (MI-alt-BP) 8400 14500 17 98 310 69
copolymer (M2-alt-6F) 2000 3000 1.S 68 224 51

“GPC in THF using polystyrene as standard after precipitation in
methanol. *DSC (heating rate 10 °C/min) in a nitrogen atmosphere.
“TGA (heating rate 10 °C/min) in a nitrogen atmosphere. 90.49/0.51
molar ratio of monomer 1/2 in copolymer as determined by '"F NMR
spectroscopy.

a
R F
@ @B bFF :b
3,
oHo
-0 ii%
a B
A B L B N R R RN
9.0 8.3 8.0 7.5 7.0 6.3 6.0 5.5 ppm
Cc
(b b
a
\ " T ¥ T " T ‘ I
-60 -80 -100 -120 ppm

Figure 2. (a) 'H NMR and (b) F NMR of PFCP aryl ether
homopolymer P1.

In the '"H NMR spectrum (Figure 2a), there are two signals
representing aromatic (6.9 and 7.3 ppm) protons, as expected.
These signals (dd, ] = 8.8 Hz) indicate a symmetric environ-
ment around both ether linkages of the PFCP rings and
support an addition—elimination reaction which leaves the
double bond of the PFCP ring intact. Further, F NMR shows
three clean signals, corresponding to three unique fluorine
atoms in symmetrical environments, as expected (Figure 2b). A
PFCP end-capped polymer was also prepared by the addition
of an excess of OFCP at the end of the reaction.

PECP aryl ether homopolymer P2 was prepared from
Bisphenol A via the same methodology as P1 (Scheme 1). For
homopolymer P2, the number-average molecular weight and
PDI were 9600 and 1.15 after 24 h reaction time (Table 1).
Homopolymer P2 was characterized by 'H NMR and
F NMR spectroscopy and, as before, exhibited a clean
addition—elimination polycondensation (Figure 3). 'H NMR
shows symmetric aromatic groups and a clean singlet for the
methyl protons (1.57 ppm). ’F NMR shows only two
resonances corresponding to the PFCP ring substituted in a
symmetrical fashion.

PECP aryl ether homopolymer P3 was prepared from
biphenol under similar conditions (Scheme 1). P3 shows a

dx.doi.org/10.1021/ma2024599 | Macromolecules 2012, 45, 766—771



Macromolecules

a
RF
(a) Y R F
OHO
+ CH3 n
Y
Residual
Solvent
(Xn HB Peak |
N
(_fl'_u"lx o ,J|L _ _fi\ﬂ -
T I I I I T T T T T I I I 1
75 70 65 60 55 50 45 40 35 3.0 25 20 ppm
(b) b
a
T I I I T
-60 -80 -100 -120 ppm

Figure 3. () 'H NMR and (b) "F NMR of PECP aryl ether
homopolymer P2.

higher number-average molecular weight of 15 450, with a PDI
of 1.9 (Table 1), relative to the above-mentioned homopoly-
mers (P1 and P2), with clean and well-integrated signals in
"H NMR and ""F NMR spectroscopy (Figure 4).
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Figure 4. '"H NMR and "F NMR of PFCP aryl ether homopoly-
mer P3.

'H and "F NMR spectra show no evidence of chiral carbon
atoms within the cyclopentene ring as would be expected in the
case of an addition rather than an addition—elimination
reaction. PFCP homopolymers (P1, P2, and P3) show
absorption in the ultraviolet spectrum (4., 210 nm for P1,
P2 and 260 nm for P3) with no corresponding fluorescence.

Thermal analysis of these polymers shows unexpected
properties (Table 1). P1 exhibits a glass transition temperature
(Tg) of 124 °C, as determined by DSC, and a polymorphic
crystallization and melting at ca. 218 and 250 °C, respectively
(Figure Sa). The decomposition temperature (T;) at 5% weight

A
|
L2
E
2
©
ko
w sae
+++++ Cycle 1
— Cycle 2
— - Cycle 3 1
r T T T T
50 100 150 200 250
Temperature (°C)
(M
N )
e ="
A
|
L
E
S
£ .
= N —
b3 -
w . o
‘r... -
—— Cycle 1
— Cycle 2
— - Cycle 3
I T T T T T 1
50 100 150 200 250 300 350
Temperature (°C)
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Exothermic —p

60 80 100 120 140 160 180 200
Temperature (°C)

Figure 5. DSC thermograms of PFCP aryl ether homopolymer (a) P1,
(b) P2, and (c) P3.

loss determined by thermogravimetric analysis (TGA) under
N, was 483 °C for P1 with a number-average molecular weight
of 9100 (Figure 6). Remarkably, homopolymer P1 exhibited an
exceptional char yield of greater than 85% up to 800 °C.

DSC thermograms for P2 exhibited a glass transition temper-
ature of 89 °C. However, unlike P1, PECP polymer P2 does not
show crystallinity under these conditions (Figure Sb), presumably
due to the decreased fluorine content as analogously observed for
the 6F-PFCB polymer.”” TGA analysis under a N, atmosphere
shows that the decomposition temperature (T;) at 5% weight
loss exceeds 430 °C (Figure 6).
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Figure 6. TGA thermograms of PFCP aryl ether homopolymers P1,
P2, and P3.

PECP aryl ether homopolymer P3 exhibited an endothermic
transition determined by DSC of 105 °C (Figure Sc). Like P2
and unlike P1, P3 does not show crystallinity or melting
behavior under these conditions (Figure Sc). This higher
molecular weight homopolymer P3 gave decomposition
temperature of 460 °C (T, at 5% weight loss, Figure 6).

A random PFCP copolymer was also prepared in one step
with bisphenols and OFCP (Table 1). Reactions of variable
bisphenols with a slight excess of OFCP led to novel bis-
(heptafluorocyclopentenyl) aryl ether monomers (M1, M2)
and their step growth polymerization with other bisphenols
afforded PFCP copolymers with alternating arylene ether
structures (Scheme 4).

Scheme 4. Bis(heptafluorocyclopentenyl) Aryl Ether
Monomers Synthesis and Polymerization

FF F_F FF

E F F. F F. F
E F NEt; F F F F
S POV
+ 10 h,80°C
M1 R1 = C(CFa),
NEt,
1oL )R) o | o
Copolymer (M1-alt-BP) ’

Ry =C(CF3);; Ry =1/
F

FeooHowon

As seen earlier, biphenol gave higher molecular weight than
Bisphenol AF during polymerization with OFCP (P3 vs P1).
This may be due to the electron-withdrawing effect of the CF;
groups decreasing its nucleophilicity compared to biphenol.
Likewise, alternating copolymers of 6F containing monomer
M1 gave the highest molecular weight for identical copolymer
structures of different monomers (Table 1). This method
demonstrates a modular approach to alternating copolymers
from monomers of variable reactivity. Further, because of its
higher molecular weight, copolymer M1-alt-BP exhibits more
robust thermal properties than copolymer M2-alt-6F.

F_F
Copolymer (M2-alt-6F)
Ry =1; Ry = C(CFy3),

H CONCLUSION

We have developed a step growth polymerization of bisphenols
with OFCP toward synthesis of a new class of perfluorocyclo-
pentenyl (PFCP) aryl ether polymers from commercial
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feedstocks. PFCP polymers can be easily modified and func-
tionalized by using bisphenols with different spacer functional
groups. PFCP polymers exhibited very interesting thermal
properties with variable T, depending upon the chosen
bisphenol. These polymers were obtained in good yields and
show high thermal stabilities under N, with Ty at 5% weight
loss ranging from 432 to 483 °C for homopolymers and 224 to
325 °C for copolymers. This new family of semifluorinated aryl
ether polymers can easily have phenolic or perfluorocyclopen-
tenyl terminal groups depending on the stoicheometry of the
reactants. Further, PFCP polymers contain main chain vinyl
ether groups for postpolymerization modification and potential
cross-linking.

B EXPERIMENTAL SECTION

Chemical Reagents. Octafluorocyclopentene (99%) was pur-
chased from Synquest Laboratories and used as received. Bis-
(hydroxyphenyl)hexafluoroisopropylidene (Bisphenol AF) and 4,4'-
biphenol were donated by Tetramer Technologies, L.L.C., Pendelton,
SC. Deuterated solvents were purchased from Mallinckrodt Chemicals
Inc. All other chemicals and solvents (analytical grade) were purchased
from Sigma-Aldrich and used as received unless otherwise stated.

Instrumentation. M1 and M2 and copolymers were characterized
on a JEOL ECX-300 MHz NMR spectrometer via 'H, F, and
proton-fluorine decoupled *C spectroscopy. P1, P2, and P3 were
characterized on a Bruker 400 MHz NMR spectrometer via 'H, proton
decoupled F, and proton decoupled *C spectroscopy. Chemical
shifts were measured in ppm (§) with reference to internal
tetramethylsilane (0 ppm), deuterated chloroform (77 ppm)/
deuterated tetrahydrofuran (25.3 ppm)/deuterated acetone (29.8
ppm), and trichlorofluoromethane (0 ppm) for 'H, *C, and ’F NMR,
respectively. For coupled spectra, values are reported from the center
of the pattern. Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) analyses of neat samples were performed on a Thermo-
Nicolet Magna 550 FTIR spectrophotometer with a high endurance
diamond ATR attachment. Ultraviolet—visible absorption and fluore-
scence spectroscopy were measured in THF on an Agilent 8453 UV—
vis spectroscopy system and Perkin-Elmer LS 50 B luminescence
spectrometer, respectively. Differential scanning calorimetry (DSC)
analysis was performed on a Mettler Toledo DSC 1 system in nitrogen
at a heating rate of 10 °C/min. The glass transition temperature (T,)
was obtained from a second heating cycle using Star E version 10.0
software suite. Thermal gravimetric analysis (TGA) was performed on
a Mettler-Toledo TGA/DSC 1 LF instrument in nitrogen at a heating
rate of 10 °C/min up to 800 °C. Molecular weights for polymers P1,
P2 and P3 were measured by size exclusion chromatography (SEC)
analysis on a Viscotek VE 3580 system equipped with a ViscoGEL
column (GMHHR-M), connected to a refractive index (RI) detector.
GPC solvent/sample module (GPCmax) was used with HPLC grade
THE as the eluent and calibration was based on polystyrene standards.
For copolymers, gel permeation chromatography (GPC) data were
collected in THF from a Waters 2690 Alliance System with photo-
diode array detection. GPC samples were eluted in series through
Polymer Laboratories PLGel S mm Mixed-D and Mixed-E columns at
35 °C. Molecular weights were obtained using polystyrene as a
standard (Polymer Laboratories Easical PS-2).

Synthesis of PFCP Aryl Ether Homopolymer P1. In a 25 mL
Schlenk tube equipped with a magnetic stirrer was added 1.00 g
(2.97 mmol) of Bisphenol AF, 0.662 g (6.54 mmol) of triethylamine,
and 10 mL of DMF. The solution was degassed with nitrogen for
10 min, and 0.631 g (2.97 mmol) of octafluorocyclopentene was added
via syringe; the Schlenk flask was heated slowly to 80 °C for 24 h. The
polymer was then precipitated in 100 mL of methanol, filtered, washed
several times with methanol, and dried under vacuum at 50 °C for
24 h, giving 1.1 g of a white powder (yield = 74%). 'H NMR
(400 MHz, THF-dg, 5): 6.91 (dm, ¥y 5411 = 8.80 Hz, 4H), 7.32 (dm,
Taa(ua) = 8.80 Hz, 4H). F NMR (376 MHz, THF-dg, 5): —63.85
(6F), —115.13 (4F), —130.17 (2F). *C NMR (100 MHz, THF-d,, §):
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64.6, 110.8 (PECP, CF,), 113.8 (PFCP, CF,), 117.5, 1252, 130.8,
132.7, 1349 (PFCP, C=C), 155.2. FTIR (v, cm™): 3150 and 3063
(H-C=C), 1274 (C-0), 1151 (C—F), 780 and 658 (C—F).

Synthesis of PFCP Aryl Ether Homopolymer P2. Homopol-
ymer P2 was synthesized using the same method as P1, except it was
precipitated in a 0.5/0.5 volume ratio of water/methanol and washed
several times with a solution of 0.5/0.5 volume ratio of water/
methanol, giving a white powder after drying (yield = 90%). '"H NMR
(400 MHz, acetone-dg, 5): 1.51 (dm, 6H), 6.69 (dm, *Jyq0;) = 8.91
Hz, 4H), 7.08 (dm, ]y 41,y = 891 Hz, 4H). F NMR (376 MHg,
acetone-dg, §): —114.20 (4F), —129.71 (2F). *C NMR (100 MHz,
THF-dg, 5): 31.0, 42.7, 110.6 (PECP, CF,), 114.1 (PFCP, CF,), 117.1,
128.5, 134.8 (PFCP, C=C), 147.8, 153.0. FTIR (v, cm™"): 3130 and
3065 (H-C=C), 1272 (C—0), 1142 (C—F), 782 and 654 (C—F).

Synthesis of PFCP Aryl Ether Homopolymer P3. Homopol-
ymer P3 was synthesized using the same method as P2, except the
reaction time was 36 h, giving a white powder after drying (yield =
50%). 'H NMR (400 MHz, acetone-dg, 5): 6.92 (dm, 1) = 8.58
Hz, 4H), 7.31(dm, *Jy ) = 8.58 Hz, 4H). "F NMR 2376 MHz,
acetone-dg, §): —113.89 (4F), —129.60 (2F). *C NMR (100 MHz,
acetone-dg, §): 110.5 (PFCP, CF,), 114.0 (PECP, CF,), 118.5, 128.8,
135.0 (PECP, C=C), 137.7, 154.5. FTIR (v, cm™'): 3151 and 3070
(H-C=C), 2941 (C—H), 1270 (C—0), 1150 (C—F), 780 and 653
(C-F).

Synthesis of P3-co-P1. In a 25 mL Schlenk tube equipped with a
magnetic stirrer was added 0.793 g (2.36 mmol) of Bisphenol AF,
0.439 g (236 mmol) of biphenol, 1.052 g (10.39 mmol) of
triethylamine, and 10 mL of DMF. The solution was degassed with
argon for 10 min, and 0.631 g (2.97 mmol) of octafluorocyclopentene
was added via syringe; the Schlenk flask was heated at 80 °C for 10 h.
The dissolved polymer was then precipitated in 100 mL of 0.5/0.5
volume ratio of water/methanol and washed several times with a
solution of 0.5/0.5 volume ratio of water/methanol and dried under
vacuum at SO °C for 24 h, giving 1.7 g of a white powder (yield =
74%). "H NMR (300 MHz, acetone-dg, 6): 7.15 (m). ’F NMR (282
MHz, acetone-dg, 5): —64.44 (m, 3F), —115.21 (m, 4F), —130.61 (m,
2F). FTIR (v, cm™): 3150 and 3075 (H-C=C), 1273 (C-0), 1150
(C—F), 787 and 661 (C—F).

Synthesis of M1. To a 50 mL round-bottom flask equipped with
a magnetic stirrer were introduced 2.00 g (5.95 mmol) of Bisphenol
AF, 2.77 g (13.1 mmol) of triethylamine, and 20 mL of DMF, and the
solution was degassed with argon for 10 min. 2.775 g (13.09 mmol) of
octafluorocyclopentene was then introduced with a syringe, and the
solution was heated slowly to 80 °C for 10 h. The solvent was then
removed, and the crude product was isolated by column
chromatography in dichloromethane (R; = 0.93) to give 3.1 g of a
colorless oil (yield = 65%). "H NMR (300 MHz, CDCl,, §): 7.19
(d, Juray = 8.58 Hz, 4H), 743 (d, Juius) = 8.58 Hz, 4H).
F NMR (282 MHz, CDCL, §): —=63.91 (s, 6F), —115.32 (d, ¥Jg () =
9.84 Hz, 4F), —115.65 (d, YJp (p2) = 13.11 Hz, 4F), —129.39 (s, 4F),
—146.61 (s, 2F). *C NMR (75 MHz, CDCl,, §): 67.4, 105.5, 109.1,
111.1, 112.0, 1183, 123.9, 131.3, 131.7, 138.0, 154.1. FTIR (, cm™):
3150 and 3075 (H-C=C), 1270 (C—0), 1160 (C—F), 783 and 665
(C-F). GC-MS (m/z) [M + H]*: 720.4 Elemental analysis: Calcd
(Found) C = 41.69 (41.62), H = 1.12 (1.03), F = 52.75 (53.03).

Synthesis of M2. M2 was synthesized and isolated with the same
method as described for M1 (R; = 0.86 in dichloromethane) to give a
white solid (yield = 69%). '"H NMR (300 MHz, CDCl,, 6): 7.25 (dm,
() = 8:61 Hz, 4H), 7.59 (d, *Jyy ua) = 8.61 Hz, 4H). '’F NMR
(282 MHz, CDCl,, §): —115.32 (m, 4F), —115.36 (m, 4F), —129.36
(s, 4F), —148.85 (s, 2F). 3C NMR (75 MHz, CDCl,, §): 104.3, 111.4,
114.1, 118.1, 122.2, 1302, 1312, 131.9, 153.9. FTIR (2, cm™): 3133
and 3074 (H-C=C), 1272 (C-0), 1145 (C—F), 787 (C—F). GC-
MS (m/z) [M + H]": 570.3 Elemental analysis: Calcd (Found) C =
46.33 (46.36), H = 1.41 (1.36), F = 46.64 (46.70).

Synthesis of Copolymer (M1-alt-BP). To a 25 mL Schlenk tube
equipped with a magnetic stirrer was added 0.500 g (0.694 mmol) of
M1, 0.129 g (0.694 mmol) of biphenol, 0.155 g (1.53 mmol) of
triethylamine, and S mL of DMF. The solution was degassed with
argon for 10 min, and the Schlenk tube was heated slowly to 80 °C for
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10 h under stirring. The dissolved polymer was then precipitated in
100 mL of 0.5/0.5 volume ratio of water/methanol and washed several
times with a solution of 0.5/0.5 volume ratio of water/methanol,
giving a white powder after drying (yield = 51%). 'H NMR (300 MHz,
acetone-dg, 5): 6.88 (m, 8H), 7.15 (m, 4H), 7.35 (m, 4H). ’F NMR
(282 MHyz, acetone-dg, §): —64.45 (m, 3F), —115.02 (m, 4F), —130.6
(m, 2F). FTIR (v, cm™): 315 and 3090 (H-C=C), 2941 (C—H),
1265 (C—0), 1150 (C—F), 790 and 658 (C—F).

Synthesis of Copolymer (M2-alt-6F). The copolymer was
prepared using the same method as copolymer M1-alt-BP, giving a
white powder after drying (yield = 69%). 'H NMR (300 MHz,
acetone-dg, 8): 6.72 to 7.19 (m, 8H), 7.26 to 7.45 (m, 8H). ’F NMR
(282 MHz, acetone-d, 5): —64.18 (m, 3F), —115.37 (m, 4F), —130.54
(m, 2F). FTIR (v, cm™): 3130 and 3103 (H-C=C), 2960 (C—H),
1263 (C—0), 1145 (C—F), 785 (C—F).
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ABSTRACT: Three semiconducting polymers containing
benzodithiophene with decylphenylethynyl substituents have
been synthesized for which the spacing between alkyl
substituents has been systematically increased by introduction
of thiophene and bithiophene units in the backbone of the
polymer. As the spacing between the side chains increased, an
increase of the weight ratio of polymer to fullerene acceptor
was required for achieving the highest power conversion
efficiency of bulk heterojunction solar cells. The spacing

"T04 02 00 0z 04 06 08 10 e e
V)

between the side chains of the polymers was estimated from DFT calculations. The TMAFM analysis of polymer PCBM blends
showed that the smooth films exhibited the highest solar cell performance.

emiconducting polymers are gaining favor as alternatives
for inorganic semiconductors because they are easily
processable, can be used on flexible substrates, and they are
inexpensive.' * Semiconducting polymers have extended z-
electron delocalization, large absorption in the UV—vis region
of the solar spectrum, and possess reasonable charge carrier
mobilities. As such, they are now being used in numerous
organic electronics apphcatlons, such as organic field effect
tran51st0rs (OFETs),>® organic light-emitting diodes
(OLEDs),”® and organic photovoltaics (OPVs).>” Blends of
semiconducting polymers with the soluble electron acceptor
[6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) have been
shown to function as the active layer in bulk heterojunction
solar cells. Of these semiconducting polymers, regioregular
poly(3-hexylthiophene) (rr-P3HT) is the most used in bulk
heterojunction solar cells with PCBM. The reported efficiencies
of organic solar cells with blended P3HT donor and PCBM
acceptor have reached up to 5%.'”'" These relatively high
efficiencies were achieved by morphological control of the
P3HT—-PCBM blend film with variations in solvent,
composition of the blend, film thickness, and annealing
conditions used.'”"*
Despite its advantages, P3HT suffers from a poor matching
of its absorption spectrum with the solar emission spectrum
resulting in the polymer only collecting a maximum of ~20% of

the solar photons." This has led to the development of new
semiconducting polymers with lower band-gaps and good
charge mobilities.">>° One of the most explored building

blocks are the fused-ring thiophenes.zs_43 The application of
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fused-ring monomers planarizes the polymer backbone,
enabling efficient 7-stacking and higher charge carrier
mobilities. Furthermore, using symmetrical fused-ring mono-
mers also avoids the need to control regioregularity.
Benzodithiophene is one of the most used fused-ring building
blocks.>>™*' Donor—acceptor polymers containing benzodi-
thiophene have been reported to give power conversion
efficiencies higher than 7%. 3644746 The process to optimize
the efficiency from a benzodithiophene-containing polymer
remains the same as for P3HT. For example, as with P3HT, the
blend composition is one of the most critical parameters that
needs to be optimized to generate the highest performance of
the polymer in bulk heterojunction solar cells with
PCBM. 104749

McCulloch and co-workers first proposed the idea of
intercalation of PCBM between the side chains of a
semiconducting polymer when the spacing between the side
chains is sufficiently large.® McGehee and co-workers further
studied intercalation in both amorphous and semicrystalline
semiconducting polymer/fullerene blends using X-ray diffrac-
tion and photoluminescence quenching studies.”' ~>> McGehee
and co-workers demonstrated that PC4,BM and PC,BM
acceptors intercalate into the available open spaces between the
side chains of the polymer before forming the pure electron
transporting PCBM phase.” ™ As a result, when intercalation
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Figure 1. Homopolymer and alternating copolymers containing benzodithiophene with decyl phenylethynyl substituents: P1 = poly{4,8-bis(4-
decylphenylethynyl)benzo[1,2-b:4,5-b]dithiophene}, P2 = poly{4,8-bis(4-decylphenylethynyl)benzol 1,2-b:4,5-b']dithiophene-alt-thiophene}, and
P3 = poly{4,8-bis(4-decylphenylethynyl)benzo[ 1,2-b:4,5-b']dithiophene-alt-bithiophene}.

Table 1. Optoelectronic Properties and Molecular Weights of the Synthesized Polymers

polymer M, (g/mol) PDI Amax1, (nm)
P1 23400 3.0 363, 520
P2 16000 1.7 368, 529
P3 8060 2.6 388, 512

Amags (nm) HOMO? (eV) LUMO? (eV) E* (eV)
366, 525 -5.10 -3.05 1.95
376, 540 521 -3.18 2.03
380, 520 -526 -2.96 2.30

“HOMO and LUMO levels obtained from cyclic voltammetry measurements using a nonaqueous Ag/Ag" electrode.

occurs, a correspondingly higher level of fullerene loading is
necessary to generate the optimal phase separation for an
efficient bulk heterojunction solar cell.*>** For example,
optimum blend ratios of 1:3 to 1:4 were observed for polymers

that allow intercalation, as compared to 1:1 for polymers that

. 52,53
do not allow intercalation.

Previously, we have reported the optoelectronic properties of
a benzodithiophene semiconducting polymer with decylphenyl-
ethynyl substituents.>*™>” In this report we vary the spacing
between the side chains of benzodithiophene by introducing
thiophene and bithiophene units as spacers in order to
systematically study intercalation effects of the PCBM acceptor.
The phenylethynyl groups on which the side chains are
attached are rigid and expected to maintain a constant spacing
between the phenyl groups of the three polymers. We have
tested these three semiconducting polymers as donors in bulk
heterojunction solar cells with PCBM acceptor to study the
correlation of the distance between side chains and the amount
of PCBM required to achieve the optimum power conversion
efficiency. Investigation of the polymer/PCBM blends by
atomic force microscopy (TMAFM) and X-ray diffraction
(XRD) was employed to aid in interpretation of the
photovoltaic response of the blends.

B RESULTS AND DISCUSSION

Three semiconducting polymers containing benzodithiophene
with decylphenylethynyl substituents were synthesized. Homo-
polymer poly{4,8-bis(4-decylphenyl ethynyl)benzo[1,2-b:4,5-
b')dithiophene} (P1)*” and two alternating copolymers with
thiophene and bithiophene were synthesized and tested in bulk
heterojunction polymer:PCBM solar cells. Alternating copoly-
mers poly{4,8-bis(4-decylphenylethynyl)benzo[1,2-b:4,5-b']-
dithiophene-alt-thiophene} (P2) and poly{4,8-bis(4-decyl
phenylethynyl)benzo[ 1,2-b:4,5-b'] dithiophene-alt-bithiophene}
(P3) were synthesized by Stille coupling polymerization of 2,6-
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(trimethyltin)-4,8-bis(4-decylphenylethynyl)benzo[ 1,2-b:4,5-
b')dithiophene with the corresponding dibromo monomers
(Figure 1).*%7 By synthesizing alternating copolymers with
thiophene and bithiophene, we are able to generate a systematic
increase of the spacing between the decyl side chains of the
polymer. Consequently, we were able to directly investigate the
influence of the spacing between the decyl side chains on the
loading with PCBM acceptor in bulk heterojunction solar cells.
The syntheses of polymers P1-P3 are reported in the
Supporting Information. Bulk heterojunction solar cells were
fabricated at different ratios between the polymers and PCBM,
and the experimental results have been interpreted in
correlation with the morphology of the blends.

The number-average molecular weight and polydispersity
index of the synthesized polymers were measured using size-
exclusion chromatography (SEC) (Table 1). The three
polymers display a broad polydispersity index due to the
nonliving nature of Stille coupling polymerization. The
polymers were purified by consecutive extractions with
methanol, diethyl ether, hexane, and chloroform. The final
polymer was obtained by evaporation of the chloroform extract.
Polymers P2 and P3 have a lower solubility as compared to
homopolymer P1. As the number of thiophene units increased,
the solubility of the polymers decreases, and hence the soluble
fraction of polymer collected from the chloroform extraction
has a correspondingly lower molecular weight.

The UV—vis absorbance spectra of polymers P1—P3 were
measured in chloroform solution as well as in thin films (Table
1 and Supporting Information). The three polymers display
two absorption maxima in solution (P1: 363 and 520 nm; P2:
368 and 531 nm; P3: 388 and 512 nm). The absorption band
in the visible region is assigned to the benzodithiophene
backbone, while the band in the UV region is due to the 1,4-
bis(phenylethynyl)benzene substituents. The intensity of
benzodithiophene and (phenylethynyl)benzene bands corre-

lates well with their relative ratio in the repeating units. A red
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Table 2. Photovoltaic Properties of Poly{4,8-bis(4-decylphenylethynyl)benzo[1,2-b:4,5-b’]dithiophene} (P1) in Solar Cell

Devices”
[P1]:[PCBM] V,. (V) Jie (mA/cm?)
3:1 0.66 (0.73) 1.03 (1.10)
2:1 0.74 (0.80) 1.75 (1.96)
1:1 0.75 (0.75) 5.72 (5.83)
1:2 0.72 (0.73) 5.41 (5.66)
1:3 0.70 (0.71) 4.73 (4.83)
1:4 0.70 (0.70) 4.58 (4.58)
1:5 0.71 (0.72) 4.06 (4.18)

FF n (%) film thickness (nm)
0.26 (0.26) 0.18 (0.20) 61.9
0.25 (0.25) 0.33 (0.39) 68.9
0.39 (0.39) 1.67 (1.72) 51.9
0.41 (0.42) 1.62 (1.74) 60.2
0.39 (0.39) 1.29 (1.33) 57.5
0.42 (0.44) 1.36 (1.40) 57.7
0.41 (0.43) 1.17 (1.28) 67.0

“The data in the table represent average values while the numbers in parentheses are the highest measured values.

Table 3. Photovoltaic Properties of Poly{4,8-bis(4-decylphenylethynyl)benzo|1,2-b:4,5-b"]dithiophene-alt-thiophene} (P2) in

Solar Cell Devices”

[P2]:[PCBM] Voo (V) J.e (mA/cm?)
3:1 0.61 (0.66) 0.40 (0.44)
2:1 0.70 (0.74) 0.97 (1.10)
1:1 0.71 (0.73) 1.80 (1.99)
1:2 0.73 (0.76) 2.04 (2.23)
1:3 0.77 (0.80) 2.11 (2.18)
1:4 0.81 (0.83) 2.10 (2.22)
1:5 0.80 (0.82) 2.09 (1.80)
1.7 0.80 (0.80) 1.97 (2.10)
1:10 0.71 (0.73) 1.84 (1.82)

FF n (%) film thickness (nm)
0.24 (0.24) 0.06 (0.07) 45.3
0.24 (0.24) 0.16 (0.19) 44.7
0.31 (0.31) 0.39 (0.44) 52.0
0.39 (0.40) 0.62 (0.68) 45.6
0.42 (0.43) 0.69 (0.74) 59.0
0.46 (0.47) 0.79 (0.86) 55.6
0.47 (0.58) 0.79 (0.86) 61.0
0.48 (0.47) 0.75 (0.80) 52.5
0.48 (0.51) 0.62 (0.67) 50.6

“The data in the table represent average values while the numbers in parentheses are the highest measured values.

Table 4. Photovoltaic Properties of Poly{4,8-bis(4-decylphenylethynyl)benzo[ 1,2-b:4,5-b']dithiophene-alt-bithiophene} (P3) in

Solar Cell Devices®

[P3]:[PCBM] V. (V) Joe (mA/cm?)
3:1 0.12 (0.12) 0.82 (0.84)
2:1 0.18 (0.18) 1.52 (1.56)
1:1 0.35 (0.37) 2.52 (2.54)
1:2 0.34 (0.36) 2.79 (2.95)
1:3 0.49 (0.50) 3.02 (3.07)
1:4 0.47 (0.48) 2.94 (3.02)
1:5 0.57 (0.57) 3.00 (3.10)
1:6 0.53 (0.51) 3.42 (1.93)
1:7 0.62 (0.63) 2.98 (3.09)
1:8 0.58 (0.61) 3.05 (3.11)

FF n (%) film thickness (nm)
0.26 (0.26) 0.02 (0.03) 43.1
0.26 (0.26) 0.07 (0.07) 353
0.28 (0.28) 0.25 (0.26) 40.8
0.29 (0.29) 0.28 (0.29) 41.6
0.33 (0.33) 0.48 (0.51) 48.1
0.32 (0.32) 0.44 (0.46) 46.1
0.38 (0.38) 0.65 (0.67) 44.8
0.29 (0.29) 0.51 (0.58) 50.0
0.39 (0.39) 0.71 (0.75) 43.4
0.35 (0.37) 0.62 (0.70) 39.9

“The data in the table represent average values while the numbers in parentheses are the highest measured values.

shift of 5—20 nm was observed for the thin films of the
copolymers drop-casted from chloroform solutions, suggesting
that the polymers have a rigid-rod conformation in the solid
state. *%?

The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels of the
polymers P1—P3 were determined by cyclic voltammetry (CV)
using a Ag/Ag" nonaqueous reference electrode. The HOMO
and LUMO levels show little change across the series; however,
a small systematic increase in band gap from P1-P3 is
observed.

The photovoltaic properties of polymers P1-P3 were
investigated in bulk heterojunction solar cells with PCBM as
an electron acceptor. The solar cells were fabricated using a
conventional device structure: ITO/PEDOT:PSS/poly-
mer:PCBM/Ca/Al. In our earlier publication, we reported a
power conversion efficiency (PCE) of 1.05% for the
homopolymer P1, which was obtained for 1:1 weight ratio
from a dichlorobenzene solution. In this study chloroform was
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used as a solvent for blend preparation due to the better
solubility of the polymers. The conditions for polymer P1 were
optimized in chloroform at a 1:1 weight ratio of polymer to
PCBM for blend concentrations ranging from 5 to 30 mg/mL
(see Table S1, Supporting Information). A maximum PCE of
1.67% was measured for a blend concentration of 15 mg/mL.
The polymer/PCBM blends for the subsequent full inves-
tigation were prepared in chloroform maintaining the total
blend concentration at 15 mg/mL in order to achieve
comparable thicknesses of the active layer.

In order to determine the optimum blending ratio,
homopolymer P1 was tested in bulk heterojunction solar
cells at [P1]:[PCBM] weight ratios ranging from 3:1 to 1:5
(Table 2). Although the highest PCE of 1.67% was achieved at
1:1 weight ratio, similar PCEs were measured for both the 1:1
and 1:2 blends, indicating that the highest efficiency may lie at a
ratio between 1:1 and 1:2. The solar cells with blends of 3:1
and 2:1 display very low efficiencies (Table 2), suggesting that
these blend ratios may lie below the percolation threshold for

dx.doi.org/10.1021/ma202497v | Macromolecules 2012, 45, 772—780
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Figure 2. Lowest energy conformations for the chains that mimic polymers: (a) P1; (b) P2; (c) P3.

PCBM and preventing effective electron transport within these
devices. This hypothesis is supported by the observed large
decrease in ], for these devices, while V_ is largely unaffected.
The performance of solar cell devices decreases with further
increase in the PCBM concentration with blends of 1:3, 1:4,
and 1:5 having lower PCEs as compared to the 1:1 and 1:2
ratios.

The copolymer with thiophene (P2) was tested in bulk
heterojunction solar cells at 15 mg/mL blend concentration
and at weight ratios [P2]:[PCBM] ranging from 3:1 to 1:10
(Table 3). A maximum PCE of 0.79% was measured at both the
1:4 and 1:5 weight ratios.

The copolymer with bithiophene (P3) was tested at 10 mg/
mL blend concentration at weight ratios [P3]:[PCBM] ranging
from 3:1 to 1:8. A lower blend concentration was chosen due to
the lower solubility of the polymer in chloroform, and so,
accordingly, the spin conditions were adjusted to obtain an
active layer thickness for P3 comparable to those obtained for
P1 and P2. A maximum PCE of 0.71% was measured at 1:7
ratio for the P3 blend devices (Table 4).

There are two observations that can be made as the polymer
component in the blend devices is varied from P1 to P3. First,
the maximum PCE decreases for the series from P1 to P3 (as
illustrated by the I-V curves for the best measured solar cell
devices shown in the Supporting Information). Second, the
PCBM loading required to maximize device performance
increases systematically through the series from P1 to P3.

Recent seminal work by McGehee and co-workers has
demonstrated that intercalation of PCBM between the lamellar
side chains of semiconducting polymers plays a key role in
determining OPV device performance.”” In particular, they
showed that for nonintercalated BH] systems (such as
P3HT:PCBM) the polymer:PCBM blend ratio optimizes at
1:1, whereas for intercalated systems (such as MDMO-
PPV:PCBM) the optimum ratio is 1:4.°" For the polymers
P1 to P3, we see that the optimum PCBM loading increases
systematically with distance between the decyl side chains, with
optimum ratios of 1:1, 1:4, and 1:7 for P1, P2, and P3,
respectively. Whereas the optimum ratio of 1:1 for the
P1:PCBM blend indicates a nonintercalated system, the larger
PCBM loading required for optimal device performance with
copolymer P2 suggests that PCBM now intercalates between
the alkyl side chains. Moreover, the further increase in the
required ratio of polymer P3 to PCBM correlates well with the
increased spacing between the alkyl chains and is consistent
with the trend observed for polymers P1 and P2. Comparing
the solar cell performance of polymers P2 and P3, we observe
that the excess loading of PCBM required to achieve the best
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performance doubles, suggesting that P3 can intercalate twice
as many PCBM molecules as P2.

Thin film XRD studies were performed on the pristine
polymers to investigate the self-assembly of the polymers in
thin films (Supporting Information). The polymers were
dissolved in chloroform, and thin films were spin-cast onto a
SiO, substrate. The three polymers P1—P3 all show a single
lamellar packing peak around 26 = 3.91° (d-spacing of 22.6 A)
and a z-stacking peak around 26 = 20.4° (d-spacing of 4.4 A).
Lamellar spacings of 16—20 A have previously been reported
for poly{4,5-bis(2-ethyloxy)benzo[2,1-b:4,5-b"]dithiophene-2,7-
diyl—alt—S,S’-dithienyl-4,4'—dihexyl,2,2’-bithiazole-Z,Z'—diyl]63 and
poly{4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5-b']dithiophene-
2,6-diyl-alt-3-fluoro-2-[ (2-ethylhexyl)carbonyl]thieno[ 3,4-b]-
thiophenediyl}.** The larger lamellar spacing observed for the
three polymers in this study is likely due to the longer
decylphenylethynyl side chains. However, the polymers appear
to be semicrystalline with only a single (100) reflection
observed.

Thin film XRD was also performed on the blends of P1-P3
with PCBM at weight ratios of [P]:[PCBM] 1:1. The XRD
pattern at 1:1 weight ratio [P]:[PCBM] for polymers P2 and
P3 were compared with the XRD pattern of the blends that
gave the highest PCE (Supporting Information). The sample
preparation technique was similar to that of pristine polymer
films. The lamellar packing peak of the blends is observed at
22.6 A, which is the same as that for the pristine polymers. In
addition, no peaks corresponding to pure PCBM are observed
in the XRD patterns of the blends, consistent with many
reports in the literature.">*> While the McGehee group
observed an increase in the lamellar packing distance in blends
as compared to pristine pBTTT polymer due to the
interdigitation of the alkyl substituents,> for blends of P1—
P3 with PCBM the lamellar packing distance is identical to the
lamellar packing distance in the pristine polymers. We speculate
that unlike the pBTTT system (which shows ordered
crystalline behavior with sharp X-ray reflections up to (400))
the three polymer systems here are much less crystalline and
exhibit a lack of interdigitation between the alkyl chains. As
such, it is possible for the PCBM to intercalate between the
polymer side chains without influencing the solid-state packing
of the polymers P1-P3 as probed by XRD. Indeed, the
polymers can locally order even in the presence of PCBM,®
and we even observe a slight increase in crystallinity with all
three polymers exhibiting a faint (200) reflection upon addition
of PCBM. Thus, the semicrystalline nature of polymers P1-P3
means that (as noted by McGehee et al. for the MDMO—PPV
system”") direct detection of intercalation of PCBM using XRD

dx.doi.org/10.1021/ma202497v | Macromolecules 2012, 45, 772—780
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is challenging since we also cannot simply measure the change
in lattice spacing. Alternatively, it is also possible that PCBM
intercalates between the polymers side chains in the amorphous
polymer region.

Further support for the intercalation of PCBM was sought by
using molecular modeling of polymers P1—P3 to quantify the
side-chain spacings in these polymers. The calculated lowest
energy structures of isolated polymer chains are shown in
Figure 2. In all cases, the lowest energy conformations have all
intramonomer S—C—C—S dihedral angles of ~180°. Calculated
side-chain spacings are presented in Table S. The calculated

Table 5. Estimated Spacing between the Side Chains of the
Polymers P1—P3 and the Weight Ratios Used in the Best
Performing Solar Cells

polymer [P]:[PCBM] spacing (nm)
P1 1:1 0.85
P2 1:4 0.47, 1.96
P3 1:7 1.62

side-chain spacing in P1 is 0.85 nm vs the 0.7 nm calculated
width of an isolated Cg, and suggests that polymer P1 cannot
have significant PCBM intercalation; consistent with the 1:1
[P1]:[PCBM] ratio in the best performing solar cells. The

lowest energy conformation of P2 has a bent benzodithio-
phene—thiophene repeat unit yielding two different side-chain
spacings. The larger of the two spacings (1.96 nm) could
reasonably allow PCBM intercalation, which again is consistent
with the observed optimum [P2]:[PCBM] ratio of 1:4. The
calculated side-chain spacing of polymer P3 is 1.62 nm, which is
again large enough to allow PCBM intercalation. With the
bithiophene repeating unit, the side-chain spacing is the same
on both sides of the polymer backbone. Thus, PCBM can
intercalate on either side of P3, while it is limited to
intercalation on only one side of P2. This difference is in
excellent agreement with the larger PCBM loading ([P3]:
[PCBM] = 1:7) observed for P3 for highest PCE compared to
P2. Therefore, molecular modeling and the polymer:PCBM
ratios observed for optimal device performance are entirely
consistent with the hypothesis that P1 does not intercalate
PCBM in the blend film, whereas P2 intercalates one PCBM
molecule per monomer unit and P3 intercalates two PCBM
molecules per monomer unit.

TMAFM analysis was used to investigate the surface
morphology of the polymer/PCBM blends. TMAFM images
were recorded for the polymer/PCBM blends at 3:1, 1:1, 1:4,
and 1:7 weight ratios (Supporting Information). For polymers
P2 and P3 the surface morphology of 1:1 weight ratio [P]:
[PCBM] was compared with the morphology of the blends that

Figure 3. 5 ym X S ym TMAFM images of P1/PCBM blends: (a, b) height and phase images of 1:1 blend; (c, d) height and phase images of 1:4

blend.
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Figure 4. S ym X S ym TMAFM images of P2/PCBM blends: (a, b) height and phase images of 1:1 blend; (c, d) height and phase images of 1:4

blend.

gave the highest PCE. The highest PCE was measured at a
weight ratio of 1:1 for polymer P1, 1:4 for polymer P2, and 1:7
for polymer P3. All the TMAFM images obtained at the other
ratios are shown in the Supporting Information.

Figure 3 shows the surface morphology of the blends of P1
and PCBM at weight ratios of 1:1 and 1:4. The TMAFM
images of the 1:1 blends show a more uniform surface
morphology (rms roughness = 1.14 nm), indicating a uniform
blending of the donor polymer and PCBM acceptor. By
contrast, the TMAFM image of the 1:4 blend displays a
granular morphology (rms roughness = 1.40 nm) with some
large domains formed by the phase separation of the donor
polymer and PCBM acceptor. This observation is in agreement
with our previously published data for polymer P1 which
showed that the highest PCE was obtained for a smooth surface
morphology of the blend.*”

The TMAFM images obtained at 1:1 and 1:4 P2/PCBM
weight ratios are shown in Figure 4. The TMAFM image of the
1:1 blend clearly shows a more granular and a rougher surface
morphology (rms roughness = 1.80 nm). By contrast, the
TMAFM image of the 1:4 blend displays a smoother surface
morphology (rms roughness = 0.805 nm). The image obtained
at 1:7 ratio (Supporting Information) shows a rougher surface
morphology (rms roughness = 0.866 nm) as compared to that
of the 1:4 blend, indicating the aggregation of excess PCBM to
form larger domains. Consistent with the data obtained for
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polymer P1, the best performing blends for polymer P2 also
show a smooth surface morphology.

For polymer P3, the TMAFM images obtained at P3/PCBM
weight ratios 1:1 and 1:7 are shown in Figure 5. The TMAFM
image of the 1:1 blend shows significant phase separation and a
rough surface morphology (rms roughness = 1.88 nm). By
contrast, the best PCE was measured for the 1:7 blend, which
displays a smooth surface morphology (rms roughness = 0.875
nm), again indicating uniform blending between the polymer
P3 and PCBM acceptor.

Thus, the surface morphology of the different polymer
blends also exhibits a phase segregation behavior that is
consistent with the proposed intercalation model. We have
observed that for all the polymers/PCBM blends the highest
PCEs were measured for the films that have smoothest surface
morphologies and least phase segregation despite the fact that
the PCBM loading is increasing as we go from P1 to P3. The
increasing intercalation of PCBM between the polymer side
chains from P1 to P3 allows the blend system to accommodate
increasing PCBM concentration without a corresponding
increase in PCBM aggregation.

Finally, the observation that the optimum PCE decreases
from P1 to P3 is also consistent with increased PCBM
intercalation between the polymer side chains. Previous work
on ternary blend systems has shown that decreasing the
separation across donor—acceptor (D—A) interfaces results in
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Figure 5. S ym X S ym TMAFM images of P3/PCBM blends: (a, b) height and phase images of 1:1 blend; (c, d) height and phase images of 1:7

blend.

increased recombination.®® As such, geminate recombination is
likely to be more prevalent in intercalated blends (such as P2
and P3) as opposed to nonintercalated blends (such as P1).
Indeed, such a mechanism was also recently proposed as an
explanation for the higher efficiency of the P3HT:PCBM
system vis a vis the MDMO-PPV:PCBM system.”"

B CONCLUSION

We have synthesized three semiconducting polymers contain-
ing benzodithiophene with decylphenylethynyl substituents.
The spacing between the alkyl substituents of the polymers is
systematically increased by the introduction of thiophene and
bithiophene units as spacers in the backbone of the polymers.
The weight ratio [P]:[PCBM] for the devices that displayed
the optimal PCE value in bulk heterojunction solar cells is 1:1
for P1, 1:4 for P2, and 1:7 for P3. The amount of PCBM
required for achieving highest PCE increases with spacing
providing evidence that PCBM does intercalate between the
side chains of the polymers when the spacing is large enough
and that the number of intercalated PCBM molecules per
monomer unit in the optimal blend ratio is 0, 1, and 2 for P1,
P2, and P3, respectively. XRD patterns of thin films of pristine
polymers revealed that the lamellar packing distance is 22.6 A
and the 7-stacking distance is 4.4 A. No difference was observed
between the XRD patterns of the pristine polymers and that of
the blends, indicating that there is no influence of blending with
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PCBM on the solid state packing of the semicrystalline
polymers as probed by XRD. DFT calculations on the polymers
reveal that the spacing between the alkyl chains on the side
chain increases with the addition of each thiophene unit and
that no intercalation of PCBM is possible in P1 films, while P2
and P3 can indeed intercalate one and two PCBM molecules
per monomer unit, respectively. TMAFM images of the blend
films show that the devices with the highest efficiencies
correspond to the blend ratios that give the smoothest films,
consistent with the hypothesis that intercalation increases
across the series P1, P2, and P3.

B EXPERIMENTAL SECTION

Materials. All commercial chemicals were purchased from Aldrich
Chemical Co., Inc., and were used without further purification, unless
otherwise noted. All reactions were conducted under nitrogen. The
polymerization glassware and syringes were dried at 120 °C for at least
24 h before use and cooled under a nitrogen atmosphere.
Tetrahydrofuran (THF) was dried over sodium/benzophenone ketyl
and freshly distilled prior to use.

Analysis. 'TH NMR spectra of the synthesized monomers were
recorded on a JEOL-Delta 270 MHz spectrometer at 25 °C. "H NMR
spectra of the polymers were recorded on a Varian Inova 500 MHz
spectrometer at 30 °C. "H NMR data are reported in parts per million
as chemical shift relative to tetramethylsilane (TMS) as the internal
standard. Spectra were recorded in CDCl,.
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GC/MS was performed on an Agilent 6890-5973 GC-MS
workstation. The GC column was a Hewlett-Packard fused silica
capillary column cross-linked with 5% phenylmethylsiloxane. Helium
was the carrier gas (1 mL/min). The following conditions were used
for all GC/MS analyses: injector and detector temperature, 250 °C;
initial temperature, 70 °C; temperature ramp, 10 °C/min; final
temperature, 280 °C.

The UV—vis spectra of polymer solutions in chloroform solvent
were carried out in 1 cm cuvettes using an Agilent 8453 UV—vis
spectrometer. Thin films of polymer were obtained by evaporation of
chloroform from polymer solutions of 5 mg/mL concentration on
glass microscope slides.

Molecular weights of the synthesized polymers were measured by
size exclusion chromatography (SEC) analysis on a Viscotek VE 3580
system equipped with ViscoGEL columns (GMHHR-M), connected
to a refractive index (RI) detector. A GPC solvent/sample module
(GPCmax) was used with HPLC grade THF as the eluent and
calibration was based on polystyrene standards. Running conditions
for SEC analysis were as follows: flow rate = 1.0 mL/min, injector
volume = 100 uL, detector temperature = 30 °C, column temperature
= 35 °C. All the polymer samples were dissolved in THF and the
solutions were filtered through PTFE filters (0.4S um) prior to
injection.

Cyclic Voltammetry. Electrochemical grade tetrabutylammonium
perchlorate (TBAP) was used as the electrolyte without further
purification. Acetonitrile (low water 99.9% grade) was distilled over
calcium hydride (CaH,). Electrochemical experiments were performed
using a BAS CV-50W voltammetric analyzer (Bioanalytical Systems,
Inc.). The electrochemical cell was comprised of a platinum electrode,
a platinum wire auxiliary electrode, and an Ag/AgCl reference
electrode. Acetonitrile solutions containing 0.1 M tetrabutylammo-
nium perchlorate were placed in a cell and purged with argon. A drop
of the polymer dissolved in chloroform was placed on top of the
platinum electrode. The solvent was evaporated in air. The film was
immersed in the electrochemical cell containing the electrolyte prior to
measurements. All electrochemical shifts were standardized to the
ferrocene redox couple at 0.471 V.

TMAFM (Tapping Mode Atomic Force Microscopy). TMAFM
studies were carried out on a VEECO dimension 5000 scanning probe
microscope with a hybrid xyz head equipped with NanoScope
Software run in tapping mode. TMAFM images were obtained using
silicon cantilevers with nominal spring constant of 42 N/m and
nominal resonance frequency of 300 kHz (OTESPa). Image analysis
software Nanoscope 7.30 was used for surface imaging and image
analysis. All TMAFM measurements were conducted under ambient
conditions. All cantilever oscillation amplitude was equal to ca. 375
mV, and all images were acquired at 2 Hz scan frequency. Sample scan
area was 5 um. In order to prepare the samples for TMAFM, glass
substrates were precleaned and exposed to UV/ozone for 15 min to
make the surface hydrophilic. 130 yL of PEDOT:PSS (Clevios) was
spin-coated onto the substrates at a spin rate of 4000 rpm and an
acceleration of 1740 rpm/s. The substrates were then annealed at 150
°C for 10 min under a nitrogen atmosphere. Blends of polymer and
PCBM at varying weight ratios (w/w) were prepared such that the
total blend concentration was always 15 mg/mL. These blends were
spin-cast on top of the PEDOT:PSS layer at a spin rate of 2000 rpm
and an acceleration of 1740 rpm/s.

Preparation of Solar Cell Devices. OLED-grade glass slides were
purchased with prepatterned ITO electrodes from Luminescense
Technology Corp. (Taiwan). The slides were cleaned with deionized
water, acetone, and isopropanol successively by sonication for 20 min
each and then ashed for 10 min in an oxygen plasma prior to use.
Immediately following plasma treatment, a 40 nm layer of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) was
spin-coated onto the substrate (4000 min!, 1740 min' s}, 90 s)
followed by annealing at 120 °C for 20 min under nitrogen. The
PCBM/polymer blend was prepared in chloroform, at the required
weight ratio of polymer and PCBM, with a constant total
concentration. This blend was then spin-cast (2000 min™’, 1740
min' 57, 60 s) onto the PEDOT—PSS/substrate. Finally, a cathode
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consisting of calcium (10 nm) and aluminum (100 nm) were
thermally evaporated at a rate of ~2.5 A/s through a shadow mask to
define solar cell active areas.

IV testing was carried out under a controlled N, atmosphere using a
Keithley 236, model 9160 power source interfaced with LabView
software. The solar simulator used was a Thermo Oriel equipped with
a 300 W xenon lamp; the intensity of the light was calibrated to 100
mW cm 2 with a NREL certified Hamamatsu silicon photodiode. The
active area of the devices was 0.1 cm?® The active layer film thickness
was measured using a Veeco Dektak VIII profilometer.

Computation. All calculations used the Gaussian 09 electronic
structure program.58 Calculations model isolated, infinite, periodic,
quasi-one-dimensional (1D) polymer chains, using generalized Kohn—
Sham density functional theory with the B3LYP*”® exchange-
correlation functional and the 6-31G(d)®' basis set. The 4-
decylphenylethynyl substituents used experimentally were replaced
with 4-methylphenylethynyl groups to save computational time.
Calculations treated several reasonable conformations of each
(benzodithiophene)—(thiophene), system. Results are presented for
the lowest energy conformations. Calculated side-chain spacings are
reported as the distance between the methyl carbons of the 4-
methylphenylethynyl substituents.

B ASSOCIATED CONTENT
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Experimental procedures for the synthesis of polymers, liquid
and solid state UV—vis spectra of polymers, TMAFM images of
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ABSTRACT: A series of novel, precisely defined, redox-active macrocyclic

. . , 7 o Z\
and linear co-oligocarbosiloxanes containing pendant ferrocenyl moieties . g/o\?/%
attached to the carbosiloxane backbones, have been synthesized via /" =
hydrosilylation reactions of the bifunctional 1,3-divinyl-1,3-dimethyl-1,3- ‘ )

. y
diferrocenyldisiloxane [(CH,=CH)(Fc)MeSi],O (6) (Fc = (°-CsH,)Fe- \\» < Q [ 4

(17°-C4Hy)). Specifically, 6 was reacted with 1,1,3,3-tetramethyldisiloxane, in q °"/’°3°s./0 \[t iHJ P-GPN /“‘\H@)q
the presence of Karstedt’s catalyst, to afford both the cyclic species 7, 8 and i X » T“ﬂ 2 “’d [ D "

9, (n =3—6) and several linear co-oligomeric carbosiloxanes 10 and 11, (n = wh o Vi e <Fb
2—S5), containing a backbone in which the —Me,Si—O—SiMe,— moiety and AN =

the ferrocenyldisiloxane unit —MeFcSi—O—SiFcMe— are alternately linked

by —(CH,),— bridges. Ferrocenyl cyclocarbosiloxanes 7 and 8, as well as linear 10, were isolated by column chromatography.
The crude reaction mixtures, as well as pure macrocycles and oligocarbosiloxanes have been thoroughly characterized by
elemental analysis, multinuclear (‘H, *C, *Si) NMR spectroscopy, FT-IR and MALDI-TOF mass spectrometry, to establish
their chemical structures and chain-end functionalities. The molecular structure of 7, in solid state, has been determined by
single-crystal X-ray analysis. Cyclocarbosiloxane 7 shows a bent arrangement of the ferrocenyl-substituted disiloxane linkage (Si—
O-Si angle of 144.05(16)°). The electrochemical behavior of 7—11, has been examined by cyclic (CV) and square wave (SWV)
voltammetries, in dichloromethane solution using [PF4]~ and [B(CFs),]”, as supporting electrolyte anions of different
coordinating ability. Macrocycles 7 and 8 and oligomer 10 show two well-resolved oxidation waves, which suggests significant
interaction between neighboring ferrocenyl redox centers linked by the Si—O—Si bridge. The linear oligomer 11, containing the
higher number of pendant ferrocenyl moieties, undergoes oxidative precipitation yielding electroactive films on platinum
electrode surfaces.

B INTRODUCTION reactions have been reported by Manners et al,'' Pannell et
al,'* Sheridan et al,"* Frey et al,'* and by our own group.7
Within this context, we have described synthetic methods for
obtaining a variety of ferrocene molecules containing vinylsilyl
or allylsilyl functionalities."® In fact, vinylsilanes constitute a
versatile class of functional molecules of potentially wide

The chemistry of ferrocene-containing macromolecules con-
tinues to attract considerable scientific and technical interest in
various areas of research because of their unique electro-
chemical, magnetic and catalytic properties and great potential
as functional materials.'™> Many synthetic strategies have been

devised, enabling access to a wide variety of ferrocene-based applicability in modern organosilicon chemistry. In particulalré
macromolecular systems including polymers, dendrimers and the hydrosilylation reactions of vinylsilanes and silylhydrides,
nanostructured materials. Our group has a long-standing as welllsas silylative coupling and cross-metathesis of vinyl
interest in ferrocene-containing macromolecules, dendrimers silanes, > are well-established routes for the synthesis of well-
and polymers.™® Among the various synthetic approaches we defined novel organosilicon compounds. In the same way,
have developed to prepare such ferrocene-containing structures, vinylsilyl-functionalized ferrocenes are valuable reactive mole-
hydrosilylation reactions that exploit the reactivity of Si—H- cules which offer interesting possibilities in organometallic
multifunctionalized carbosilanes and siloxanes toward suitable synthesis. To the best of our knowledge, relatively few
alkenyl-functionalized ferrocenes, have proven to be particularly ferrocenyl-containing vinylsilanes have been reported so far
useful and versatile.”® Hydrosilylation is one of the most and examples of such compounds (1-5) are shown in Scheme
important laboratory and industrial method to form Si—C 1. All of them represent useful reagents for further synthesis
bonds,'° although its use for the introduction of organometallic

moieties into macromolecular structures has been much less Received: November 16, 2011

explored. For instance, some recent examples of ferrocenyl- Revised:  December 13, 2011

containing silicon-based polymers prepared via hydrosilylation Published: January 3, 2012

W ACS Publications  © 2012 American Chemical Society 781 dx.doi.org/10.1021/ma202521n | Macromolecules 2012, 45, 781-793


pubs.acs.org/Macromolecules

Macromolecules

Scheme 1. Ferrocenyl Derivatives with Reactive Vinylsilyl
Groups
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and chemical transformations. For instance, we have prepared
and characterized vinylsilyl-functionalized compounds 1—4,
and we have used them successfully as reactive precursors for
the construction of homo- and heterometallic dendritic and
polymeric structures, via hydrosilylation reactions.® ® Likewise,
Pannell and co-workers have recently established that 1,1
bis(dimethylvinylsilyl)ferrocene (1) acts as an efficient
monomer for the synthesis of remarkable ferrocenylene
copolymers and carbosiloxane-bridged sila[l]-
ferrocenophanes.'> Very recently, Miiller et al. also used
compound 1 as monomer in hydroboration reactions for the
synthesis of hyperbranched ferrocene-containing poly(boro)-
carbosilanes.'® In addition, the interesting chemical behavior of
1 in ruthenium-catalyzed silylative coupling cyclization
reactions has been investigated by Marciniec and co-workers."”
On the other hand, Manners and co-workers have prepared and
characterized vinylsilyl-bridged[1]ferrocenophane (5), and
studied its ability to undergo ring-opening polymerization
(ROP), allowing the synthesis of interesting examples of
polyferrocenylsilanes containing pendant reactive Si—vinyl
groups.

During the course of our research on the chemistry of
vinylsilyl-functionalized organometallic molecules, the bifunc-
tional compound 1,3-divinyl-1,3-dimethyl-1,3-diferrocenyldisi-
loxane, [(CH,=CH)(Fc)MeSi],0 (6) (Scheme 2) was

Scheme 2. Preparation of Vinylsilylferrocenyl-Functionalized
Disiloxane 6

o

Fie 7 N\
Q H3C( ~§i—O—gi” ~CHs
THF, -10°C
+ _ >
( N Fie Fie
HCJ i—O0—gi” ~CHs Q Q
cl’ ‘cl 6

obtained and electrochemically studied.'® In this work we
focus our attention on the platinum-catalyzed hydrosilylation
reactions of 6 with the bis(silylhydride) 1,1,3,3-tetramethyldi-
siloxane, which leads to the formation of structurally new types
of ferrocenyl-containing macrocyclic and linear oligocarbosilox-
anes. The electrochemical behavior of the novel oligocarbosi-
loxanes has been studied, especially regarding the electronic
communication between the redox-active ferrocenyl moieties
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linked through the three atom Si—O-Si bridge. It is
noteworthy to mention that silicon-containing ferrocenyl
macrocycles are very interesting organometallic molecules
because of their unique properties and structures that differ
from their linear analogues.'” However, examples of these
molecules are extremely rare, mainly due to the difficulty in
their preparation. Remarkable cyclic oligoferrocenylsilanes have
been reported by Manners and co-workers,"*~ K&hler and co-
workers,' and Pannell and co-workers.'”® Herein we report
the formation of the first examples of redox-active macrocyclic
carbosiloxanes from the hydrosilylation of the divinyldisiloxane
monomer 6.

B RESULTS AND DISCUSSION

The main objective of this research was to study the reactivity
of diferrocenyldisiloxane 6, since this bifunctional molecule
with two Si—CH=CH, groups, able to undergo hydrosilylation
reactions, could be of interest for the construction of polymeric
structures of higher nuclearity. The key monomer 6 was
successfully synthesized via the salt elimination reaction of
ferrocenyllithium and 1,3-divinyl-1,3-dimethyl-1,3-dichlorodisi-
loxane, in THF at low temperature,18 as shown in Scheme 2.

The hydrosilylation reactivity of difunctional organosilicon
monomers containing Si—vinyl bonds toward bis(silylhydrides)
is well documented in the literature,' and has become a
valuable synthetic approach for obtaining different organo-
silicon polymers. Thus, polycarbosiloxanes, with both Si—C and
Si—O—Si bonds in the main backbones, are an interesting type
of polymers since they have shown intermediate properties
between those of polymethylsﬂoxanes, polycarbosilanes and
saturated hydrocarbons.*® Leading studies in thls field were
carried out in 1994 by Dvornic and co-workers,”"** who have
studied the Karstedt’s catalyst catalyzed reaction between 1,3-
divinyl-1,1,3,3-tetramethyldisiloxane and 1,1,3,3-tetramethyldi-
siloxane, and succeeded in obtaining remarkable examples of
polycarbosiloxanes —[Me,Si—O—SiMe,—(CH,),],,—, the first
hybrid silicones with a high molecular weight. More recently,
the kinetics and mechanism of this reaction have been revised
in detail by the same group.”® Dvornic and co-workers effected
the hydrosilylation polymerization between [Me,SiH],O and
[(CH,=CH)Me,Si],0 in different conditions (in bulk and
with diluted and concentrated solutions) and in all cases found
truly high molecular weight linear polycarbosiloxanes (ranging
from 21950 to 75900). It was with this first intention in mind
that we studied the reaction of divinylsilyl 6 with bis(silyl
hydrides), with the formation of ferrocenyl—carbosiloxane
polymeric species as our first target.

Hydrosilylation of 6 with [Me,SiH],O: Synthesis and
Characterization of Ferrocenyl—Carbosiloxane Macro-
cycles 7, 8, and 9,, and Linear Oligocarbosiloxanes 10
and 11,. The hydrosilylation reaction of 6 with 1,1,3,3-
tetramethyldisiloxane (Scheme 3), was performed in toluene
solution in the presence of Karstedt’s catalyst (bis-
(divinyltetramethyldisiloxane )platinum(0) in xylene), following
approximately the same reaction conditions used by Dvornic et
al. for the synthesis of high molecular weight polycarbosilox-
anes.”' Specifically, we used both more diluted and
concentrated toluene solutions, and reaction temperature,
time, catalyst concentration and reactants amounts were varied
(see Table 1). In addition, in reaction no. 4 (Table 1) the “one
monomer deficient method”,** was used. This consists of
incremental additions of portions of the bis(silylhydride)
monomer to the reaction mixture which contained the
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Scheme 3. Synthesis of Cyclic and Linear Oligo-Carbosiloxanes with Pendant Ferrocenyl Units®
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Table 1. Hydrosilylation Reaction of 6 with [Me,SiH],0
Using Karstedt’s Catalyst

no. 6 (mM) [Me,SiH],0 (mM) catalyst (mM) time (h) temp (°C)
1 43.9 43.9 5.17 24 45-50
2 439 43.9 5.17 24 70-75
3 127 127 224 24 45-50
4 190 190 33.6 72 50—-5S
S 1900 1425 299 24 50—-S5

difunctional ferrocenyl monomer 6. In spite of the variety of
conditions used, all the reactions tested afforded the same
results (described below). In all cases, the reaction solutions
remained homogeneous mixtures during the entire period of
reaction; only darkening in the color of the reaction mixture
was observed. After appropriate reaction times, analysis of the
reaction mixture by '"H NMR confirmed the disappearance of
the Si—CH=CH, protons in the range 6 5.8—6.4 ppm and the
appearance of a set of new resonances at 6 0.5—0.9 ppm
corresponding to new hydrosilylated products with CH,—CH,
linkages, indicating quantitative transformation of the vinyl and
Si—H reactive groups.

It is noteworthy that the MALDI—TOF mass spectrometry is
one of the most useful tools for the characterization of
polymers and oligomers, since it has the advantage of obtaining
specific information about the composition of macrocyclic
oligomers and copolymers, sequence distribution, end-groups
nature, and molecular mass distributions.*>™*" In particular,
MALDI-TOF MS has been successfully used for the study of
macrocyclic oligoferrocenes.26 For this reason, the crude
reaction mixtures from hydrosilylation of 6 with dihydridosi-
lanes, as well as pure macrocycles and co-oligomers described
below, have been thoroughly characterized by MALDI-TOF
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mass spectrometry in order to establish the chemical structure
of the oligomer repeat units and chain-end functionalities.

The MALDI-TOF mass spectrum of the crude product
from hydrosilylation of 6 with [Me,SiH],O (see Figure S1 in
Supporting Information), exhibits several peaks from m/z 660.1
to m/z 39652, corresponding to different hydrosilylated
oligomeric products. The major species are cyclic oligomers
ranging from 1 to 6 repeat units. In addition the presence of
other oligomers can be noticed. Although peaks at higher m/z
values are not observed in this spectrum, the formation of
higher molecular weight species cannot be ruled out, since the
MALDI-TOF technique tends to show considerable molecular
weight discrimination for polydisperse samples.”” The mixture
of the reaction products was then dissolved in a small amount
of CH,Cl, and precipitated into methanol. The oily residue
thus obtained was found to be highly soluble in hexane and was
subsequently subjected to column chromatography (silica gel, 3
cm X 12 cm), from which several bands were separated. The
first band (eluted with hexane/CH,Cl, 100:10) was found to
contain a mixture of the cyclic species 7, 8, and 9,,”° (see
Figure 1A) whereas the successive band (eluted with hexane/
CH,Cl, 100:50) contained a mixture of linear co-oligomers 10
and 11, (see Figure 1B) with a backbone consisting of
alternating —MeFcSi—O—SiFcMe— and —Me,Si—O—SiMe,—
units linked by —(CH,),— bridges (Scheme 3). As we used
MeOH as terminated agent, the MALDI-TOF spectra of these
latter fractions showed a different shift corresponding to the
formation of the end groups (—OCH;, —OH), thus confirming
the presence of linear species (see below).

A close analysis of the MALDI-TOF spectra of the cyclic
and linear oligomer mixtures (Figure 1, parts A and B) revealed
the perfect alternating structure of the oligomers, which is
caused by the hydrosilylation reaction itself. Thus, the
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Figure 1. MALDI-TOF mass spectrum: (A) the mixture of cyclic reaction products resulting from the hydrosilylation of 6 and 1,1,3,3-
tetramethyldisiloxane (the insets show the experimental and calculated isotopic patterns); (B) mixture of linear oligomers from the same reaction

(the inset corresponds to an enlargement of the peak of 11, with different ending groups, —CHj,

—OH, —OCH,).

oligomers (cyclic and linear) were formed on the well-known
fact that compound 6 and hydride terminated disiloxane
entities copolymerize by hydrosilylation reaction to yield co-
oligomers with a regular sequence of the type (—ABABAB—).
In the MALDI-TOF spectrum of the mixture of cyclic species
7, 8 and 9, (with n = 3—6) shown in Figure 1A, the interval
between peaks (m/z = 660) corresponds to the fragment mass
of one tetramethyldisiloxane monomer and one di-
(ferrocenylmethyl)disiloxane monomer. Their isotopic masses
agree well with that of the calculated ones, confirming their
precisely defined cyclic structure. In addition, oligomers with
different end groups were observed in the MALDI-TOF
spectrum of the linear oligocarbosiloxane mixture, as can be
seen in Figure 1B. In the enlargement of this figure, one can
clearly note that the intervals between main, middle and minor
peaks are all m/z 15, which can be assigned to a —CHj; unit.
These differences can be attributed to the different terminal
monomer patterns during the polymerization process. Termi-
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nation A: the ends of the polymer chain are different, being
—OH and —OCH; respectively. Termination B: both ends
terminate with —OCH;. Termination C: both ends terminate
with —OH. In Figure 1B, the corresponding peaks of the linear
oligomer ending in —OH and —OCH, are tagged with 4 (m/z
= 840, 1500, 2160, 2820 and 3480), in two —OCH, with a @
(m/z = 855, 1515, 2175, 2835 and 3495), and fragments with
two terminal —OH units were labeled as a * (m/z = 825, 1485,
2145, 2805 and 3465). The fact that the co-oligomers end in
—OCH; or —OH units provides unambiguous evidence that
the two terminal monomers in the selected comonomer chain
must be two siloxane (SiMe,OSiMe,) moieties. In other words,
the series observed revealed a formula with n units of
—MeFcSi—O—SiFcMe— and n + 1 units of —Me,Si—O—
SiMe,—. All these peaks correlate well with the calculated ones
(see Figures S19—S22, Supporting Information).

A second careful column chromatography on silica gel (2 cm
X 15 cm), of the mixture containing macrocyclic products

dx.doi.org/10.1021/ma202521n | Macromolecules 2012, 45, 781-793
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allowed us to separate and isolate spectroscopically and
analytically pure ferrocenyl—carbosiloxane macrocycles 7
(eluted with hexane/CH,Cl, 100:5) and 8 (with hexane/
CH,Cl, 100:15) in 20% and 9% yields, respectively.
Unfortunately, pure samples of ferrocenyl—macrocycles 9, (n
= 3—6) could not be isolated, so far, although its existence is
fully supported by the MALDI—-TOF mass spectrometric study.
Finally, a third careful column chromatography on silica gel (2
cm X 15 cm), was carried out in order to try a separation of the
linear oligomers. In this case the linear co-oligocarbosiloxane 10
(with both sides terminated in —OCH; groups) was
successfully separated (with hexane/CH,Cl, 100:40) in 6%
yield, but no more pure linear oligomers could have been
isolated so far. Once separated, the pure macrocyclic dimer 7,
trimer 8, and the linear oligomer 10 were isolated as crystalline
yellow-orange solids, and were thoroughly characterized by
elemental analysis, multinuclear (*H, *C, °Si) NMR spectros-
copy and MALDI-TOF mass spectrometry.

Figure 2 shows the '"H NMR spectra of pure macrocycle 7
and linear co-oligomer 10 together with their divinyldisiloxane

—CH,
m L
—CH,

e Fc A

Al A l

L B e e e o L e e oo e L o e L e

ppm 6.0 5.0 4.0 3.0

Figure 2. Comparison of the 'H NMR spectra (in CDCL): (A)
bis(vinylsilylferrocenyl) disiloxane monomer 6; (B) cyclocarbosiloxane
7; (C) linear oligocarbosiloxane 10.

precursor 6. Comparison of '"H NMR spectra in CDCl, for 6
(Figure 2A), macrocycles 7 (Figure 2B) and 8 (see Figure S6,
Supporting Information), and co-oligomer 10 (Figure 2C),
reveals that the signals for the terminal vinyl protons at § 6.38,
6.06, and 590 ppm disappeared after the hydrosilylation
reaction, while new signals in the range 6 0.5 and 0.9 ppm are
observed as a consequence of the formation of new —CH,—
CH,— linkages. This is in good agreement with the no existence
of vinyl sp> carbon signals at § 131.9 and 138.7 ppm in the *C
NMR spectra of 7, 8 and 10, and the presence of new sp’
resonances around 6 9 ppm. In addition, the total absence of
Si—H and Si—CH=CH, resonances, corresponding to end
reactive functionalities, agrees with the cyclic structures of
compounds 7 and 8. Likewise, on the basis of the 'H NMR
spectra obtained for 7, 8, and 10, it was determined that
addition of Si—H to vinyl-groups of 6 occurred according to the
anti-Markownikov rule, so that the obtained cyclic molecules 7
and 8, and linear 10 are truly f-addition products. In the case of
the '"H NMR of the linear co-oligomers mixture 11, two
significant resonances from terminal groups can be observed,
one at 6 3.46 ppm assignable to the —OCHj; end groups, and
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other, less intense, at § 3.49 ppm of the —OH ends (see Figure
S12, Supporting Information). This last peak disappeared when
some drops of D,O where added to the NMR tube. Signals at &
3.46 and 49.7 ppm were observed in the '"H NMR and "*C
NMR spectra of 10, corroborating the structure proposed for
this linear oligocarbosiloxane with —OCHj end groups.

The *Si NMR signals also confirmed the arrangements of
the three isolated ferrocenyl-oligocarbosiloxanes 7, 8, and 10.
Thus, two resonances can be seen at § —0.2 and 7.7 ppm for 7,
and at 6 0.5 and 8.2 ppm for 8, the formers assignable to Fc—
Si—CH; and the latest to CH;—Si—CH; silicon atoms.
Regarding linear 10, in addition to these peaks (5 6.1 ppm
for Fc—Si—CH, and 13.9 ppm for CH;—Si—CH;) an extra
resonance at 0 —6.4 ppm is observed. As it can be seen in its
{'H-*Si} HMBC spectrum, (see Figure S11, Supporting
Information), this signal corresponds to the two Si atoms
directly attached to the —OCHj; terminal groups.

Mass spectrometry provided further evidence for the
formation of the new ferrocenyl carbosilane species 7, 8, and
10. The MALDI-TOF mass spectra of the purified macro-
cycles 7 and 8 are depicted in Figure 3, parts A and B, and show
the corresponding molecular ions M" at m/z 660.2 and 1320.2,
respectively. The insets in Figure 3 reveal that the agreement
between the experimental and calculated isotopic patterns is
excellent. In the same way a single peak can be seen in the
MALDI-TOF mass spectrum shown in Figure 3C with m/z
value 854.2, in excellent agreement with the calculated isotopic
molecular mass for compound 10.

As mentioned above, the hydrosilylation reaction of 6 and
1,1,3,3-tetramethyldisiloxane was repeated several times using
different reactant concentrations, different temperatures (from
45 to 75 °C) and several reaction times (see Table 1). Although
in all cases, the experimental conditions were adopted for
preparing polymers and involved no high dilution conditions,
we have found that the cyclic hydrosilylation products 7, 8, and
9, as well as oligomers 10 and 11, were invariably obtained as
the overwhelmingly major products. Fortunately, the more
soluble component of the reaction mixture was isolable in pure
form and X-ray crystallography fully identified this species as
the novel 10-membered carbosiloxane macrocycle 7 (see
below). In contrast, after several attempts, only poor quality
crystals of 8 and 10 were obtained so far, from solutions of the
compounds in hexane/CH,Cl, at —30 °C. These yellow-orange
crystals were small stacks of needles and diffracted weakly.

X-ray Structure of Cyclocarbosiloxane 7. In order to
identify unambiguously the proposed cyclic structure, single-
crystal X-ray diffraction studies of the ferrocenyl carbosiloxane
7 were undertaken. Suitable crystals of 7 for X-ray diffraction
were obtained at —30 °C from a solution of the corresponding
compound in hexane/CH,Cl, (10:2). A summary of crystallo-
graphic data and data collection parameters is included in Table
2. Table 3 contains a comparison of selected bond lengths and
angles of 7.

Macrocyclic compound 7 crystallizes in the monoclinic space
group P2,/n with Z = 8. The molecular structure of 7 is
illustrated in Figure 4. Two independent molecules are present
in the unit cell. However, since the macrocyclic conformations
are analogous, they differ slightly in a few bond lengths and
bond angles, only one is shown in Figure 4. The two
independent molecules in the asymmetric unit cell can be
seen in Figure S$23, Supporting Information, along with tables
of their bond lengths and angles. The two ferrocenyl groups
attached to the silicon atoms are disposed in a nearly parallel

dx.doi.org/10.1021/ma202521n | Macromolecules 2012, 45, 781-793
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Figure 3. MALDI-TOF mass spectra: (A) purified macrocycle 7; (B)
purified macrocycle 8; (C) purified oligoferrocenylcarbosiloxane 10.
The insets in the figures show the experimental (top) and calculated
(bottom) isotopic patterns.

arrangement. The cyclopentadienyl rings are essentially parallel
and essentially eclipsed in both ferrocenyl moieties, as occurred
in its precursor 6. The four silicon atoms are nearly tetrahedral
with the entire C—Si—X bond angles (X = C or O) close to
109°. The intermolecular Fe—Fe distance in 6 was 7.597 A,'®
while in the cyclic oligomer 7 is shorter, 6.921 A, probably due
to its constrained ring structure. The Si—O—Si bond angle and
the Si—O bond lengths of the ferrocenyl entity in 7, 144.05(16)
°, 1.634(2) and 1.636(2) A, are approximately the same as the
ones reported for its precursor 6, 143.1(2)° 1.641(3) and
1.627(3) A. This indicates that the hydrosilylation reaction did
not affect the nature of the Si—O—Si bridge in this compound.
The value of the other Si—O—Si angle in the cyclic compound
7 is 150.75(17)° with Si—O distances 1.629 (2) and 1.631 (2)
A. The cavity size of this 10-membered ring can be defined by
the transannular O1—02, C2—C9, and C3—C8 distances, 4.67,
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empirical formula

fw

temp, K

wavelength, A

cryst syst

space group

a, A

b A

¢ A

a, deg

B, deg

7, deg

v, A

V4

density (caled), mg m
F(000)

no. of reflens collected
no. of indep reflns
completeness

no. of data/restraints/params
goodness-of-fit on F*
R, wR, (I > 26(1))

R,, wR, (all data)
largest diff peak and hole, e A~

Table 2. Selected Crystallographic Data for Ferrocenyl
Cyclosiloxane 7

7
CsoHyyFe, 0,51,
660.71
100(2)
0.71073 A
monoclinic
P2,/n
21.9636(11)
12.4959(7)
23.6723(16)
90
101.380(4)
90
6369.2(6)
8
1.378
2784
71338
12637 [R(int) = 0.0942]
99.4% (to 0 = 26.14°)
12637/0/697
1.063
0.0470, 0.1051
0.0826, 0.1307
0.666 and —0.478

3.90, and 3.97 A, respectively. The relatively large cavity within
7 makes this species a potential candidate for the encapsulation
of metal ions. In addition, the two bulky ferrocene units and the
CHj; groups are all located outward the cycle in order to avoid
steric congestion. The side view, Figure 4B, indicates that cyclic
compound 7 adopts a chairlike conformation, having the two
oxygen atoms in the opposite direction (trans). To the best of
our knowledge, 7 is the first example of redox-active ferrocenyl
cyclocarbosiloxane.

Electrochemical Studies of Cyclic and Linear Ferro-
cenyl-Oligocarbosiloxanes. The anodic electrochemistry of
the cyclic carbosiloxanes 7 and 8, and of their analogue linear
oligomers 10 and 11,, was examined by cyclic voltammetry
(CV) and square wave voltammetry (SWV) using dichloro-
methane as non-nucleophilic solvent. The half-wave potentials
(Ey/,) of the electrochemical processes described below are
summarized in Table 4, together with those of the vinylsilyl-
functionalized disiloxane precursor 6, measured in the same
media.

As seen in Figure SA the CV of cyclic 7 in dichloromethane
solution with the traditional supporting electrolyte tetra-n-
butylammonium hexafluorophosphate ([n-Bu,N][PF]), shows
two closely spaced voltammetric waves. A better resolution of
the two redox processes was observed in the square wave
voltammetric response of 7 measured in the same medium,
which shows two redox waves at 'E,,, = +0.460 and ’E,,, =
+0.580 V (SCE) (see Figure S24, Supporting Information).

Our previous studies on the electrochemistry of disiloxane-
bridged polyferrocenyl compounds, have showed that the use
of tetra-n-butylammonium tetrakis(pentafluorophenyl)borate
([n-BuyN][B(C¢Fs)4]) as supporting electrolyte provided
improved solubility and enhanced peak separations, in cyclic
and square wave voltammetries, than the conventional anions.'®
The improved electrochemistry arises from the weakly
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Table 3. Selected Bond Lengths (A) and Angles (deg) for Cyclic Carbosiloxane 7

lengths/angles 7
Si(1)—C(1) 1.845(4)
Si(1)—-C(2) 1.856(4)
Si(1)—C(11) 1.839(4)
Si(1)—0(1) 1.634(2)
Si(2)—C(9) 1.852(4)
Si(2)—C(10) 1.856(3)
Si(2)—C(21) 1.840(4)
Si(2)—0(1) 1.636(2)
Si(3)—C(6) 1.848(4)
Si(3)-C(7) 1.849(3)
Si(3)—C(8) 1.854(4)
Si(3)—0(2) 1.629(2)
Si(4)—C(3) 1.860(4)
Si(4)—C(4) 1.853(3)
Si(4)—C(S) 1.852(4)
Si(4)—0(2) 1.631(2)
C(2)-C(3) 1.537(5)
C(8)-C(9) 1.530(5)
Fe(1)—Fe(2) 6921
0(1)-0(2) 4.667
C(3)-C(8) 3.970
C(2)-C(9) 3.896
C(1)-si(1)—C(11) 109.57(18)
C(1)=Si(1)-C(2) 111.53(18)
C(2)-Si(1)—0(1) 106.87(15)
C(11)-Si(1)—0(1) 109.96(15)

lengths/angles 7
C(10)-Si(2)—C(21) 113.47(17)
C(9)-Si(2)—C(10) 110.90(18)
C(9)-Si(2)—0(1) 109.76(15)
C(21)-Si(2)-0(1) 108.76(15)
C(1)-Si(1)—0(1) 106.30(15)
C(10)-Si(2)—0(1) 104.71(14)
C(11)-Si(1)—C(2) 112.38(16)
C(21)-Si(2)—C(9) 109.12(16)
C(4)-Si(4)—C(5) 111.52(18)
C(4)-Si(4)—C(3) 112.24(19)
C(3)-Si(4)—0(2) 109.00(15)
C(5)-Si(4)-0(2) 111.32(17)
C(4)-Si(4)—0(2) 104.88(15)
C(5)-Si(4)—C(3) 107.87(17)
C(6)-Si(3)—C(7) 112.16(19)
C(7)-Si(3)—C(8) 111.66(18)
C(8)-Si(3)—0(2) 108.33(15)
C(6)-Si(3)—0(2) 110.10(16)
C(7)-Si(3)—0(2) 106.26(14)
C(6)-Si(3)—C(8) 108.28(17)
C(3)-C(2)-si(1) 112.3(2)
C(2)—C(3)-Si(4) 115.9(2)
C(8)—C(9)-Si(2) 113.4(2)
C(9)—C(8)-Si(3) 115.6(2)
Si(1)—0(1)-Si(2) 144.05(16)
Si(3)—0(2)-Si(4) 150.75(17)

coordinating nature of the bulky B(C¢F;),” anion. Geiger and
co-workers have performed remarkable, extensive studies on
this fluoroarylborate anion and ascribed the reported larger
peak separation to its low ion-pairing strength and low
nucleophilicity.”

When B(C(F;), is used as electrolyte anion, the CV of cyclic
carbosiloxane 7 (Figure SB) exhibits two perfectly resolved,
reversible anodic waves. For both redox couples, the plot of
peak current versus v'/? (v = scan rate) is linear indicating that
redox processes are diffusion controlled (Figures S25 and $26,
Supporting Information). Likewise, the square wave voltammo-
gram proceeds in two well-resolved oxidations steps at 'E, , =
+0.428 and ’E, , = +0.652 V (vs SCE) (Figure 5C). Clearly, in
agreement with the results reported by Geiger and co-
workers,” the combination of CH,Cl, and [n-Bu,N][B-
(C¢Fs)s] as solvent/electrolyte medium, provides more
favorable conditions for electrochemical studies of polyferro-
cenyl compounds, minimizing ion pairing interactions between
the [B(C¢Fs)4]™ electrolyte anion and the cationic products
generated in the oxidation processes. Consequently, as
compared to the small inorganic [PF¢]~ anion, the [B(C4F;),]”
electrolyte anion has a lower coordinating power and restrains
ion pairing, allowing development of interactions between the
two metallocene units in 7, which are electrostatic in nature,
that is, mostly through-space interactions. This results in the
observation of well-resolved one-electron oxidation waves, at
different potentials, for each of the pendant ferrocenyl moieties.
The presence of two separated oxidation processes for cyclic
carbosiloxane 7, with both [PF]™ and [B(C¢Fs),]” electrolyte
anions, suggests the existence of appreciable iron—iron
electronic interactions between the two neighboring ferrocenyl
units linked to different silicon atoms, in the disiloxane Si—O—
Si moiety.
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Despite of its greater number of electroactive ferrocenyl
units, macrocycle 8, having four pendant ferrocenes, also shows
two-well resolved, reversible voltammetric waves in CH,Cl,/[n-
Bu,N][B(CF;),] medium at 'E, ,, = +0.460 and ’E, ,, = +0.704
V (vs SCE) (see Figure S27, Supporting Information), thus also
suggesting communication between the pendant ferrocenyl
centers connected by the Si—O-Si linkage. Likewise, linear
oligomer 10 produced in the same solvent/electrolyte medium
a CV showing two well-resolved waves of equal intensity,
separated by 248 mV, suggesting two one-electron oxidations
from interacting iron centers (Figure S27, Supporting
Information). The straightforward determination of the two
redox potentials for the ferrocenyl moieties for 7, 8, and 10
allowed the determination of the comproportionation constant,
K, relative to the equilibrium among the three oxidation states
of the two iron atoms, described by eq 1. The value of K_ can
be obtained as K, = exp[FAE, ,,/RT].*

[Fell=Si — O—Si—Fe!!]
+ [Fe—si—0—si—Fe'**

s 2[Fe'l-Si—0—Si—Fe!'T" (1)

The wave splitting (AE,, = °E,, — 'E, ;) between the two
successive redox events for 7, 8 and 10, and the
comproportionation constant K, are both representative of
the thermodynamic stability of the mixed valence state of these
molecules relative to other redox systems. From the electro-
chemical viewpoint, based on the resulting values of K. = 6.11
x 10° (for 7), 13.32 X 10° (for 8) and 15.56 X 10° (for 10), the
partially oxidized molecules [7]*, [8]*" and [10]* belong to the
slightly delocalized class II mixed-valence species, according to
the Robin—Day classification.
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Figure 4. (A) Molecular structure of cyclic ferrocenyl-carbosiloxane 7.
(B) Side view of 7. Thermal ellipsoids are drawn at the 50%
probability level, and hydrogen atoms have been omitted for clarity.

Table 4. Electrochemical Data for Cyclic and Linear
Ferrocenyl Carbosiloxanes®

compound IEl/z 2E1/2 AE (ZEl/z—lEl/z)b
7 0.428 (0.460) 0.652 (0.580) 224 (120)
8 0.460 (0.495) 0.704 (0.628) 244 (133)
10 0.508 (0.551) 0.756 (0.689) 248 (138)
11, 0.488 (0.348)° 0.708 (0.468)° 220 (120)°
0.442¢ 0.576 1347
6 0.472 (0.484) 0.656 (0.592) 184 (108)

“E,, in V vs SCE, determined by square wave voltammetry in CH,Cl,
solution (unless otherwise noted), with [n-Bu,N][B(C4F;),] or [n-
Bu,N][PF,] for values indicated in parentheses as supporting
electrolytes. YThe peak potential separation values, AE, are given in
mV. “In CH,Cl,/CH,CN (3:0.5) solution. “Values corresponding to a
Pt disk electrode modified with a film of 11, measured in CH,CL,/ [n-
Bu,N][B(C4Fs),].

Although the use of AE,,, potential separation only provides
a primary marker, with regard to electronic communication
between redox-centers,’ comparison of the AE,,, values of
carbosiloxanes 7, 8, and 10 with those shown by other related

siloxane- or silicon-bridged polyferrocenyl derivatives in the
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same solvent/electrolyte medium, provides a qualitative
estimation of the electronic interaction extent between the
ferrocenyl subunits. Thus, measured in CH,Cl, with [B-
(C¢Fs)4]™ as electrolyte anion, the wave splitting for the cyclic
compounds 7 (AE,, = 224 mV) and 8 (AE,, = 244 mV), and
linear 10 (AE,,, = 248 mV), having pendant ferrocenyl units
attached to the disiloxane bridge, are all slightly greater than the
AE, ), value for their divinyldisiloxane precursor 6 (AE,, = 184
mV). These data suggest that the extent of the interaction
between two adjacent ferrocenyl moieties linked to different
silicon atoms in a Si—O-Si disiloxane bridge, appreciably
depends on the nature of the substituents at the silicon. The
results agree with those reported by Manners and co-workers in
the study of a series of related polyferrocenylsilanes.”” On the
other hand, the AE,, values for 7, 8, 10, and 6 (measured in
CH,CL,/[n-BuyN][PF]) are all appreciably greater than the
observed by Pannell et al. for the oligoferrocenylsilane
Fc(SiMe, ),Fc™ containing a three-atom Si—Si—Si bridge,
(AE,;;, = 80 mV in CH,ClL,/[n-Bu,N][PF¢]). Clearly, these
data indicate that the extent of iron—iron electronic interaction
is somewhat higher when the two ferrocenyl moieties are linked
by the three-atom oxygen-containing Si—O—Si bridging group
than by the three-atom Si—Si—Si bridging group. Therefore, the
degree of interaction is dependent on the nature of the bridge
linking the adjacent ferrocenyl units. Our results are in
agreement with the interesting studies on biferrocenyl
molecular wires FcCH=CHXCH=CHFc, recently reported
by Tolbert et al,,>* who have examined the role of the bridging
heteroatoms X (X = O, P, S, Se), in supporting intramolecular
electronic interactions between the two ferrocenyl units. They
found that oxygen is a better electronic mediator and has
superior transmission characteristics than sulfur (and than a
double C=C bond), a phenomenon that was attributed to its
readily accessible 2p electrons and superior molecular orbital
overlap.>*

It is interesting to note that some significant differences can
be observed when comparing the cyclic voltammetric behavior
of 7 and 8 and 10 with that of ferrocenyl-containing
oligocarbosiloxane 11, in CH,Cl,/[n-Bu,N][PF4]. For cyclic
molecules 7 and 8 (see for instance Figure SA), oxidation and
reduction did not appear to affect the solubility of the molecule,
so, the voltammetric responses exhibited the wave shapes
characteristic of a freely diffusing soluble species undergoing
reversible charge transfer. As can be seen in Figure 5D, the
features of the CV response in dichloromethane solution of
ferrocenyl-oligocarbosiloxanes 11,, having longest chain with
greater number of pendant ferrocenyl units, are somewhat
different, since, whereas the anodic waves have typical
diffusional shape, a sharp cathodic wave was observed, which,
in contrast, resembles more a surface wave. Consequently, for
linear ferrocenyl oligocarbosiloxanes 11,, the use of the small
traditional PF¢ supporting electrolyte anion and low polarity
dichloromethane solvent produces product surface interaction
phenomena, probably due to precipitation of oxidized species
[11,"][PFs ], on the electrode surface, giving rise to
distortions from the wave shape expected for a reversible
oxidation process. In addition, upon continuous scanning, there
is a clear increase in the peak current with each successive scan
(see Figure SD and Figure $30) which indicates that formation
of an electroactive film occurs on the electrode surface.

The ability of oligomer 11, to undergo oxidative adsorption
is remarkable and has allowed the preparation of ferrocenyl-
carbosiloxane-modified electrode surfaces. The electrodeposi-
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Figure 5. (A and B) Cyclic voltammograms at a scan rate of 0.1 V s™' of dichloromethane solutions of cyclic 7 also containing: (A) 0.1 M [n-
Bu,N][PF4]; (B) 0.1 M [n-Bu,N][B(C4F;),]. (C) Square wave voltammetric response of 7 in CH,CL/0.1 M [n-Bu,N][B(C4F;),]. (D) CVs
(successive scans) of linear oligomer 11, measured in CH,Cl,/0.1 M [n-Bu,N][PF].

tion of the oligomer was carried out on Pt electrodes, by
repeated cycling (between +0.0 and +1.0 V vs SCE) in
degassed CH,Cl, solutions of the most insoluble fraction of
11,. The electrochemical behavior of the films was studied by
CV in ferrocenylcarbosiloxane-free CH,Cl, solution containing
only supporting electrolyte ([n-Bu,N][PF¢] or [n-Bu,N][B-
(CeFs)s) to assess the extent of adsorption by cyclic
voltammetry. Representative examples of the voltammetric
responses obtained for different films of 11,, are shown in
Figure 6. These electroactive films have been prepared by
cyclically scanning the potential at different number of times (S,
15, or SO scans) and consequently, they have different film
thickness and different surface coverages I' (mol/cm?) of the
terrocenyl sites. Ferrocenyl carbosiloxane electroactive films are
considerably stable as it was demonstrated by their nearly
quantitative persistence after continuous CV scans in CH,Cl,/
[n-Bu,N][PFs] or CH,CL/[n-Bu,N][B(C4Fs),] solutions.
Likewise, after standing in air for several weeks, the redox
responses were practically unchanged without loss of electro-
active material.

Comparison of parts A and B of Figure 6 shows that the film
thickness has a considerable effect on the electrochemical
behavior of the films of 11, since the peak shapes of the
polyferrocenyl-carbosiloxane films showed in the figure, are
clearly different. At relatively low apparent coverage (Figure 6B,
15 scans, ~2.0 X 107> mol Fe/cm?) the films in contact with
0.1 M CH,CL,/[n-Bu,N][PF] exhibited two couples of well
resolved oxidation—reduction waves, at 'E;,, = +0.450 and
*E,), = +0.515 V (vs SCE), which are relatively similar to the
CV waves of ferrocenyl-carbosiloxane 11, in solution. For both
waves, a linear relationship of peak current with potential sweep
rate v was observed, and the potential difference between the
cathodic and anodic peak (AEPeak) is smaller than 25 m V at
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Figure 6. CV responses in CH,Cl, solution of a platinum-disk
electrode with a film of 11,: (A) modified with 50 scans, measured in
0.1 M [n-Bu,N][PF]; (B) modified with 15 scans, measured in 0.1 M
[n-Bu,N][PF4]; (C) the same film as in part B measured in 0.1 M [n-
Bu,N][B(C4F;),]/CH,CI, solution. Scan rate v = 0.025 V s™".

scan rates of 0.1 V s' or less (Figure S31, Supporting
Information), which indicates that the rate of electron transfer
is rapid on the time scale. These voltammetric features
unequivocally indicate the surface-confined nature of the
electroactive carbosiloxane film.>>*® As the film thickness
increases (at high coverage, for example S0 scans, ~ 1.2 X 10710
mol Fe/cm?), significant differences in peaks shape, peak
currents, and peak potentials appear (see Figures 6A and S33
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(Supporting Information)). Specifically, the redox waves of the
film in Figure 6A became asymmetrical, poorly resolved and
show diffusional features. Both the oxidation and reduction
peaks are sensitive to the scan rate, becoming more distorted at
faster scan rates. The E,, values are more sensitive to film
thickness; they shifted to positive potentials quickly. This fact is
consistent with the viewpoint that electrolyte permeability and
diffusion control the oxidation process. In addition, the peak-to-
peak separation of the film is larger (for instance, AE, .= 140
at scan rate of 0.025 V s7') and the peak currents are directly
proportional to the square root of the scan rate, v'/* (see Figure
$33, Supporting Information) (rather than to the scan rate, v, as
experienced at low coverage) which suggests that in this case
the charge transport through the film is limited by the
electrolyte diffusion into the polymer film. These CV features
indicate that increasing the film thickness hinders diffusion and
electron transport and the film electrode process becomes
quasi-reversible.

Finally, it is worth mentioning that the nature of the
supporting electrolyte anion used also exerts a major effect on
the electrochemical behavior of films of 11,. The cyclo-
voltammograms shown in Figure 6 are representative of the
significant changes in AE, /, values observed for the response of
the same film of 11, measured in 11,-free electrolyte solution,
first with PF,~ (Figure 6B) and subsequently with B(C4F;),”
(Figure 6C) as electrolyte anions. Clearly, in agreement with
the results described for the solution redox behavior, the
fluoroarylborate electrolyte anion improves the redox response
of the film and gives wider peak separations (AE;/, = 65 mV
with PF,~ and AE, ;, = 134 mV with B(C4F;),”) for the films of
11,.

B CONCLUSIONS

In summary, the vinylsilyl reactive groups in bifunctional
disiloxane 6 have opened interesting possibilities to construct a
series of novel precisely defined redox-active carbosiloxane
macrocycles and short-chain linear co-oligomers by using
hydrosilylation reactions. Although the original experimental
conditions were adopted for preparing polymers and involved
no high dilution conditions, macrocycles 7, 8, and 9,, (n = 3—6)
were invariably obtained as the major products. These results
demonstrated that the formation of cyclic species is a favorable
process in the followed reaction conditions. The combination
of "H NMR spectrometry and MALDI-TOF mass spectrom-
etry has proven to be the most definite characterization
methods to confirm the macrocyclic and the linear structures
for the hydrosilylation products obtained. Solution electro-
chemical studies indicated that macrocycles 7 and 8 as well as
linear oligomers 10 and 11, (n = 2—S5) are reversibly oxidized
in two well-resolved oxidation steps which suggests significant
electronic and electrostatic interactions among the ferrocenyl
redox centers linked by the short three atom Si—O—Si bridge.
A noteworthy aspect of the redox behavior of the linear oligo-
terrocenylcarbosiloxanes 11, is its ability to modify electrode
surfaces, resulting in detectable electroactive films that remain
persistently attached to the surface.

Further reactivity studies on the hydrosilylation reactions of
divinylsilyldisiloxane 6 with other bis(silylhydrides) are under-
way along with its use aimed at the construction of branched
dendritic structures. In addition, the fact that the new
metallocene-containing carbosiloxane macrocycles present
relatively large interior cavities decorated by disiloxane O
atoms, coupled with the presence of pendant ferrocenyl units,
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make these species potential candidates as hosts for binding
metal ions in supramolecular chemistry. We are currently
exploring this chemistry.

B EXPERIMENTAL SECTION

Materials. Toluene was distilled over sodium/benzophenone
under argon before use. Hexane, dichloromethane, and THF were
dried by standard procedures over the appropriate drying agents and
distilled immediately prior to use. Ferrocene (Aldrich) was purified by
sublimation prior to use. 1,1,3,3-tetramethyldisiloxane (ABCR) and
tert-butyllithium (1.7 M solution in pentane) (Aldrich) were used as
received. Platinum-divinyltetramethyldisiloxane complex in xylene (3—
3.5% Pt concentration) (Karstedt’s catalyst) available from Aldrich was
used as received. 1,3-Divinyl-1,3-dimethyl-1,3-dichlorodisiloxane
(ABCR), was distilled prior to use. The vinyl-functionalized
compound [(CH,=CH)(Fc)MeSi],O (6) was synthesized from
monolithioferrocene (generated in situ from the reaction between
ferrocene and t-BuLi, at low temperature) according to the procedure
already described.'® Silica gel (70—230 mesh) (Merck) was used for
column chromatographic purifications.

Hydrosilylation Reactions of 6 and 1,1,3,3-Tetramethyldisi-
loxane. All the hydrosilylation reactions were performed in all-glass
apparatus, under oxygen and moisture-free atmosphere (Ar) using
standard Schlenk techniques. Representative details of the hydro-
silylations are summarized in Table 1. A typical experimental
procedure was as follows and corresponds to the hydrosilylation of
6 with [Me,SiH],0 under the conditions given in Table 1, no. 3.

In a 25 mL, three-necked, round-bottomed flask equipped with a
gas inlet, a 25 mL pressure equalizing addition funnel, an Allihn
condenser topped with gas inlet and bubbler, and a Teflon-covered
magnetic stir bar, 0.2 g of monomer 6 (0.38 mmol) were dissolved in
freshly distilled toluene (2.0 mL). To the resulting orange solution, 30
uL of Karstedt’s catalyst were injected using a Hamilton precision
syringe, under a flow of argon, and the mixture was aged at room
temperature during 30 min. Subsequently, 69.26 L (0.38 mmol) of
1,1,3,3-tetramethyldisiloxane were slowly added dropwise. The
hydrosilylation reaction was allowed to proceed at 45—50 °C. The
progress of the reaction was monitored by 'H-NMR from the
progressive disappearance of the Si—CH=CH, resonances of 6 at §
5.8—6.4 ppm and Si—H of [Me,SiH],0O at 4.7 ppm. This was done by
the periodic removal of small aliquots from the reaction; toluene and
other volatiles were removed under vacuum prior to obtaining the
"H—NMR spectra. After 24 h, the 'H NMR spectroscopy showed the
complete disappearance of the Si—H and vinyl signals, in this moment
the reaction was stopped. The mixture was allowed to cool to room
temperature and the solvent was removed under vacuum. The orange
oily residue was treated with methanol and purified by column
chromatography on silica gel (3 ecm X 12 cm) using a mixture of
hexane and CH,Cl, as eluent. A first band containing a mixture of
cyclic species was eluted with hexane/CH,Cl, (100:10). Then, on
eluting with hexane/CH,Cl, (100:50) a second band was collected
corresponding to a mixture of linear oligomers. A second column
chromatography on silica gel (2 cm X 15 cm) of the cyclic mixture was
carried out. First, a major orange band was eluted (hexane/CH,Cl,
100:5), and solvent removal afforded compound 7 as an air-stable
orange crystalline solid. Subsequently a second orange band was
separated (hexane/CH,Cl, 100:15) affording, after solvent removal,
compound 8 as an air-stable orange crystalline solid. The following
bands, eluted with different mixtures of hexane/CH,Cl, included
mixtures of higher cyclic species 9,. Finally, a third column
chromatography on silica gel (2 cm X 15 cm) of the linear oligomers
mixture was realized, eluting a first orange band with hexane/CH,Cl,
(100:40). Solvent removal afforded compound 10 as an air-stable
orange crystalline solid. As occurred before, the following bands,
eluted with different mixtures of hexane/CH,Cl,, included mixtures of
higher linear species 11,,.

Cyclic 7. Yield: 50 mg (20%). Anal. Calcd for CyH,,Fe,0,5i,: C,
54.54; H, 6.72. Found: C, 54.77; H, 6.81. 'H NMR (CDCl,, 300 MHz,
ppm): 5 0.08, 0.09 (s, 12H, CH;—Si—CHj), 0.22 (s, 6H, Fc—Si—CHj),
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0.55—0.90 (m, 8H, CH,), 4.17 (s, 14 H, C{H, and CH,), 4.38 (s, 4H,
CsH,). “C{'H} NMR (CDCl,, 75 MHz, ppm): § —0.8, 0.0, 0.1
(CH,), 9.2, 9.9 (CH,), 69.1 (C{Hy), 70.1, 71.6, 72.4, 74.7 (CsH,).
»Si{'H} NMR (CDCl,, 59 MHz, ppm): § —0.2 (Fc—Si—CH;), 7.7
(CH;=Si—CH;). IR (CsI): v(Si—0-Si) 1032—1075 cm™’, v(Si—
CH,) 1251 cm™ . MS (MALDI-TOF): m/z 660.2 [M*].

Cyclic 8. Yield: 45 mg (9%). Anal. Caled for CyyHggFe,0,Sig: C,
54.54; H, 6.72. Found: C, 54.82; H, 6.59. "H NMR (CDCl,, 300 MHz,
ppm): § 0.08, 0.10 (s, 24H, CH;—Si—CHj,), 0.29 (s, 12H, Fc—Si—
CHS,), 0.50—0.80 (m, 16H, CH,), 4.09 (s, 20H, CsH,), 4.11, 4.31 (m,
16H, C¢H,). BC{"*H} NMR (CDCl,, 75 MHz, ppm): § —0.9, —0.2,
—-0.1 (CHs), 94, 99 (CH,), 683 (CH,), 70.6, 70.7, 73.0, 73.1
(CsH,). #Si{’H} NMR (CDCl;, 59 MHz, ppm): § 0.5 (Fc—Si—CHj),
8.2 (CH;—Si—CH,). IR (CsI): v(Si—0—Si) 1032—1075 cm™, v(Si—
CH,) 1251 cm™". MS (MALDI-TOF): m/z 1321.2 [M*].

Cyclic 9,. '"H NMR (CDCl;, 300 MHz, ppm): § 0.08, 0.11 (s,
CH,—Si—CH,), 0.26—0.33 (m, Fc—Si—CH,;), 0.50—0.90 (m, CH,),
405, 4.11, 4.12, 4.15, 429, 4.33 (m, CsHy and C4H,). MS (MALDI—
TOF): m/z 660.2 [M*, n = 1], 1321.2 [M*, n = 2], 1981.2 [M*, n = 3],
26422 [M*, n = 4], 3303.2 [M*, n = 5], 3964.2 [M*, n = 6]. IR (CsI):
v(Si—O—=Si) 1039—1080 cm™!, v(Si—CH,) 1251 cm™.

Linear 10. Yield: 19 mg (6%). Anal. Calcd for C;4Hy,Fe,OsSig: C,
50.57; H, 7.32. Found: C, 50.91; H, 7.22. "H NMR (CDCl,, 300 MHz,
ppm): & 0.08, 0.10 (s, 24H, CH,—Si—CH; and (CH,),Si(OCH3)),
0.30 (s, 6H, Fc—Si—CH,), 0.50—0.70 (m, 8H, CH,), 3.46 (s, 6H,
Si(OCHS,)), 4.09 (s, 14H, C;Hy, CsH,), 4.32 (m, 4H, C;H,). BC{'H}
NMR (CDCl;, 75 MHz, ppm): § —0.9, —0.4 (CH;—Si—CH; and
(CH,),Si(OCHS,)), 9.3, 9.8 (CH,), 49.7 (Si(OCHj)), 68.3 (C.Hs),
70.7, 73.1 (CH,). {'"H=*Si} HMBC (CDCl;, 59 MHz, ppm): § —6.4
(Si(OCH,)), 6.1 (Fc—Si—CH,), 13.9 (CH;—Si—CH,). IR (CsI):
v(Si—0—Si) 1045—1066 cm™*, v(Si—CH;) 1257 cm . MS (MALDI—
TOF): m/z 854.2 [M*].

Linear 11,. '"H NMR (CDCl,;, 300 MHz, ppm): & 0.08—0.11 (br,
CH;-Si—CH, and (CH,),Si(OCH;)), 028, 0.30 (s, Fc—Si—CHS),
0.50—0.70 (m, CH,), 3.46 (s, Si(OCH,)), 3.49 (s, Si(OH)), 4.11 (m,
C,H,, C.H,), 433 (m, CiH,). “C{'H} NMR (CDCl, 75 MHz,
ppm): § —0.9 to 1.3 (CH;—Si—CHj; and (CH,),Si(OCHj;)), 9.2—9.9
(CH,), 49.7 (Si(OCH,)), 68.3, 70.6, 70.7, 73.1 (CsHg and C;H,). IR
(CsI): v(Si—O—Si) 1045—1066 cm’, v(Si—CH,;) 1257 cm™'. MS
(MALDI-TOF): (OCH;) X 2 terminated: m/z 8552 [M*, n = 1],
1515.1 [M*, n = 2], 2175.1 [M*, n = 3], 2835.3 [M*, n = 4], 3495.7
[M*, n=S5]; (OCH;)(OH) terminated: m/z 840.2 [M*, n = 1], 1500.1
[M*, n = 2], 2160.1 [M*, n = 3], 2820.3 [M, n = 4], 3480.7 [M*, n =
5]; (OH) X 2 terminated: m/z 825.2 [M*, n = 1], 1485.1 [M*, n = 2],
2145.1 [M*, n = 3], 2805.3 [M*, n = 4], 3465.7 [M*, n = §].

Characterization. Infrared spectra were recorded on Bomem MB-
100 FT-IR and on Perkin-Elmer 100 FT-IR spectrometers. NMR
spectra were recorded on Bruker-AMX-300 and Bruker DRX-500
spectrometers. Chemical shifts were reported in parts per million (5)
with reference to CDCI; residual solvent resonances for 'H, § 7.27
ppm and *C, § 77.0 ppm. *Si NMR spectra were recorded with
inverse-gated proton decoupling in order to minimize nuclear
Overhauser effects. Elemental analyses were performed in a LECO
CHNS-932 elemental analyzer, equipped with a MXSMETTLER
TOLEDO microbalance. The Matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectra were recorded
using a Reflex III (Bruker) mass spectrometer equipped with a
nitrogen laser emitting at 337 nm. Dichloromethane solutions of the
matrix (dithranol, 10 mg/mL) and dichloromethane solutions of the
corresponding compound (1 mg/mL) were mixed in the ratio 20:S.
Then, 0.5—1 uL of the mixture were deposited on the target plate
using the dried droplet method. The positive ion and the reflectron
mode were used for these analyses.

Electrochemical Measurements. Cyclic voltammetric and
square wave voltammetric experiments were recorded on a
Bioanalytical Systems BASCV-50W potentiostat. CH,Cl, and
CH,CN (SDS, spectrograde) for electrochemical measurements
were freshly distilled from calcium hydride under argon. The
supporting electrolytes used were tetra-n-butylammonium hexafluor-
ophosphate (Fluka), which was purified by recrystallization from
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ethanol and dried in vacuum at 60 °C, and tetra-n-butylammonium
tetrakis(pentafluorophenyl)borate which was synthesized as described
in the literature,”” by metathesis of [NBu,]Br with Li[B-
(C¢Fs)4]-(nOEt,) (Aldrich) in methanol and recrystallized twice
from CH,Cl,/hexane. The supporting electrolyte concentration was
typically 0.1 M. A conventional three-electrode cell connected to an
atmosphere of prepurified nitrogen was used. All cyclic voltammetric
experiments were performed using either a platinum-disk working
electrode (A = 0.020 cm?) or a glassy carbon-disk working electrode
(A = 0.070 cm?®) (both Bioanalytical Systems), each of which were
polished on a Buehler polishing cloth with Metadi II diamond paste,
rinsed thoroughly with purified water and acetone, and dried. All
potentials were referenced to the saturated calomel electrode (SCE),
which was separated from organic solutions by a fine frit. Under our
conditions, the ferrocene redox couple [FeCp,]%* is +0.462, and the
decamethylferrocene redox couple [FeCp*,]%* is —0.056 V vs SCE in
CH,Cl,/0.1 M n-Bu,NPF,. A coiled platinum wire was used as a
counter electrode. Solutions were, typically, 107> M or 107* in the
redox active species. The solutions for the electrochemical experiments
were purged with nitrogen and kept under an inert atmosphere
throughout the measurements. From the CVs of the modified
electrodes, the surface coverages, I' (mol/cm?®) of the ferrocenyl
sites were calculated from the charge, Q, under the voltammetric
current peaks, using I' = Q/nFA. Square wave voltammetry (SWV)
was performed using frequencies of 10 Hz.

X-ray Crystal Structure Determination. Cyclic compound 7 was
structurally characterized by single-crystal X-ray diffraction. A suitable
orange crystal of dimensions 0.25 X 0.12 X 0.10 mm, was located,
coated with Paratone oil and mounted on a Mitegen MicroLoop. The
crystal was frozen under a stream of nitrogen. The sample was
transferred to a Bruker D8 KAPPA series II with APEX II area-
detector system equipped with graphite monochromated Mo K,
radiation (4 = 0.71073 A). A total of 12637 independent reflections
(R = 0.0942) were collected in the range 1.16 < 6 < 26.14°. X-ray
data were collected at 100 K. @ and ¢ scans were employed to collect
the data. The frame width for @ and ¢ was set to 0.5 deg for data
collection with a crystal-to-detector distance of 5.0 cm. The substantial
redundancy in data allows empirical absorption corrections (SA-
DABS)* to be applied using multiple measurements of symmetry-
equivalent reflections. The raw intensity data frames were integrated
with the SAINT program,* which also applied corrections for Lorentz
and polarization effects. The software package SHELXTL version 6.10
was used for space group determination, structure solution and
refinement.*® The space group determination was based on a check of
the Laue symmetry and systematic absences and was confirmed using
the structure solution. The structure was solved by direct methods
(SHELXS-97), completed with different Fourier syntheses, and refined
with full- matrix least-squares using SHELXL-97 minimizing w(F,> —
FR)ue Weighted R factors (R,,) and all goodness of fit S are based
on F%; conventional R factors (R) are based on F. All non-hydrogen
atoms were refined with anisotropic displacement parameters. The
hydrogen atom positions were calculated geometrically and were
allowed to ride on their parent carbon atoms with fixed isotropic U. All
scattering factors and anomalous dispersion factors are contained in
the SHELXTL 6.10 program library. The crystal structure of 7 has
been deposited at the Cambridge Crystallographic Data Centre and
allocated the deposition number CCDC 853985.

B ASSOCIATED CONTENT

© Supporting Information

MALDI-TOF, NMR, and IR spectra, X-ray structure and bond
lengths and angles for cyclic compound 7, and CV and SWV for
7—11,, and crystallographic information files (CIF). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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ABSTRACT: Novel block copolymers were synthesized by Living Cationic Polymerization Using RAFT Agents

the transformation of living cationic polymerization of vinyl
ethers into reversible addition—fragmentation chain transfer
(RAFT) polymerization using two types of RAFT agents.
Examples include cationically polymerizable monomer of
either isobutyl vinyl ether or 2-methoxyethyl vinyl ether
(MOVE) and radically polymerizable monomer such as ethyl
acrylate, styrene, tert-butoxy styrene, and N-isopropylacryla-
mide (NIPAM). The key to success in the block
copolymerization is to utilize a RAFT agent of the carboxylic
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trithiocarbonate/SnBr, initiation system in the presence of an additive such as ethyl acetate and dioxane for living cationic
polymerization. The living cationic polymerization was initiated from a proton derived from the carboxylic RAFT agent. After a
certain period, the polymerization was quenched and the RAFT group as a counteranion was concurrently recovered, followed by
the RAFT process of radical polymerization using azobis(isobutyronitrile) at 70 °C. The first segments of the poly(vinyl ether)
showed high number-average end functionality for the RAFT terminal group, 0.79 or more, and which were available as a macro-
chain transfer agent for radical polymerization. Furthermore, using the transformation process, novel diblock copolymers were
also prepared, containing two thermoresponsive segments possessing different lower critical solution temperatures (LCSTs),
poly(2-methoxyethyl vinyl ether)—poly(N-isopropylacrylamide) (PMOVE—PNIPAM) block copolymers. The resulting block
copolymers reversibly formed or deformed micellar assemblies during two LCSTs. The mean micellar sizes were controlled by
the composition of PMOVE and PNIPAM, indicating the successful formation of the block copolymers.

B INTRODUCTION

Block copolymers by the covalent joining of segments with
different chemical properties are promising molecules which
have an affinity for two different types of environments in
nanoscopic fields. Such block copolymers are generally syn-
thesized by living or controlled polymerization via sequential
addition technique of monomers through the same propagating
species. Among these block copolymers, even for the block
copolymers composed solely of vinyl ethers by living cationic
polymerization," various functional block copolymers such as
polymer surfactants” involving glycopolymer, stimuli-responsive
micelles and gels,3’4 and thermoplastic elastomers,” have been
reported. Thus, multimode polymerization capable of possess-
ing various chain assortments by the transformation reaction
between different propagating mechanisms proves to be further
promising.

Over the past few decades a considerable number of studies
have been conducted on the transformation reactions.’ For
vinyl monomers, the transformation reactions are classified on
the basis of interconversion of the propagating species such as
cationic—radical, anionic—radical, anionic—cationic, and vice
versa. Among them, we focus on the investigation of cationic—
radical transformation using vinyl ethers because many mono-
mers and materials generally undergo polymerization via a

-4 ACS Publications  © 2011 American Chemical Society
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radical process. However, the vinyl ethers and nonpolar olefins
cannot be inherently polymerized via radical mechanism.*” In
contrast, the vinyl ethers can be polymerized into high mole-
cular weight products only by cationic polymerizations.' ™
Thus, efficient and versatile transformation reactions from living
cationic to living radical polymerizations or vice versa should be
required for block copolymers using vinyl ethers.

Such a transformation reaction of a propagating chain end
has been applied to the synthesis of various block copolymers
since the first mechanistic transformation from living anionic
polymerization of styrene (St) to living cationic ring-opening
polymerization of tetrahydrofuran.® Then, the development of
precision polymerization allowed the transformation reaction
from living cationic to controlled radical polymerization using
vinyl monomers, which was first reported by Matyjaszewski
et al.” They have reported the synthesis of block copolymers with
polystyrene (PSt) and methyl acrylate by the transformation of
living cationic polymerization into atom transfer radical
polymerization (ATRP).'>"" Under such a strategy, synthesis
of several block and graft copolymers has been subsequently
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Scheme 1. Transformation of Living Cationic Polymerization of Vinyl Ether into RAFT Polymerization
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achieved, e.g, poly(methyl vinyl ether)-block-polyacrylates, -poly-
(acrylic acid), or -PSt," poly(f-pinene)-block-PSt,"* -poly(meth)-
acrylates,'* and graft copolymers from poly(isobutyl vinyl ether)
(PIBVE) macromonomers.”> Moreover, quite recently, Yamago
et al. reported the transformation of organotellurium-mediated
living radical polymerization to cationic polymerization and
precision synthesis of the related copolymers including vinyl
ethers.'® Such transformation techniques are also promising and
essential for the design of various copolymers.

As far as we aware, there has been only one example of block
copolymers prepared by the combination of living cationic
polymerization of vinyl ethers and reversible addition—
fragmentation chain transfer (RAFT)'”'® polymerization,
reported by Kamigaito et al. in 2010."" They investigated
in situ direct mechanistic transformation from RAFT to living
cationic polymerization using a trithiocarbonate-type RAFT
agent and an azo-initiator for RAFT polymerization of (meth)-
acrylates, followed by the addition of a Lewis acid catalyst for
the sequential living cationic block polymerization of vinyl
ethers. However, the reversed transformation, ie. living
cationic polymerization is first polymerization and the following
is RAFT polymerization, has not been reported yet. In general,
for being able to prepare the block copolymers from macro-
chain transfer agent (macro-CTA) with RAFT process ulti-
mately, a metal-free controlled polymerization techniques has
been selected that leads to products which might be used in
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optoelectronic materials*® and biorelated applications.*" This is
because there is no need to remove metal contaminants after
polymerization. The design of RAFT agents makes available
various monomers for polymerization. Thus, the transformation
reactions from living cationic to living radical polymerizations
in this order are required.

In this study, we report a novel method to prepare the block
copolymers of poly(vinyl ether)s and radically polymerizable
monomers such as acrylates, acrylamides, and styrenes with a
well-defined structure and a controlled molecular weight by
combination of two different polymerization mechanisms,
living cationic polymerization and RAFT polymerization, as
shown in Scheme 1. The process directly utilizes the countera-
nion mediated by living cationic polymerization initiated from a
proton of a carboxyl group in the RAFT agent (RAFT-1 and
RAFT-2) and has possibility for one-pot synthesis of the
transformation of living cationic into RAFT polymerization.
Moreover, in order to confirm the utility of this protocol, we
prepared novel double thermoresponsive block copolymers
using MOVE and NIPAM. The properties of the aqueous solu-
tions of PMOVE—PNIPAM block copolymers were examined
in detail, specifically focusing on the micelle formation behavior,
because such block copolymers form the micellar assemblies in
water between the LCSTs of each block* (LCST for PMOVE is
66 °C,"*** and for PNIPAM is 32 °C**).
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B EXPERIMENTAL SECTION

Materials. Isobutyl vinyl ether (IBVE) (TCL > 99.0%) and
MOVE (donated by Maruzen Petrochemical; >99%) for cationic
polymerization were washed with aqueous alkaline solution and then
with water. These monomers were distilled twice over calcium hydride
and were stored in a brown ampule under dry nitrogen in refrigerator.
For solvent, toluene (Wako; >99.5%) were washed by the usual
method and then was distilled over calcium hydride just before use.
This solvent was also used for RAFT polymerization. Additives such as
ethyl acetate (Wako; >99.5%) and dioxane (Wako; >99.0%) were
distilled twice over calcium hydride and were stored in a brown
ampule under dry nitrogen. 2,6-Di-tert-butylpyridine (DTBP)
(Aldrich; >97%) was dissolved in dry toluene, and the solution was
dried by 3A molecular sieves (Wako 3A 1/16) and filtered before use.
Commercially available ZnCl, (Aldrich; 1.0 M solution in diethyl
ether) and SnCl, (Aldrich; 1.0 M solution in dichloromethane) were
used without further purification. For the SnBr, and GeBr,, 1.0 M
stock solutions in toluene were prepared from anhydrous solid of
SnBr, (Aldrich; >99%) and GeBr, (Wako; >99%), respectively. The
stock solutions for these Lewis acids were further diluted to those at a
desired concentration with dry toluene just before use.

For RAFT polymerization, the inhibitor of ethyl acrylate (EA)
(TCL > 99.0%) was removed by column chromatography using
activated basic alumina. St monomer (Wako; >99.5%) and 4-tert-
butoxy styrene (tBuSt) (donated by Maruzen Petrochemical; >99%)
were washed with aqueous alkaline solution and then with water.
These monomers were distilled under reduced pressure over calcium
hydride and were stored in a brown ampule under dry nitrogen at
—30 °C. NIPAM monomer was recrystallized with benzene/hexane
(3/7 v/v) and dried in vacuo. The initiator, azobis(isobutyronitrile)
(AIBN) was recrystallized from diethyl ether and stored in refrigerator.
RAFT agents, RAFT-1 and RAFT-2, were synthesized according to a
well-known literature protocol.”**

Cationic Polymerization Procedures. Cationic polymerization
was carried out at 0 °C under a dry nitrogen atmosphere in a glass
tube equipped with a three-way stopcock baked at 250 °C for 10 min
before use. First, carboxylic RAFT agent was added into the glass tube
and was dried in varuo. The carboxylic RAFT agent was diluted to
50 mM in toluene just before use. Toluene (3.0 mL), ethyl acetate
(0.50 mL, 5.1 mmol), IBVE (0.50 mL, 3.8 mmol), and S0 mM of the
RAFT agent in toluene (0.50 mL) were added into the glass tube using
dry medical syringes, successively. The polymerization was initiated by
the addition of a prechilled 5.0 mM SnBr, solution in toluene at 0 °C.
For the other conditions for cationic polymerization of IBVE, the same
procedures were performed as follows: [IBVE], = 0.76 M, [RAFT-1 or
RAFT-2], = 5.0 mM, [Lewis acid], = 0.5 mM, [additive] = 1.0 M for
ethyl acetate, 1.25 vol % (0.146 M) for dioxane, or 0.15 mM for
DTBT. For a thermoresponsive polymer, MOVE (0.44 mL, 3.8 mmol)
was used instead of IBVE as follows: [MOVE], = 0.76 M, [RAFT-1],
= 5.0 mM, [dioxane] = 1.25 vol % (0.146 M), [SnBr,], = 0.5 mM.
After the desired time, the glass tube was cooled off under —40 °C and
the equilibrium of the reaction was displaced to dormant species. And
then the reaction was terminated with prechilled methanol (0.5 mL)
containing a small amount of aqueous ammonia solution (0.1 wt %).
The quenched mixture (a) was diluted in either hexane or dichlorom-
ethane and was successively washed with 0.1 mol/L hydrochloric acid,
water, 0.1 mol/L aqueous NaOH solution, and water to remove the
initiator residues. The volatiles were then removed under reduced
pressure over 50 °C, and the residue was vacuum-dried for a day at
room temperature. The monomer conversion was determined by
gravimetry. In the case of the one-pot transformation, the quenched
mixture (a) was used for the following RAFT polymerization, which
was conducted by adding EA and AIBN only to the quenched mixture
(a) at 70 °C without further purification.

RAFT Polymerization Procedures. Either PIBVE or PMOVE
macro-CTA obtained by living cationic polymerization was mixed with
AIBN and varying amount of radically polymerizable monomer such as
EA, St, tBuSt and NIPAM, and dried toluene for the desired con-
centration in Schlenk flask, which was equipped with a magnetic stir
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bar. The typical contents for the polymerization of EA are as follows:
Toluene (3.1 mL), EA (0.50 mL, 4.70 mmol), PIBVE macro-CTA
using RAFT-2 (in the case of number-average degree of polymer-
ization (DP) = 20, 0.054 g, 23.5 umol), 1.0 wt % AIBN in toluene
(0.117 g 7.1 umol); [EA]y/[PIBVE macro-CTA],/[AIBN], =
200:1:0.3 molar ratio. These solutions were stirred in an ice-bath
until all reagents had dissolved. After sparging with nitrogen for
approximately 30 min, each polymerization was allowed to proceed at
70 °C and then quenched after the desired time via rapid cooling in
—40 °C and exposure to air. For block copolymers including a PIBVE
block, the volatiles were then removed under reduced pressure over
40 °C, and the residue was vacuum-dried for a day at room tem-
perature. For PMOVE—PNIPAM block copolymer, the crude product
was then purified by dialysis against deionized water using semi-
permeable cellulose tubing (SPECTRA/POR, corresponding to a
molecular weight cutoff of 1000 Da) with at least six changes of
deionized water, followed by lyophilization.

Polymer Characterization. Molecular weight distributions
(MWDs) excluding those of PMOVE—PNIPAM block copolymers
were assessed by size exclusion chromatography (SEC) in
tetrahydrofuran (THF) at 40 °C using three polystyrene gel columns
[TSK gel G-MHHR-MX3 (exclusion limit: 4 X 10° (PSt)); 7.8 mm i.d
X 300 mm each; flow rate 1.0 mL/min] connected to a Tosoh CCPM-
II pump and a RI-8020 and UV-8020 for refractive index (RI) and
ultraviolet (UV) detector, respectively. The RI detecter was mainly
used for determining of number-average molecular weight (M,) and
polydispersity (M,,/M,). For PMOVE—PNIPAM, the MWDs were
assessed by another SEC in N, N-dimethylformamide (DMF) with
10 mM LiBr at 40 °C using a polystyrene gel columns [TSK gel
G-MHHR-M; flow rate 1.0 mL/min] connected to a Tosoh CCPM-II
pump and a RI-8012 and UV-8000 for refractive and UV detector,
respectively. M, and M,,/M, was calculated from SEC curves on the
basis of a PSt calibration. '"H NMR spectra for the structure such as
the number-average end functionality of the RAFT terminal (F,) and
the compositions of block copolymers were recorded on either JEOL
JNM-EX300 (300 MHz) or JEOL JNM-EXS00 spectrometer (S00 MHz).
Matrix-assisted laser desorption ionization time-of-flight mass
(MALDI-TOF-MS) spectra were recorded using a Bruker Daltonics
autoflex spectrometer (linear mode) using dithranol as the matrix and
sodium trifluoroacetate as the ion source (polgmer sample/dithranol/
sodium trifluoroacetate =1/8/1 weight ratio). 7

Characterization of Aqueous Block Copolymer Solutions. Aque-
ous solutions of the copolymers were prepared by dissolving the
polymer in Mill-Q water and diluting the sample to those at a desired
concentration. The thermoresponsive behavior of the solutions were
measured by monitoring the transmittance of a 500 nm light beam
through a 1.0 cm glass sample cell at a rate of 1.0 °C/min in heating
and cooling scans between 15 and 85 °C. The transmittance was
recorded on a JASCO V-500 UV/vis spectrometer equipped with a
Peltier-type thermostatic cell holder ETC-505. DSC measurements
were performed using a Micro Calorimetry System (MicroCal) at a
rate of 1.0 °C/min in heating and cooling scans between 20 and 80 °C.
The block copolymer sample dissolved in water (0.5 wt %) was
degassed and transferred to the sample cell (cell volume: 1.22 mL)
with a syringe. An identical volume of the solvent of the same
composition was placed in the reference cell. Dynamic light scattering
(DLS) studies were performed using a DLS-7000 (Photal, Otsuka
Electronics) at various temperatures at scattering angle of 90° using
0.1—0.2 wt % aqueous solution of the thermoresponsive PMOVE—
PNIPAM micelles. The light source was a He—Ne laser (10 mW, A=
632.8 nm). The intensity-average hydrodynamic diameter (D;) and
polydispersity (PDL p,/T"?) were calculated by cumulants analysis of
the experimental correlation function using the attached software of
the DLS-7000.

B RESULTS AND DISCUSSION

Synthesis of Poly(vinyl ether) Macro-CTAs by Living
Cationic Polymerization Using Carboxylic RAFT
Agents. First, we synthesized two types of RAFT agents,

dx.doi.org/10.1021/ma201988n | Macromolecules 2012, 45, 794—804



Macromolecules

Table 1. Synthesis of PIBVE Macro-CTAs by Living Cationic Polymerization”

entry RAFT agent Lewis acid additive” time (h)
1 1 ZnCl, no 1
2 1 SnBr, ethyl acetate 4
3 1 SnBr, dioxane 3
4 2 ZnCl, no 1
S 2 SnBr, DTBP 3
6 2 SnBr, DTBP 12
7 2 SnBr, dioxane 3
8 2 SnBr, ethyl acetate 3
9 2 SnCl, ethyl acetate
10 2 GeBr, ethyl acetate 67
11 2 GeBr, dioxane 243

“Cationic polymenzatlon conditions: [IBVE],

convn (%) M, x 1073 (caled)® M, X 10734 MW/Mnd E°
418 6.7 2.9 5.94 0.5
30.0 49 46 138 0.87
50.3 8.0 7.7 1.30 0.86
49.8 7.9 9.7 413 0.65
17.3 29 22 1.44 0.79
492 7.7 8.4 1.13 0.80
24.7 4.0 4.1 1.14 0.88
13.0 23 22 111 0.88
2.4 6.7 7.4 1.16 0
11.1 2.0 1.7 139 0.60
274 44 3.6 1.70 0.65

=0.76 M, [RAFT agent], = 5.0 mM, [Lewis acid], = 0.5 mM, in toluene in the presence of an additive

at 0 °C. PAdditives: [ethyl acetate] = 10 0% (1.0 M), [dioxane] = 1.25 vol % (0.146 M), [DTBP] = 0.15 mM. “MWpapr sgene + (MWigyp X
conversion X [IBVE],/[RAFT agent],). “Determined by SEC (PSt calibration; THF eluent). “On the basis of the peak intensity ratio of the methine
proton on the hemiacetal ester to the a-end methyl protons. JOn the basis of the peak intensity ratio of the methine proton on the hemiacetal ester

to the methine proton produced by methanol termination.

RAFT-1 and RAFT-2, which have a carboxylic group, a
trithiocarbonate unit with a radical active moiety (free radical
leaving group), and a radical stable moiety.'”~>**>*® However,
quite recently, the RAFT agents are also commercially available.
The trithio-type RAFT agents are estimated to be more stable
than dithio-type ones against Lewis acid.”® The radical active
moieties are different between RAFT-1 and RAFT-2, which are
a and b for RAFT-1 and RAFT-2, respectively, as shown in
Scheme 1.

Some carboxylic acid/ZnCl,/no additives or carboxylic acid/
SnBr,/additive-based initiation systems produce the poly-
(vinyl ether) with the ester terminal group recovered from
the counteranion even after quenching the polymerization with
methanol.*”*° Hence, using one of the carboxylic RAFT agents
as an initiator with a Lewis acid including ZnCl,, SnBr,, and its
congener of GeBr,, we examined the cationic polymerization of
IBVE as a typical example. Table 1 summarizes the results for
the various PIBVEs prepared at relatively low conversion
(conversion < 50%) by living cationic polymerization in this
study, as calculated from the SEC and "H NMR data. All poly-
merization of IBVE was carried out in toluene in the presence
of an additive (except for ZnCl,) at 0 °C using carboxylic
RAFT agent and Lewis acid with the following concentration:
[IBVE], = 0.76M; [carboxylic RAFT agent], = 5.0 mM, [Lewis
acid], = 0.5 mM. Among them, SnBr,, SnCl, and GeBr,
induced a controlled reaction in the presence of an additive to
produce polymers with relatively narrow MWDs even in the
early stage (entries 2, 3, and 5—11 in Table 1). However, with
ZnCl,, PIBVE with broad MWDs were produced, indicating
uncontrolled polymerization (entries 1 and 4 in Table 1). This
is due to the slow interconversion between the dormant species
and active species as previously reported for the CH;COOH/
ZnCl, initiation system.”” With GeBr,, very slow polymer-
ization proceeded, regardless of the kind of additives. Thus, it
appears to be hard to use the living cationic polymerization
systems with GeBr, (entries 10 and 11 in Table 1). Compared
with RAFT-1 and RAFT-2 for SnBr,, the resulting MWDs of
RAFT-1 were larger than those of RAFT-2 in the presence of
any additives. This is because the initiation reaction of RAFT-2
is slightly quicker than that of RAFT-1 due to difference of the
acidity of the carboxylic acid in the RAFT agent, that is, RAFT-
2 has slightly more acidic than RAFT-1. For the additives such
as ethyl acetate, dioxane, and DTBP, all are appropriate added
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bases in this condition. Especially, with dioxane for RAFT-1 or
RAFT-2 and with ethyl acetate for RAFT-2, the polymer-
izations were controlled well to produce polymers with very
narrow MWDs (M,,/M, < 1.30) in conjunction with SnBr,.
Furthermore, these living polymers obtained with SnBr, had a
trithiocarbonate end group for either RAFT-1 or RAFT-2. The
F,s of the RAFT terminal were calculated by "H NMR spectros-
copy, which were 0.79 or more. (The results of analysis are
described later in detail by means of both 'H NMR and
MALDI-TOF-MS spectroscopies). The additives do not have
any influence on the F,. Instead, the F, of RAFT-2 is slightly
higher than that of RAFT-1 but within experimental errors.
Thus, such an additive, i.e. an added base, is likely to be involved
in the formation of a couteranion, which in turn interacts suitably
with the propagation carbocation but does not affect the recovery
of the RAFT terminal. These polymers are substantially available
for a macro-chain transfer agent for next RAFT polymerization,
prepared by living cationic polymerization. While with SnCl,, no
recovery of the RAFT terminal was observed. On the basis of
these results, we next investigated the kinetics of the cationic
polymerization of IBVE using either RAFT-1 or RAFT-2/SnBr,/
additive (either dioxane or ethyl acetate) initiation system in
consideration of the MWD and F,,.

Figure 1A shows a typical example of the time—conversion
curve for the polymerization of IBVE using either RAFT-1 or
RAFT-2 in the presence of dioxane. Both polymerization
occurred without an induction period and was almost completed
in 30 h and ca. 50 h for RAFT-1 and RAFT-2, respectively, to
afford soluble polymers in quantitative yield. The polymerization
rate of RAFT-1 was faster than that of RAFT-2. This is due to the
different structure of the counteranion derived from the corre-
sponding RAFT agent which has both a ester and a trithioester
group as a Lewis base. Figure 1B plots the M, and M,,/M,, of
PIBVE as a function of monomer conversion. The typical SEC
curves are shown in Figure 1C. Irrespective of the kind of RAFT
agents in this study, the M, increased in direct proportion to the
monomer conversion, and the values are very close to the
calculated values assuming that one polymer chain is formed per
one RAFT agent. The MWDs of the resulting polymers were
relatively narrow for RAFT-2 (M,,/M, = 1.09—1.39). The PIBVE
obtained from RAFT-1 also had narrow M, /M, at high con-
version region (M,,/M, = 1.19 at 99.0% conversion). This is due
to the rate of initiation as mentioned above. Furthermore, all SEC
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Figure 1. Cationic polymerization of IBVE using either RAFT-1 or RAFT-2 with SnBr, in toluene in the presence of dioxane at 0 °C: [IBVE], =
0.76 M, [dioxane] = 146 mM, [RAFT agent], = 5.0 mM, [SnBr,], = 5.0 mM. (A) Kinetic plots for RAFT-1 (O) and RAFT-2 (@) and (B) M, and
M,,/M, as a function of monomer conversion (M, and M,,/M, are peaks (O) and ([J) for RAFT-1 or peaks (@) and (Hl) for RAFT-2,
respectively). (C and D) Typical SEC curves for PIBVE using RAFT-1 and PIBVE using RAFT-2, respectively. Black curves are by refractive index
and red curves (for the first and the final curves) are by UV at 308 nm.

chromatograms by UV at 308 nm were also detected at the same
position as RI detection, indicating the existence of the RAFT
terminal group. The 308 nm is around the maximum absorption
wavelength of 7—7* absorption bands of the thiocarbonyl group
in the RAFT agent.

Figures 2A and 3A show the 'H NMR spectra of the PIBVE
obtained from RAFT-1 and RAFT-2, respectively. Figure 2B
and 3B show the 'H NMR spectra of the corresponding RAFT
agent (initiator). The typical polymers with relatively low
molecular weights were prepared to evaluate the terminal
polymer end structures under the same condition in Figure 1.
All the polymers exhibited the signals ascribed to the methyl
protons due to the initiator (a) (ie, a-end), the methine
proton of hemiacetal (g), the terminal RAFT group (h—1I or h—
k for RAFT-1 or RAFT-2, respectively) (ie, w-end), and
protons due to IBVE repeating units (b-f), regardless of the
RAFT structure. The peak intensity ratio of the methine proton
of hemiacetal (g) and the protons of the terminal RAFT group
(especially, k for RAFT-1 or j and k for RAFT-2, respectively)
are relatively in good agreement with the calculated value
expected by their structures.
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In addition, a small peak m or I for RAFT-1 or RAFT-2,
respectively, appeared around 4.6 ppm. This is assignable to the
methine proton of the terminal acetate that arises on quenching
the polymerization with methanol. These results show that
the obtained PIBVE macro-CTA includes a small amount of
different terminated polymer structures.

On the basis of the peak intensity ratio of the methine proton
(g) to the a-end methyl protons (a), the F, was calculated. It is
significant because the F, via living cationic polymerization
corresponds to RAFT-CTA efficiency for the next RAFT
polymerization. Here, F, values were calculated to be 0.87 and
0.88 for RAFT-1 in Figure 2 and RAFT-2 in Figure 3, respec-
tively (also see entries 2 and 8 in Table 1). The F, is in good
agreement with the F, calculated by the peak intensity ratio of
the methine proton (g) and the methine proton of the methoxy
terminal (m or I for RAFT-1 or RAFT-2, respectively). All the
values of F, for the macro-CTAs prepared by living cationic
polymerization are also listed in Table 1.

As an additional evidence for the retention of the RAFT end
groups, MALDI-TOF-MS spectrometry analyses for the typical
products were conducted as shown in Figure 4. The major peaks
a in the spectrum correspond to: H-(IBVE),-CH=CH(OiBu);
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Figure 2. '"H NMR spectra for (A) PIBVE macro-CTA prepared by
living cationic polymerization from RAFT-1 and (B) RAFT-1 in
CDCl, at 25 °C. The inset shows the chemical structure of (A) the
PIBVE macro-CTA (entry 2 in Table 1) and (B) RAFT-1 with full
peak assignments (a—m and h'—I’). Asterisks denote CHCI; peaks
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Figure 3. '"H NMR spectra for (A) PIBVE macro-CTA prepared by
living cationic polymerization from RAFT-2 and (B) RAFT-2 in
CDCl, at 25 °C. The inset shows the chemical structure of (A) the
PIBVE macro-CTA (entry 8 in Table 1) and (B) RAFT-1 with full
peak assignments (a—I and h’'—k’). Asterisks denote CHCl; peaks.

consistent with the polymer being capped with the olefin (detailed
structure: see “@” in Table 2). For n = 14 in the structure, one of
the experimental signals (1525.4 g/mol, signal a in Figure 4A) fits
the calculated molecular weight with Na* (15254 g/mol). The
distance between individual peaks (e.g, difference between a and b)
which is by 100 mass units is also corresponding to the molar mass
of the IBVE repeating unit.

Our target PIBVE with RAFT-2 contains a hemiacetal ester
as a relatively weak covalent bond between PIBVE and RAFT-
2. Such weakly bonded end groups are often cleaved in the
MALDI experimental process as well as RAFT end groups.”" If
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Figure 4. (A) MALDI-TOF-MS spectrum of PIBVE (entry 8 in Table
1). (B) Expanded region of the spectrum (A). The peaks are labeled
with their measured molecular weights and the number of repeating
units (n). The detailed structures (O, @, [], and [ll) are shown in
Table 2. The interpeak distances between the same structures
correspond to the mass of the IBVE repeating unit.

PB-proton elimination from the growing cation is occurred
and then the reaction generates a proton, the same structure
H-(IBVE),-CH=CH(QiBu) is also obtained.>* In such a case,
experimental M, becomes smaller than the calculated based on
the amount of RAFT-2. However, the experimental M, is in
good agreement with the calculated (see Table 1 or Figure 1).
Furthermore, '"H NMR indicates that the signal due to methine
proton derived from a RAFT end group was seen at a high
functionality in Figure 3. Thus, the structure H-(IBVE),-CH=
CH(OiBu) is formed in the decomposition of hemiacetal esters
due to MALDI experimental process.

Figure 4B shows the expanded region of the spectrum between
mass/charge (m/z) = 1420 and 1720. Several series of peaks are
observed in the spectrum. Fortunately, our target end group was
still remained and the peak “@” values agreed with the calculated
mass of our target PIBVE with RAFT-2; one of the experimental
signals (1697.6 g/mol) fits the calculated molecular weight with
Na* (16976 g/mol for n = 14) (detalled structure: “@” in Table 2).
The distance between individual peaks is also corresponding
to the molar mass of the IBVE repeating unit as shown in
Figure 4B.

The other peaks are for quenching by methanol containing a
small amount of aqueous ammonia solution (0.1 wt %). The
peaks “[]” correspond to the terminal quenched by methanol
and the peaks “lll” are ascribed to the terminal quenched by
water and then dealcoholized of iBu—OH (detailed structures
are also shown in Table 2).
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Table 2. PIBVE with Various @-End Groups Estimated by MALDI-TOF-MS in Figure 5
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On the basis of these results, the apparent intensity area
ratio of the peaks “O” and “@” derived from the RAFT end
group to the whole peaks is calculated to be approximately 0.9,
which is in good agreement with the end-functionality F, = 0.88
calculated from 'H NMR spectroscopy. For RAFT-1, the
similar spectrum was observed. Unfortunately, all the RAFT
end groups were cleaved in the MALDI experimental process to
form the H—(IBVE),—CH=CH(OiBu), although the RAFT
end-functionality determined by 'H NMR spectrometry is
sufficiently high (F, = 0.86) (Figure S1 in the Supporting
Information). As shown here, living cationic polymerization of
vinyl ethers initiated from either RAFT-1 or RAFT-2 with
SnBr, in the presence of added base, produced the poly(vinyl
ether) possessing each RAFT end group recovered from the
counteranion.

Synthesis of Various Block Copolymer by RAFT
Polymerization. Once the CTA-functionalized PIBVE was
obtained, RAFT polymerizations were conducted for the synthesis
of various block copolymers between PIBVE macro-CTA and
radically polymerizable monomer. For RAFT polymerization
to function effectively, the proper choice of the structure of
RAFT agents is extremely important. Since the guidelines for
selection of RAFT agents for radically polymerizable monomers
have been already shown by many researchers,'”'® the RAFT poly-
merization of appropriate monomers such as acrylates, acrylamides,
and styrenes were next employed using PIBVE macro-CTA.

As a typical example, in order to check the livingness of this
RAFT polymerization, the kinetic study of the polymerization
of EA was carried out in toluene at 70 °C using PIBVE macro-
CTA with molar ratio [EA],/[PIBVE],/[AIBN], = 200: 1: 0.3,
monitored by both 'H NMR spectroscopy and SEC. That
means the synthesis of PIBVE-poly(ethyl acrylate) (PIBVE—
PEA) block copolymers. Figure SA shows the time—conversion
curve of the polymerization of EA using PIBVE macro-CTA of
RAFT-2. The polymerization occurred smoothly and the RAFT
polymerizations exhibited linear first-order plots, indicating
an approximately constant number of growing species. As
expected, the M, was increased linearly with the monomer
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conversion as shown in Figure 5B. The MWDs clearly shifted
toward higher molecular weights from the M, of PIBVE macro-
CTA as shown in Figure SC. As a typical example, the structure
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Figure S. RAFT polymerization of EA using PIBVE macro-CTA of
RAFT-2 (entry 8 in Table 1) in toluene at 70 °C: [EA],/[PIBVE],/
[AIBN], = 200:1:0.3. (A) Kinetic plots, (B) evaluation of M, (O) and
M,,/M, (@) with conversion, and (C) the typical SEC curves for
PIBVE macro-CTA, PIBVE—PEA at 2 and 6 h.

of the block copolymer obtained at 6.0 h was determined by 'H
NMR spectroscopy as shown in Figure 6. The composition was
in agreement with the monomer feed ratio of EA to PIBVE
macro-CTA at the conversion (77.5%), which was calculated
from the characteristic peak intensities of the methyl protons of
IBVE (peak €) and EA (peak i) assuming that F, = 1 and the
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Figure 6. '"H NMR spectrum recorded for the PIBVE—PEA block
copolymer (conversion =77.5%, M, = 10700, M,,/M, = 1.53, n/m =
20:146) in CDCl,. See Figure S for the polymerization conditions. The
composition was determined from the area ratio of peaks (e and i)
assuming that F, = 1 and the degree of polymerization for the PIBVE
macro-CTA (DP = 20). A magnified peak b’ is the methine proton on
the hemiacetal ester between PIBVE and PEA blocks.

degree of polymerization for the PIBVE macro-CTA (DP =
20). For the detailed polymer structure, the methine proton on
the hemiacetal ester between PIBVE and PEA blocks remained
in the block copolymer after RAFT polymerization (peak b’).
While, there are no peaks around 4.6 ppm which is correspond
to the methylene protons of the terminal RAFT group (ie.,
peak j in Figure 3) derived from PIBVE macro-CTA (RAFT-2).
The peak was shifted to high magnetic fields after block
copolymerization via RAFT polymerization. This indicates that
the second RAFT polymerization virtually initiated from a
benzyl moiety in inset chemical structure of Figure 6. However,
there is small tailing in the lower molecular weight regions in
SEC chromatograms, which may be due to end functionality of
the RAFT terminal via living cationic polymerization because
the apparent block efficiency is roughly correspond to the end
functionality by SEC chromatograms.

The block copolymer, IBVE;s-EAy,, prepared from PIBVE
macro-CTA using RAFT-1 (entry 3 in Table 1) were also
obtained (M, = 16100, M,,/M, = 1.33; see Figure S2 for SEC
and Figure S3 for the '"H NMR spectrum in the Supporting
Information). No differences were seen between PIBVE macro-
CTAs using RAFT-1 or RAFT-2.

Figure 7 represents the SEC chromatograms on the results of
the RAFT polymerization of the other monomers such as St
and tBuSt. Both MWDs clearly shifted toward higher molecular
weights from the M, of the PIBVE macro-CTA as well as the
MWDs of EA. The tailing of poly(tBuSt) (PtBuSt) was seen
like a shoulder peak, indicating the lower end functionality (F,
= 0.79) as shown in Table 1. The compositions of the diblock
copolymers were also determined by 'H NMR spectroscopy
assuming that F, = 1 and were calculated from the characteristic
peak intensities of the e and h for both in parts A and B of
Figure 8. The observed ratio agreed well with the monomer
teed ratio of PIBVE and St or tBuSt at the obtained conversion.

The Possibility for the One-Pot Transformation. This
protocol has possibility for one-pot transformation of living
cationic polymerization using vinyl ethers from a RAFT agent
into RAFT polymerization using radically polymerizable mono-
mers. For the one-pot method of PIBVE—PEA block copoly-
mer prepared from RAFT-2, PIBVE was first polymerized by
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Figure 7. Typical SEC curves for (A) PIBVE—PSt and (B) PIBVE-
PtBuSt block copolymers using PIBVE macro-CTA using RAFT-1
(entries 6 for part A and S for part B) in Table 1). The compositions
were determined by calculation from the area ratio of characteristic
peaks using 'H NMR spectra shown in Figure 8 assuming that F, = 1
and the degree of polymerization for the PIBVE macro-CTA.
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Figure 8. 'H NMR spectra recorded for (A) PIBVE—PSt and (B)
PIBVE-PtBuSt block copolymers in CDCl;. The block copolymers are
the same as those in Figure 7.

living cationic polymerization and then EA using the sequential
monomer addition method without purification. Unfortunately,
in the presence of the residue derived from SnBr, and un-
reacted IBVE, RAFT polymerization was not controlled to
show multimodal MWDs (Figure S4 in Supporting Informa-
tion). Fortunately, after the perfect polymerization of IBVE
(conversion > 95—99%) and passing the reaction mixture through
silica column directly to remove the residue derived from SnBr,
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(without evaporation of the volatiles) and then RAFT polymer-
ization of EA was conducted, well-defined PIBVE—PEA block
copolymers were obtained as well as those by nonone-pot method
in Figure 5. However, the protocol is substantially the same as
nonone-pot method in Figure S. Furthermore, if excess cationic
polymerization proceed after IBVE monomers are consumed,
aldehyde end groups instead of RAFT end groups would be
observed due to f-proton elimination from the growing cation.*”
Thus, it is necessary for purification of the poly(vinyl ether)
macro-CTA to obtain well-defined block copolymers via the
following RAFT polymerization.

Synthesis of Double Thermoresponsive Block Co-
polymer, PMOVE—PNIPAM. Using our protocol of this
study above-mentioned, novel double thermoresponsive block
copolymers, PMOVE—PNIPAM, were prepared. This is further
confirmation of synthesis of novel block copolymer by the
transformation of the living cationic polymerization to RAFT
polymerization. As the first step, the living cationic polymer-
ization of MOVE was conducted using RAFT-1 with SnBr, in
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Figure 9. RAFT polymerization of NIPAM using PMOVE macro-
CTA of RAFT-1 (M, = 7900, M,,/M, = 1.54) in toluene at 70 °C:
[NIPAM],:[PMOVE],:[AIBN], = 200:1:0.3. (A) Kinetic plots, (B)
evaluation of M, (O) and M, /M, (@) with conversion, and (C) the
typical SEC curves for PMOVE macro-CTA, PMOVE—-PNIPAM
diblock copolymers at 40 and 80 min.

the presence of ethyl acetate. Irrespective of the different kind
of vinyl ether, the values of M, are close to the calculated values
assuming that one polymer chain is formed per one RAFT
agent (see the result of PMOVE macro-CTA in Figure 9).
However, the obtained MWDs of PMOVE were somewhat
broader than those of PIBVE; the values of M,,/M, for MOVE,,
and MOVEy, are 147 and 1.54, respectively (see Figure 9 and
Table 3). The compositions were estimated by "H NMR spectros-
copy at the conversion.

The obtained PMOVE was purified by dialysis against water
and then dried. Then, it was used as a macro-CTA for next
RAFT polymerization with NIPAM. The typical SEC chro-
matograms for the purified PMOVE macro-CTA and two
PMOVE—PNIPAM block copolymers are shown in Figure 9C,
monitored by both 'H NMR spectroscopy and SEC. The
MWDs clearly shifted toward higher molecular weights and the
M,,/M, becomes narrower in comparison to those of PMOVE.
All the M, and M,/M, of PMOVE—PNIPAM samples are
summarized in Table 3.

"H NMR spectroscopy in D,0 was used to examine the tem-
perature dependence of phase-separation behavior. Figure 10
shows the "H NMR spectra of NIPAMg,—MOVE ¢ (entry 15)
as a typical example. At 10 °C which is temperature below
LCST of both PNIPAM and PMOVE homopolymers, all peaks
appeared at a high resolution (Figure 10A). At 45 °C which
is temperature between LCSTs of PNIAPM and PMOVE
homopolymers, all the copolymer signals were shifted down-
field relative to HDO at 4.7 ppm. Furthermore, all the signals
assigned to the PNIPAM chains disappeared, whereas the peaks
due to the PMOVE chains remained sharp (Figure 10B). This
indicates that PNIPAM-core micelles are formed at 45 °C,
above LCST of PNIPAM. The resulting micelle was reversibly
formed or deformed, depending on the solution temperature
over these temperature ranges.

The detailed phase separation behavior for PNIPAM-
PMOVE in water as a function of temperature is shown in
Figure 11. Below 32 °C, PNIPAM-PMOVE block copolymer is
molecularly dissolved and shows an Dy, of around 11—1S5 nm,
relatively high PDI (u,/I?), and a low scattering intensity
(Figure 11A). Above 32 °C, the slightly opaque appearance was
observed (transmittance at S00 nm decreased in Figure 11B)
that is characteristic of micellar solutions. The diameter increased
and the polydispersity decreased around this temperature. The
transition temperature corresponds to the LCST values of
the PNIPAM block, as indicated by the DSC thermogram in
Figure 11B. On heating up to LCST of PMOVE block, the
relationship between diameter and temperature shows a slightly
convex curve in the range of 100—127 nm. On further heating to

Table 3. Synthesis of PMOVE—PNIPAM Block Copolymers by the Transformation of Living Cationic Polymerization Using

RAFT-1 to RAFT polymerization®

polymn time (h) M, x 1073¢ M, /M,
entry polymer structure? homo diblock homo diblock homo diblock micellar D, (nm)? PDI (u,/T%)?
12 MOVE, ,-NIPAM, 45 0.5 69 133 147 172 60 025
13 MOVE,;-NIPAM,, 45 1 69 174 147 1.69 99 021
14 MOVE,,-NIPAM, , 45 3 69 225 147 1.69 117 0.09
15 MOVE4,-NIPAM, 4 0.5 0.7 43 166 1.54 124 111 021
16 MOVEg,-NIPAM,,, 0.5 13 43 19.3 1.54 1.31 116 0.10

“Cationic polymerization conditions: [MOVE], = 0.76 M, [RAFT-1], = 5.0 mM, [dioxane] = 146 mM, [SnBr,], = 0.5 mM, in toluene at 0 °C. *The
degree of polymerization in the formula was determined by "H NMR spectroscopy in CDCly on the basis of degree of polymerization of the
PMOVE block assuming that F, = 1.0. “Determined by SEC (PSt calibration; DMF eluent with 10 mM LiBr). “Determined by DLS at 45 °C.
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Figure 10. Typical '"H NMR spectra recorded for MOVEg,-NIPAM| ¢
block copolymer (entry 15 in Table 3) in D,O at (A) 25 °C and (B)
45 °C (polymer: 1.0 wt %). The inset shows the chemical structure of
the diblock copolymer with full peak assignments.
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Figure 11. (A) Variation of hydrodynamic diameter (D;) and PDI
(4,/T?*) with temperature for a MOVE,;;,-NIPAM,,, diblock
copolymer (entry 14 in Table 3) in water. (B) Temperature
dependence of the transmittance at 500 nm (0.5 wt %) and DSC
thermogtam (1.0 wt %) of aqueous solution of the MOVEy,-
NIPAM,,, diblock copolymer: heating and cooling rate 1.0 °C/min,
heating ( ) and cooling (). The inset values are transition
temperatures (T, and T,) and their heats of transition (AH, and
AH,).

65—70 °C, higher than the LCSTs of all the blocks, the polymer
was precipitated completely. Both the DSC thermogram and the
temperature dependence of transmittance at 500 nm support that
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two transitions occurred with increasing temperature, at 32 °C*
and 66 °C,**"** corresponding to the LCSTs of PNIPAM and
PMOVE homopolymers, respectively. Furthermore, physical
gelation was also occurred at the 20 wt % aqueous solution
between 34 and 52 °C by visual observation (entry 14 in Table3).
The phase separation behavior is similar to that of double thermo-
responsive poly(vinyl ether)s-based block copolymers such as
PMOVE-poly(2-(2-ethoxy)ethyoxyethyl vinyl ether) in water and
the gelation is induced at concentrated solution due to macro-
lattice of micelles.* The different point is the first heat of transition
(AH, =27.0 J/g) which was larger than that of poly(vinyl ether)s
(Figure 11B). This is due to the different dehydration energy
between poly(vinyl ether) such as poly(2-ethoxyethyl vinyl ether)
and PNIPAM blocks.** As a consequence, these results also
indicate that the block copolymer was successfully obtained by
the transformation of living cationic polymerization into RAFT
polymerization.

In addition, the effect of varying the PNIPAM block length
on the final micelle diameter was also examined. Table 3 also
shows the intensity-average hydrodynamic diameter (D) and
the PDI (u,/T) of the thermoresponsive micelles in water at
45 °C. Since all the block copolymers were molecularly dis-
solved at 10 °C, no or very low scattering intensities were
observed. For the target DP = 107 of PMOVE block, as the
target DP of the PNIPAM block (core) was varied from 75 to
210, the mean micelle diameter determined in water at 45 °C
increased from 60 to 117 nm as judged by DLS (entries from
12 to 14 in Table 3). Moreover, in each case relatively lower
PDIs were obtained as the PNIPAM length increased. Similarly,
for the target DP = 64 of PMOVE block, the Dy of MOVE,—
NIPAM,,, is slightly larger than that of MOVE—NIPAM;s
(entries 15 and 16 in Table 3). It is well-documented that larger
micelles are invariably obtained when the chain length of the
core-forming block is increased.>

H CONCLUSION

In conclusion, novel block copolymers were synthesized by the
transformation of living cationic polymerization of vinyl ethers
into RAFT polymerization using two types of RAFT agents
with a carboxylic group. The block copolymers consist of
cationically polymerizable monomer such as IBVE and MOVE
and radically polymerizable monomer such as EA, St, tBuSt,
and NIPAM. The key to success in the block copolymerization
is to utilize a RAFT agent of the carboxylic trithiocarbonate/
SnBr, initiation system in the presence of additives such as
dioxane and ethyl acetate for living cationic polymerization.
The living cationic polymerization was initiated from a
proton derived from the carboxylic RAFT agent. After the
cationic polymerization, the polymerization was quenched and
the RAFT group as a counteranion was concurrently recovered,
followed by the RAFT process of radical polymerization using
AIBN at 70 °C. Using the transformation process, further novel
double thermoresponsive diblock copolymers PMOVE—
PNIPAM were also prepared, containing two thermoresponsive
segments possessing different LCSTs. Since the resulting block
copolymers reversibly formed or deformed micellar assemblies
during two LCSTs, we concluded that the block copolymers
were successfully obtained by the transformation of living
cationic into RAFT polymerization. However, the obtained
block copolymers have a hemiacetal ester bond. This is a
weak bond for acidolysis.3’5 In the forthcoming article, we will
report another block copolymer having stronger junction than
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hemiacetal ester prepared by different transformation from
living cationic to RAFT polymerization.
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Further characterization for PIBVE macro-CTA and PIBVE—
PEA using RAFT-1 by MALDI-TOF—MS and SEC, and results
of the one-pot transformation reaction. This material is available
free of charge via the Internet at http://pubs.acs.org.
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ABSTRACT: Novel acrylic monomers functionalized with
nucleobase-containing units (adenine and thymine) were prepared
upon aza-Michael addition and successfully copolymerized with n-
butyl acrylate. At a content of 7 mol %, adenine-containing units
self-assembled into needle-like microstructures within amorphous
polymer matrices as shown with atomic force microscopy (AFM),
small-angle X-ray scattering (SAXS), and wide-angle X-ray
diffraction (WAXD); thymine-containing units did not aggregate
into distinct morphologies even to 30 mol %. Upon blending,
thymine- and adenine-containing statistical copolymers associated
into a thermodynamically stable complex, which was physically
cross-linked through adenine—thymine base pairing. The molar
fractions of the nucleobase monomer, nucleobase stacking

interactions, and complementary hydrogen bonding principally influenced self-assembly. Additionally, the nucleobase-
functionalized polyacrylates exhibited tunable adhesive and cohesive strength.

B INTRODUCTION

The use of noncovalent interactions as a tool for the synthesis
of well-defined supramolecular structures is paramount in
current polymer science.'™ Our motivation is to impart
structural features of biomacromolecules with extension to
emerging adhesive technologies, e.g., the unique molecular
recognition of complementary nucleobases, the stimuli-
responsiveness of multiple hydrogen bonding, and the self-
assembly of cooperative multiple noncovalent interactions.
Hydrogen-bonding based molecular recognition plays a crucial
role in the functions of biopolymers. Recognition based upon
nucleobase interactions, such as molecularly imprinted
polymers®” and nucleobase-templated polymerization,® also
enables applications in catalysis, separations, biomedicine,
chemo/biosensors, and information storage.

The design of synthetic polymers bearing nucleobase
recognition sites is often challenging and requires multiple
synthetic steps due to susceptibility of multiple substitutions.
Nucleobase units were introduced using postpolymerization
modification,”'® and protection of the nucleobase monomers
was necessary to obtain high conversions.""'> Recent develop-
ments in controlled metathesis and radical polymerization
techniques have expanded our ability to create well-defined
polymers with high tolerance to hydrogen bonding and ionic
functionalities. Sleiman et al. utilized ring-opening metathesis
polymerization to synthesize adenine-containing block copoly-
mers, which self-assembled into rod morphologies."* van Hest
et al. synthesized thymine-functionalized block copolymers
using atom transfer radical polymerization (ATRP) of thymine
methacrylate monomers from a poly(oxyethylene) macro-
initiator.'"* Lutz et al. polymerized styrenic nucleobase
monomers using ATRP.'>'® Inaki et al. synthesized a wide

-4 ACS Publications  © 2012 American Chemical Society

805

range of nucleobase-functionalized statistical and homopol-
ymers and block copolymers using ring-opening cationic and
anionic polymerization of acyclic derivatives of the nucleo-
bases.'” Our group previously reported the high tolerance of
nitroxide-mediated polymerization to nucleobase functional-
ities,' and we prepared styrenic adenine- and thymine-
containing ABA triblock copolymers using a novel difunctional
alkoxyamine initiator.'"”*° However, most bioreceptors and
nucleobase-functionalized synthetic polymers for molecular
recognition have either relativel?r rigid structures or sterically
congested polymer backbones,*' such as vinyl,** styrene,'%*
and methacrylate."*">** Examples of receptors having relatively
flexible structures and spacers are relatively very few.>*® Meijer
et al. recently reported the increase of the polymer backbone
polarity significantly decreased the stability of benzene-1,3,5-
tricarboxamides aggregates.”” The molecular recognition
process is highly dependent on both the recognition groups
and the nature of these spacers.

In our present work, we constructed flexible alkyl chain
spacers for recognition sites, which were compared with the
styrene analogues to evaluate the influence of structural
modifications on nucleobase self-assembly using AFM and
SAXS. The novel acrylic nucleobase monomers were
synthesized using a one-step aza-Michael addition without
functional group protection. Michael addition is an efficient and
mild reaction that is suitable for introducing highly functional
groups, biopolymers (e.g., proteins), or bioactive species (e.g.,
drugs) into polymers.”® The novel monomers were homopoly-
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Scheme 1. Michael Addition of Adenine and Thymine with 1,4-Butanediol Diacrylate
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Yield: 53% 1%

merized or copolymerized with n-butyl acrylate using conven-
tional free radical polymerization. The hydrogen-bonding
polymers provided a reversible network with strongly temper-
ature-dependent viscosity, and self-healing performance may
impact industrial interest in coatings and hot melt adhesives.
Peel strengths and shear strengths of nucleobase-containing
polyacrylates were significantly higher than acrylic acid- and 4-
vinylpyridine-based polyacrylate analogues at similar hydrogen-
bonding molar concentrations.

B EXPERIMENTAL SECTION

Materials. n-Butyl acrylate (nBA, 99+%), acrylic acid (AA, 99+%),
and 4-vinylpyridine (VP, 99+%) were purchased from Aldrich and
passed through neutral alumina columns before use. a,a-Azobis-
(isobutyronitrile) (AIBN, Fluka, 99%) was recrystallized from
methanol. 1,4-Butanediol diacrylate (Alfa Aesar, 99%) was used
without further purification. Adenine (A, 99%), thymine (T, 99%),
triethylamine (TEA, 99%), potassium carbonate (99%), and 2,6-di-tert-
butyl-4-methylphenol (BHT, 99%) were purchased from Aldrich and
used without further purification. Hexane (HPLC grade), chloroform
(CHCIly, HPLC), tetrahydrofuran (THF, HPLC grade), N,N-dimethyl
sulfoxide (DMSO, HPLC grade), and N,N-dimethylformamide (DMF,
HPLC grade, anhydrous) were purchased from Fisher Scientific and
used as received. 9-(4-Vinylbenzyl)adenine and 1-(4-vinylbenzyl)-
thymine were synthesized according to the previous literature.””

Synthesis of 4-((3-(Adenin-9-yl)propanoyl)oxy)butyl Acryl-
ate. A suspension of adenine (1.0 g, 11.9 mmol), BHT (60 mg), and
K,CO; (40.0 mg, 0.29 mmol) in DMSO (20 mL) was stirred at 50 °C
for 1 h and followed with adding 1,4-butanediol diacrylate (3 mL, 15.9
mmol). After the reaction mixture was stirred at S0 °C for S h, it was
poured into water (150 mL) and washed with hexane to remove excess
1,4-butanediol diacrylate. Then, the water layer was extracted with
dichloromethane (3 X 20 mL). The combined extracts were dried over
MgSO,, filtered, and concentrated in a vacuum evaporator to remove
all the solvents. The evaporation residue was separated using
chromatography with CHClL,—MeOH (20:1) on silica gel. A trace
amount of N-7 adduct were eluent first. Evaporation of the remained
eluent gave a white solid of 1.30 g with an overall yield of 53%, melting
at 117 °C. 'H NMR (400 MHz, d-DMSO): 1.45—1.64 (m, 4H,
Hy,y), 2.93 (t, 2H, J = 6.8 Hz, H.), 3.95—4.10 (m, 4H, H,,,), 4.35 (t,
2H, ] = 6.8 Hz, Hy), 5.91 (d, 1H, ] = 10.4 Hz, H,,), 6.13 (dd, 1H, J, =
10.4 Hz, J, = 17.2 Hz, Hy), 629 (d, 1H, ] = 17.2 Hz, Hy,), 7.18 (bs,
2H, H,), 8.07 (s, 1H, H,), 8.11 (s, 1H, H;). *C NMR (100 MHz, d,-
DMSO): 25.1, 34.0, 64.0, 64.2, 128.7, 131.9, 1413, 152.8, 156.4, 165.9,
171.1. HRMS (ES+): m/z caled for [M + H'] 334.14 g/mol; found
334.15 g/mol.

Synthesis of 4-((3-(Thymin-I-yl)propanoyl)oxy)butyl Acryl-
ate. A suspension of thymine (1.00 g; 7.93 mmol) and BHT (60.0
mg) in DMF (20 mL) was treated with triethylamine (0.22 mL, 1.58
mmol) at room temperature. The reaction mixture was stirred under
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an inert atmosphere (argon) for 1 h and then treated with 14-
butanediol diacrylate (3.0 mL, 15.9 mmol). The reaction solution
turned clear after stirring at room temperature for 24 h. Then, it was
poured into water (150 mL) and washed with hexane to remove excess
1,4-butanediol diacrylate. The water layer was extracted with
dichloromethane (3 X 20 mL). The combined extracts were dried
over MgSO,, filtered, and concentrated in a vacuum evaporator to
remove all the solvents. The evaporation residue was separated using
flash column chromatography with CHCL,—MeOH (20:1) on silica
gel. Evaporation of the total eluent resulted in a white solid of 1.82 g
with an overall yield of 71%; melting at 70 °C. '"H NMR (400 MHz,
dg-DMSO): 1.54—1.68 (m, 4H, Hy,y,), 1.71 (s, 3H, H,), 2.66 (t, 2H, |
= 6.0 Hz, H,), 3.83 (t, 2H, ] = 5.2 Hz, Hy), 3.97—4.13 (m, 4H, H,,,),
591 (d, 1H, J = 11.2 Hz, Hy,), 6.14 (dd, 1H, J; = 8.4 Hz, ], = 16.8 Hg,
Hy), 6.30 (d, 1H, ] = 6.8 Hz, H,,), 748 (s, 1H, Hy), 11.23 (br, 1H, H)).
BC NMR (100 MHz, d¢-DMSO): 12.4, 25.1, 33.2, 44.2, 64.1, 64.2,
108.6, 128.8, 131.9, 1422, 151.2, 164.7, 165.9, 171.2. HRMS (ES+):
m/z caled for [M + H'] 324.13 g/mol; found 324.14 g/mol.

Synthesis of Acrylic Nucleobase-Containing Copolymers
and Hydrogen-Bonding Analogues. Poly(acrylic adenine-co-nBA),
poly(acrylic thymine-co-nBA), and poly(AA-co-nBA) and poly(VP-co-
nBA) were synthesized using solution free radical polymerization with
AIBN as the initiator. A typical synthesis was carried out as follows.
Acrylic adenine (1.0 g, 3.0 mmol) was weighed into a 100 mL round-
bottomed flask containing a magnetic stir bar. The flask was sealed
with a rubber septum and purged with N, for 20 min. Then anhydrous
DMSO (35 mL, 10 wt % of solid) was added to the flask to dissolve
acrylic adenine monomers. Purified n-butyl acrylate (4.0 mL, 28.0
mmol) was syringed into the reaction flask. Lastly, AIBN (10 mg, 0.15
mol %) was dissolved in S mL of anhydrous DMSO and flushed with
dry nitrogen for 10 min and was then syringed into the reaction
mixture. The reaction flask was placed in an oil bath at 60 °C for 24 h
with constant stirring. After polymerization, DMSO was distilled off
under reduced pressure. The product was redissolved in THF (25 mL)
and precipitated into a methanol and water mixture (800 mL). The
final products were dried at 30 °C under reduced pressure (0.5
mmHg) for 24 h. The product contained 10 mol % acrylic adenine and
90 mol % nBA, with a yield of 82%.

Synthesis of Styrenic and Acrylic Nucleobase-Containing
Homopolymers. Styrenic and acrylic adenine- and thymine-
containing homopolymers were synthesized using conventional free
radical polymerization in DMF or DMSO solution with AIBN as the
initiator. A representative example of the synthesis was conducted as
follows. Acrylic adenine (4.0 g, 12.0 mmol), AIBN (10 mg, 0.6 mmol,
0.25 wt %), and anhydrous DMSO (30 mL) were placed into a 100
mL round-bottomed flask. After the flask was sealed and purged with
N, for 20 min, it was placed in an oil bath at 60 °C for 24 h with
constant stirring. After polymerization, the polymer solution was
precipitated into diethyl ether (800 mL). The final products were
dried at 30 °C under reduced pressure (0.5 mmHg) for 24 h. Yield:
90%
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Scheme 2. Copolymerization of n-Butyl Acrylate and 4-(3-Adenine-9-yl-propanoyloxy)butyl Acrylate or 4-((3-(Thymin-I-

yl)propanoyl)oxy)butyl Acrylate
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Polymer Complexes Preparation. A S wt % solution of adenine-
containing polyacrylate copolymer in CHCI; was mixed with a 5 wt %
CHCI; solution of thymine-containing polyacrylate copolymer and
stirred for 6—8 h. Then, CHCl; was left to evaporate slowly at room
temperature for 48 h and annealed under reduced pressured at 100 °C
for 2 days.

Instrumentation. See the Supporting Information.

B RESULTS AND DISCUSSION

Synthesis of Nucleobase Functional Polyacrylates.
Synthesis of acrylic nucleobase-containing polymers involved
acrylic monomer synthesis using Michael addition (Scheme 1)
and direct radical polymerization of functional acrylic adenine
and thymine monomers. Synthesis of nucleobase styrene™ and
methacrylate'* monomers has been reported in the literature.
However, the corresponding homopolymers were glassy at
room temperature and insoluble in polar aprotic orgamc
solvents, which strongly disfavored molecular recognition.” We
targeted acrylic nucleobase monomers possessing alkyl chain
spacers, which potentially promote the solubility in a variety of
organic solvents. The introduction of nucleobases through
regioselective substitution is crucial due to the presence of
more than one nucleophilic sites on respective nucleobases.
Previously, our group successfully attached nucleobases onto
polystyrene'® and poly(p,L-lactide)*® chain ends through
Michael addition. The base-catalyzed Michael addition is
thermodynamically controlled, which affords N1-substitubted
thymine and N9-substituted adenine as the major products.>!
The reaction conditions, such as solvent, temperature, and the
amount of base catalyst, were optimized and the regioselectivity
was achieved in a satisfactory yield. The reaction was initially
heterogeneous and became homogeneous with time due to
enhanced solubility of the final products. In addition to product
solubility, excess diacrylate suppressed undesirable difunction-
alization.

Conventional free radical copolymerization of acrylic
nucleobase monomers with n-butyl acrylate was performed
homogeneously in DMF or DMSO, and the polymers were
isolated in high yields (Scheme 2). The nucleobase
concentration in the copolymer was calculated from the ratio
of '"H NMR resonances integration at 7.8—8.0 and 3.6—4.4
ppm (Figures S3(2) and S4(2)), which corresponded to the
chemical shift of —CH (H;) in nucleobase and —O—CH,—
(Hppawa) in both n-butyl acrylate and acrylic nucleobase
monomers. Table 1 lists the monomer feed ratios and the
corresponding copolymer compositions. The copolymer
composition matched with the feed ratio well possibly due to
the similar radical intermediate stability of nBA and acrylic
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Table 1. Molecular Characterization of Adenine- and
Thymine-Containing Poly(n-butyl acrylate) Copolymers and
Complementary Hydrogen-Bonding Polymer Analogues®

[M,] in [M,] in
sample feed polymer M, T,

name M, (mol %) (mol %)  (g/mol) M, /M,* (°é)

A4 acrylic N 4 95K 2.09 —41
adenine

A-7 acrylic 10 7 125K 1.64 -25
adenine

A-16 acrylic 19 16 279K 239 0
adenine

A-100 acrylic 100 100 NA NA 65
adenine

T-10 acrylic 10 10 122K 2.40 =30
thymine

T-20 acrylic 20 20 155K 2.40 —14
thymine

T-25 acrylic 29 25 164K 2.73 1
thymine

T-32 acrylic 40 32 NA NA 19
thymine

T-100 acrylic 100 100 NA NA 43
thymine

StA- styrenic 100 100 - - 204
100 adenine

StT- styrenic 100 100 - - 168
100 thymine

VP-10  [VP] 10 10 701K 233 —42

AA-4 [AA] 4 10 64.1K 1.85 =37

“NA: polymers were difficult to filter; —: polymers were insoluble. *'H
NMR. “SEC: 0.01 M LiBr/DMF.

nucleobase monomers. SEC results revealed relatively broad
molecular weight distributions, which were attributed to
conventional radical polymerization and strong hydrogen
bonding.

Thermal Transitions. To understand the association of
nucleobase-containing units, we studied the thermal and
dynamic mechanical properties of adenine- and thymine-
functionalized polynBA and their complexes. DSC analysis of
acrylic adenine- and thymine-containing copolymers all showed
a single T, (Figure S5), suggesting a statistical copolymerization
of n-butyl acrylate and acrylic nucleobase monomers. Figure 1
shows the influence of nucleobase content on the T,’s of the
copolymers. A linear inc