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ABSTRACT: Here, we report the synthesis of DD SQ terpolymers with alternating |

biphenyl/terphenyl/stilbene and thiophene/hexylthiophene/bithiophene/thieno- u-e,f-'“"@"g 2
thiophene linkers. These terpolymers were characterized using 'H and "*C nuclear wﬁmg‘{ i
magnetic resonance, gel permeation chromatography, matrix-assisted laser 2.5
desorption/time-of-flight spectrometry, thermogravimetric analysis, and Fourier- e
transform infrared with the goal of combining long-wavelength emissions with high p 06
quantum yields. Density functional theory modeling studies using the Vienna ab éw
initio simulation package and Gaussian 16 methods were also explored in attempts 3 1o

to determine HOMO-LUMO electronic configurations. Terpolymers’ UV—vis  «Efad; "z
properties demonstrate an emission intermediate between the respective "’“Ct%s,:;‘

copolymers rather than emission from both units as would be expected from
physical mixtures, supporting electronic communication along polymer chains and
through cages linked via disiloxane units as seen in previous reports on copolymers
of the same systems. In addition, terpolymers of DD, thiophene, and terphenyl/
stilbene offer ®¢ that improved from 0.09 for DD/thiophene to 0.20 and 0.24, respectively. Compared to the corresponding
terphenyl and stilbene copolymers, terpolymers display 35 nm red-shifted emissions, suggesting that it is possible to combine
features of both copolymers in a single terpolymer, suggesting new opportunities to tailor photophysical properties by modifying
structures, especially in systems with disiloxane linkers.
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B INTRODUCTION reflecting interactions between these chromophores and the
cage LUMOs, leading to extensive red-shifts in emissions.”’
Still more recently, in an effort to identify the limits wherein
SQ_structures exhibit LUMOs capable of conjugating with
appended conjugated moieties, we extended our efforts to both
corner missing (T,) and doubly open cage structures, finding
that even these structures offer LUMOs that couple with
conjugated moieties.”! Indeed, in the corner missing cages,

Silsesquioxanes (SQs) have received considerable recent
attention in part due to their well-defined nanostructures
with high degrees of symmetry and in part because of their
high rigidity and ability to be functionalized using multiple
different and complementary approaches. They also offer very
high thermal and often mechanical stability engendered by

their silica cage nanostructures, as evidenced by the multiple emission ®; values are significantly enhanced vs simple

reviews and one book published on these compounds and stilbenes increasing from 0.05 to 0.10 to >0.70. This suggests

materials made therefrom.' ™"’ that the excited state LUMO is cage-centered and protected
In addition to their outstanding and highly manipulable from radiationless decay.

physical properties, they also offer unique and unexpected

photophysical properties belying what was originally thought Received: July 1, 2022 M‘ﬂwuh.mles

to be simply organic decorated silica. To this end, our group Revised:  August 18, 2022

and others have reported that aromatic and vinyl function- Published: September 13, 2022

alized SQs (Tg,0,12) exhibit LUMOs that reside in the cage
centers.'®"” As a consequence, functionalizing such cages with

organic chromophores results in extended conjugation

© 2022 American Chemical Society https://doi.org/10.1021/acs.macromol.2c01355
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The next effort along these lines was to replace T SQs with
both phenyl-substituted double decker (DD) and ladder (LL)
SQs wherein functionalization on the DD phenyls also resulted
in the formation of cage-centered LUMOs.””** In these
systems, we were also able to copolymerize vinyl-capped DD
and LL systems with a large number of aromatic monomer
units including phenyl, biphenyl, terphenyl, thiophene,
thienothiophene, and bithiophene. At the outset, we assumed
that, because each DD and LL segment of the copolymers
contains two —O—Si(Me,vinyl)—O end caps, there would be
no opportunity for conjugation. This was especially likely for
the LL SQs since they also lack a cage structure.

Much to our surprise, the LL SQ copolymers show even
further red-shifted emissions compared to the DD systems,
suggesting superior conjugation and greatly changing our
perspective of how conjugation manifests in these systems.
Indeed, to date, we are still unsure of the actual mechanisms of
conjugation. These results provided the motivation to further
probe conjugation via —O—Si(Me,vinyl)—O units in terpol-
ymers where one would expect averaging of the emission
between the two co-monomeric units.

It is important to note that easily processed polymers with
red, green, and blue emissions with high absorption and
emission quantum efficiencies (@5 = photons out/photons in)
are highly desirable in multiple flat panel display applications,
especially if they offer robust properties vis a vis thermal and
oxidative stabilities.

Given that the @y, of the phenyl, biphenyl, and terphenyl DD
copolymers are >70% but with emissions mostly near 390 nm,
whereas the thiophene copolymers emit much further red but
with @ < 20%, we also were interested in exploring the idea
that coupling the two types of comonomers might increase @,
while also shifting emission wavelengths further into the visible
as possible routes to robust PLED type materials.

B EXPERIMENTAL SECTION

Materials. All purchased chemicals were used as received unless
otherwise indicated. Tetrasilanol phenylsilsesquioxane
[PhSiO; 5]s[0ysH], [DD(OH),)] was purchased from Hybrid
Plastics. Vinylmethyldichlorosilane vinylMeSiCl,, tris-
(dibenzylideneacetone)dipalladium(0) Pd,(dba);, bis(tri-tert-
butylphosphine)palladium(0) Pd[P(t-Bu);],, N,N-dicyclohexylme-
thylamine NCy,Me, N-acetyl-L-cysteine, 4,4'-dibromo-1,1’-biphenyl,
4,4"-dibromo-p-terphenyl, 4,4’-dibromo-trans-stilbene, 2,5-dibromo-
thiophene, 2,5-dibromo-3-hexylthiophene, $,5’-dibromo-2,2'-bithio-
phene, and 2,5-dibromothieno[3,2-b]thiophene were purchased from
Sigma-Aldrich. Triethylamine (Et;N) and THF were distilled under
nitrogen from sodium/benzophenone ketyl.

Syr;}heses. VinylDDvinyl was synthesized as described previ-
ously.

General Heck Cross-Coupling of VinylDDvinyl with Br-Ar1-
Br (Ar1 = Thiophene, Hexylthiophene, Bithiophene, and
Thienothiophene).”” To a dry 200 mL Schlenk flask under N, were
added 3.62 g (3.0 mmol) of vinylDDvinyl and 38.7 mg (0.08 mmol)
of Pd[P(t-Bu);], followed by 45 mL of distilled THF, 0.80 g (4.0
mmol) of NCy,Me, and Br-Arl-Br (1.0 mmol). The mixture was
stirred magnetically at 70 °C and tracked by GPC. The reaction was
quenched after 2 days by filtering through 1 cm Celite, which was
washed with THF (5 mL). The resulting filtrate was concentrated by
rotary evaporation, the resulting concentrated solution was then
precipitated into 150 mL of cold, well-stirred methanol and filtered,
and the colored solid was redissolved in 10 mL of THF. The solution
was then filtered again through a 1 cm Celite column to further
remove residual Pd particles, concentrated, and reprecipitated into
100 mL of cold, stirred methanol to give an ~85% yield of the crude
colored product for most reactions studied. The two-cage product
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(vinylDD-Ar1-DDvinyl) was then isolated using column chromatog-
raphy (DCM:hexane 1:2 volume ratio, silica gel).

General Heck Polymerization of VinylIDD-Ar1-DDvinyl with Br-
Ar2-Br (Ar2 = Biphenyl, Terphenyl, and Stilbene). To a dry 50 mL
Schlenk flask under N, were added above vinylDD-Ar1-DDvinyl (0.04
mmol) and 4.0 mg (0.008 mmol) of Pd[P(t-Bu);], followed by 20
mL of distilled THF, 64 mg (0.32 mmol) of NCy,Me, and Br-Ar2-Br
(0.04 mmol). The mixture was stirred magnetically at 70 °C and
tracked by GPC. The reaction was quenched after 14 days by filtering
through 1 cm Celite, which was washed with THF (S mL). The
resulting filtrate was concentrated by rotary evaporation, and the
resulting concentrated solution was then precipitated into 100 mL of
cold, well-stirred methanol to give a yield of 75% colored product.

Mixing F,TCNQ with Alternating Terpolymers. To a 2 mL vial, 5
mg of a solid alternating terpolymer in 0.3 mL of DCM was added
and then different volumes of F,TCNQ/DCM (2 mg/mL) solutions
were added slowly on the top of the terpolymer solution. Other
terpolymer solutions with different molar ratios of F,TCNQ_dopant
were prepared using the same procedure. FTIR and UV-—vis
spectrometry of the alternating terpolymers mixed with F,TCNQ
were measured.

Analytical Methods. Matrix-assisted laser desorption/time-of-
flight spectrometry (MALDI-TOF), 'H and '*C nuclear magnetic
resonance (NMR), thermogravimetric analyses (TGA), gel perme-
ation chromatography (GPC), and Fourier-transform infrared spec-
troscopy (FTIR) measurements were done as described in ref 21.

Photophysical Characterization. UV—Vis Spectrometry. UV—
vis measurements were recorded on a Shimadzu UV-1601 UV—vis
transmission spectrometer. Samples were dissolved in DCM and
diluted to a concentration (107> to 10™* M) where the absorption
maximum was <10% for a 1 cm path length.

Photoluminescence Spectrometry. Photoluminescence spectra
were recorded on a Fluoromax-2 fluorometer in the required solvent
using 300 nm excitation. Samples from UV—vis spectroscopy were
diluted (1075 to 107 M) to avoid excimer formation and fluorometer
detector saturation.

Photoluminescent Quantum Yields. Quantum vyields were
measured using an integrated sphere. Samples were dissolved in
CH,Cl, (DCM) and diluted to a concentration (107> to 10™* M)
where the absorption maximum was <10% for a 1 cm path length.
Absorption and emission inside the sphere were determined by
comparison to a blank CH,Cl, in cuvette (glass only). Each sample
was measured three times or more.

Molar Extinction Coefficients (e). Molar extinction coefficients (&)
were calculated as € = A/cl, where A = absorbance, ¢ = sample
concentration in moles/liter, and I = length of the light path through
the sample in centimeters. All the samples were dissolved in DCM.
The cuvettes used for the absorption test have an inner dimension of
1.0 cm.

Modeling Methods.

(1) Ground state optimized structures of all structures were
determined using DFT at the B3LYP/6-31G(d,p) level of
theory with GD3BJ dispersion correction.”*** The vertical
excitation energies and electronic absorption spectra were
investigated using time-dependent density functional theory
(TD-DFT) with hybrid exchange-correlation functional CAM-
B3LYP. All calculations were run with the Gaussian 16
program package.

Crystal state calculations were performed using plane-wave
DFT within the framework of non-spin-polarized density
functional theory using the Vienna ab initio simulation package
(VASP). The exchange-correlation energy and potential were
described by Perdew, Burke, and Ernzerhof (PBE) poten-
tials.””*° The electron—ion interactions were described by the
projector-augmented wave (PAW) scheme. The many body
dispersion method of Tkatchenko et al.*' was used to account
for van der Waals interactions. Van der Waals interactions have
a huge impact on the electronic properties of double-decker
copolymers since the molecules and different functional groups
in the same molecule are very close to one another.

)

https://doi.org/10.1021/acs.macromol.2c01355
Macromolecules 2022, 55, 8106—8116


pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c01355?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

Scheme 1. Syntheses of DD Derived Alternating Terpolymers
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Table 1. MALDI-TOF, GPC, and TGA Data for Terpolymers
GPC TGA
compound MALDI-TOF m/z" M, M, b ceramic yield % theory yield % Taso0/aic “C
DD-thio-DD 2600° 1690 1770 1.0 48 48 54§
ter-thio-DD-biph 2745°¢ 4676 13,215 2.83 44 45 500
ter-thio-DD-terph 2822° 4500 7400 1.65 4S 44 520
ter-thio-DD-stil 2764° 17,213 57,111 2.97 44 45 410
DD-hexylthio-DD 2679°¢ 1434 1468 1.02 45 47 450
ter-hexylthio-DD-biph 2831° 9397 20,837 2.22 42 44 480
ter-hexylthio-DD-terph 2906° 6333 13,934 2.20 40 43 460
ter-hexylthio-DD-stilbene 2854° S125 14,420 2.81 39 44 300
DD-bithio-DD 2574b,2682“ 1780 1890 1.06 45 47 540
ter-bithio-DD-biph 2827°¢ 3113 S112 1.64 44 44 410
ter-bithio-DD-terph 2905° 10,053 25,622 2.55 43 43 350
ter-bithio-DD-stil 2855°¢ 21,208 55,885 2.63 37 44 320
DD-ththio-DD 2655° 1720 1790 1.04 46 47 530
ter-ththio-DD-biph 2803° 4935 7996 1.62 44 44 400
ter-ththio-DD-stilbene 2827°¢ 4701 23,164 4.93 41 44 370

“As Ag* adduct. "As H* adduct. “m/z of the repeating unit of terpolymers.

B RESULTS AND DISCUSSION

Our objectives continue to be to map structure—property
relationships of hybrid polymers with SQs in the main chain.
We are particularly interested in exploring the possible effects
of introducing different conjugated linkers on emissive
behavior with the idea of modifying and tailoring their
photophysical properties such that they may offer novel
materials for display applications. We are also particularly
interested in expanding our knowledge of the factors leading to
unconventional conjugation in the excited state, especially via
disiloxane linkages, contrasting with traditional views of such
insulating linkers.

Syntheses. Occam’s razor suggests that the simplest
approach should be tried first. Thus, the direct copolymeriza-
tion with a 2:1:1 molar ratio of vinylDDvinyl:dibromo-
biphenyl:dibromo-thiophene was explored. However, di-
vinylDD reacts with biphenyl much faster than with thiophene
such that that no terpolymer forms. Instead, it appears that
block copolymers form with larger segments of DD-co-
biphenyl. It is likely that the thiophene sulfur binds reversibly
to Pd such that catalytic efficiency is decreased.”*~> This is
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also the simplest explanation for why both DD/LL SQ_derived
copolymers with phenyl systems always generate much longer
chains (degree of polymerization, DP ~15) than thiophene
systems (DP ~S§).

Thus, we turned to the more tedious approach to alternating
terpolymers using step-by-step syntheses per Scheme 1. We
first coupled thiophene groups with DD SQs on both ends via
Heck cross-coupling and with a 3:1 DD:thiophene molar ratio.
The expected vinylDD-thiophene-DDvinyl was isolated via
column chromatography (DCM:hexane 2:1 volume ratio).
The reason for choosing thiophene systems in the first step is
again that the polymerization of vinylDD-biphenyl-DDvinyl
with thiophene will be even more difficult in any efforts to
obtain longer terpolymers. Thus, vinylDD-thiophene-DDvinyl
was synthesized first. All the products were characterized using
standard methods, as recorded in Table 1 and Figures SI and
S2.

Figure la and Table 1 record GPC data for these
compounds. After Heck catalytic cross-coupling of divinyl-
DD with a 3:1 molar ratio dibromo-Arl, the product is a
mixture of single-cage, two-cage, and three-cage products as

https://doi.org/10.1021/acs.macromol.2c01355
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Figure 1. (a) GPC of the product mixture of DD with thiophene (3:1 molar ratio), isolated DD-thiophene-DD via column chromatography, and
terpolymer of DD-thiophene-DD with biphenyl. (b) TGA of DD-thiophene-DD, ter-thio-DD-biph, and copolymers of DD-co-biphenyl and DD-co-

thiophene.
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Figure 2. (a) Normalized absorption and emission of DD-thiophene-DD, mixture of DD:thiophene 3:1, and longer DD-co-thiophene (1:1). (b)
Absorption and emission of ter-thio-DD-biph and corresponding copolymers, DD-co-biphenyl and DD-co-thiophene.

expected and evidenced by three narrow peaks (PDI ~1.04) at
retention times of 32.9, 30.5, and 29.3 min, respectively, due to
the differences in hydrodynamic volumes of the intact SQ
cores. The target product, DD-Ar1-DD, is the second peak in
the GPC trace and can be isolated via column chromatog-
raphy.

Figures S1—S4 provide MALDI data for the dimers. The
TGA in Figure 1b and data in Table 1 were used to
characterize the end groups of the isolated two-cage product,
which indicate end-capping of Arl with DD cages according to
the expected m/z in MALDI and ceramic yields close to or the
same as the theoretical values calculated from the chemical
formulae for DD-Arl-DD. Note that the molecular weights
suggested by GPC are always smaller than MALDI due to the
sphere-like hydrodynamic volume of the DD cores.

The successful isolation of DD-Ar1-DD is also supported by
'H and "*C NMRs in Figures $30, S33, $34, $43, and S44 and
Table S1. The '"H NMR of DD-thiophene-DD exhibits new
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signals for ethene groups bonded to thiophene at 6.9 and 6.4
ppm, distinct from peaks for unreacted vinyl groups at 6.20 and
6.05 ppm. The theoretical ratio of reacted to unreacted vinyl
protons is 2:3, matching the actual integration ratio of 2.1:3.1.
Additionally, there are two methyl peaks, likely indicating
protons in two magnetically different environments originating
from reacted and unreacted vinyls. The *C NMR shows peaks
for phenyl groups on the DD cage from 127 to 134 ppm.
Reacted and unreacted vinyl groups also display distinct
chemical shifts at 144.3 and 139.1 ppm and 135.2 and 134.5
ppm, respectively. Thiophene carbon peaks appear at x137
and 124 ppm.

Peaks are assigned by comparison with the NMR of di-vinyl
DD. The isolated dimer products are also characterized by
FTIR, as shown in Figures S45—548 and peak assignments in
Table S2, with the highest peak at 1132 cm™" from the Si—O—
Si framework. Peaks from vC=C and vC—H are also observed

https://doi.org/10.1021/acs.macromol.2c01355
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Table 2. UV—Vis, Photoluminescent Data, Quantum Efficiency (®;), and Molar Extinction Coefficient (¢) for DD Derived

Copolymers and Terpolymers

polymers DP Abs. A (nm)®
DD-co-thiophene 340
DD-co-bithiophene 391
DD-co-thienothiophene S 358
DD-co-hexylthiophene 277, 345
DD-co-biphenyl 11 314
DD-co-terphenyl 11 321
DD-co-stilbene 9 357
DD-thio-DD 2 340
DD-hexylthio-DD 2 345
DD-bithio-DD 2 387
DD-ththio-DD 2 358
ter-thio-DD-biph 15 317
ter-thio-DD-terph 8 324
ter-thio-DD-stil 64 343, 355
ter-hexylthiophene-DD-biphenyl 28 311
ter-hexylthiophene-DD-terphenyl 19 321
ter-hexylthiophene-DD-stilbene 20 344
ter-bithio-DD-biph S 312, 378
ter-bithio-DD-terph 27 322, 390
ter-bithio-DD-stil 59 357
ter-ththio-DD-biph 9 316
ter-ththio-DD-stil 26 357

Em. 4, (nm)“ (o & x10*
478, 505 0.09 + 0.001 1.0

505, 538 0.17 + 0.02 0.7

496, 526 0.13 + 0.01 0.9

478

357, 373 0.66 + 0.05 0.5

374, 392 0.87 + 0.04 0.6

393, 412, 436 0.61 + 0.04 0.4

390 0.03 + 0.003 2.2 + 0.08
440 0.10 + 0.02 1.7 £ 0.11
436, 461 0.13 + 0.006 3.3 + 0.06
400, 412 0.08 + 0.03 3.7 + 0.04
409, 432 0.07 + 0.004 57 + 0.02
41S, 427 0.20 + 0.03 6.8 + 0.12
415, 446, 469 0.24 + 0.06 3.7 + 0.03
430 0.25 + 0.028 49 £+ 0.11
412 0.16 + 0.036 3.0 +0.11
392, 412, 438 0.25 + 0.033 94 + 0.16
437, 464, 495 0.14 + 0.004 5.6 +0.23
437, 464, 495 0.12 + 0.01 7.7 £ 0.83
460 0.15 + 0.01 5.3 +0.12
411, 433, 451 0.14 + 0.02 54+ 022
467 0.25 + 0.036 7.5 £ 0.57

“Underlined peaks are considered the primary absorption and emission A,

around 1400 and 3000 cm™, respectively, characteristic of
phenyl, vinyl, and thiophene groups.

After Heck cross-coupling of DD-Ar1-DD with dibromo-
Ar2, the alternating terpolymers DD-Arl-Ar2 appear in the
GPC with retention times of 25—28 min, with a D of ~1.7
expected for step-growth type polymerization with average
DPs of 4—8. The presence of oligomers is also confirmed by
MALDI, which shows peaks every DD-Arl-DD-Ar2 repeat
unit.

In general, SQ monomers are readily ionizable; however, as
the M, of SQ-based oligomers increases, the ionization
efficiency decreases, resulting in smaller peaks. Thus, MALDI
peak heights cannot be considered as a quantitative measure of
the amount of each species in the oligomeric mixture. From
the TGA analyses, the Tysy, of the resulting terpolymers are all
>400 °C, indicating that high thermal stabilities in air and the
ceramic yields are close to the theoretical value and in between
those of the corresponding copolymers DD-co Arl/Ar2. 'H
NMR in Table S1 and Figure S30 suggests only trace amounts
of end vinyl groups around 6.10 ppm and greater amounts of
ethene bridges between the DD cage and organic tethers Arl
and Ar2 around 7.0 and 6.5 ppm, respectively, indicating
successful polymerization. Finally, there are broad peaks in the
aromatic proton region around 7.8—7.1 ppm, typical for these
compounds and peaks in the CHj; region around 0.45 ppm.
There are essentially no significant changes in FTIRs as
expected.

Photophysical Properties. We previously reported the
successful preparation of a series of DD copolymers/oligomers
and the discovery of through-chain conjugation in the excited
state even through the —O—Si(Me,vinyl)—O siloxane units as
evidenced by the exceptional red-shifted emission from the
respective model compounds.””*’ Figure 2a compares the
UV—vis absorption and emission of DD-thiophene-DD, short
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oligomers, and long DD-co-thiophene synthesized using the
ratios of DD:thiophene of 3:1 and 1:1, respectively.

It is worth noting that the emission maxima show
progressive red-shifts from 390 to 465 to 505 nm as a function
of chain length. In addition, even though the Abs. 4, at 340
nm does not change, the absorption shoulder around 400 nm
grows with extensions in chain length further supporting the
presence of through-chain conjugation involving the SQ cages
via siloxane units. DD-bithiophene-DD and DD-thienothio-
phene-DD spectra are presented in Figures S54 and S55 and
also show similar progressively red-shifted emissions with
increasing chain lengths.

Figure 2b provides absorption and emission data for the ter-
thio-DD-biph and the corresponding DD-co-biphenyl and DD-
co-thiophene, as summarized in Table 2. The absorption
spectrum of the alternating terpolymer shows a peak at 315 nm
around the Abs. A, of DD-co-biphenyl and an increased
shoulder around 400 nm, similar to DD-co-thiophene, which
suggests successful Heck polymerization and no ground-state
HOMO interactions. The Em. A, of the terpolymer is 430
nm, in between that of DD-co-biphenyl (375 nm) and DD-co-
thiophene (505 nm), which again points to the excited-state
conjugation involving SQ_cages and two different conjugated
linkers and the opportunities to tune the emission of DD
derived polymers. Compared to the starting DD-thiophene-
DD, the Em. A, of terpolymer is red-shifted by 40 nm,
indicating extended conjugation after linking biphenyl with
DD-thiophene-DD.

On excitation near the Abs. A, of DD-co-biphenyl (315
nm) and DD-co-thiophene (340 nm), the Em. 4., remains at
430 nm while the intensity is much higher for excitation at 345
nm, as shown in Figure S61. As indicated in Table 2 and
Figures S62—S71, other terpolymers also show emission
maxima between those of the two copolymers, all suggesting
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that the polymer LUMOs communicate between SQs through
each type of conjugated unit.

Photoluminescence quantum yields were measured using a
K-sphere integrating sphere in DCM with the excitation
wavelengths at Abs. A, of DD-co-Arl to explore the effect of
incorporation of Ar2 into the system since DD-co-Ar2 displays
a quite high ®g. Table 2 shows that the incorporation of
biphenyl offers minimal improvement in @ since the
terpolymers display essentially the same @ as those of the
corresponding copolymers.

Terpolymers of ter-thio-DD-terph and ter-thio-DD-stil
exhibit improved @y from 0.09 to 0.20 and 0.24, respectively.
Both ter-thio-DD-biph and ter-thio-DD-stil show red-shifted
emissions by ~35 nm from corresponding DD-co-biphenyl and
DD-co-stilbene. These two systems are successful examples
combining longer-wavelength emission and higher quantum
yields. Unfortunately, the bithiophene and thienothiophene
derived terpolymers offer no significant increases in observed
quantum yields, which are similar to those of DD-co-
bithiophene and DD-co-thienothiophene of ~0.15. More
studies need to be done to explore suitable combinations of
organic tethers targeting novel (superior) photophysical
properties important for display devices.

Finally, we recently prepared LL copolymers analogous to
the DD copolymers, and among them, LL-co-biphenyl,
terphenyl, and stilbene offer quantum yields of 0.6 but further
red-shifted emission beyond their DD analogues. Studies of LL
derived terpolymers may offer superior photophysical proper-
ties while still maintaining robust thermal behavior.

As a further proof of through cage conjugation and along
polymer chains, we also assessed the electron donating
properties of these terpolymers using 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (F,TCNQ) as done in our
recent paper.”> As previously, we also see charge transfer that
can be detected by FTIR most easily by shifts in the cyano
stretching vibrations.

The charge transfer studies between F,TCNQ and the
double decker alternating terpolymers in Table 3 provide
further evidence of unconventional conjugation. Compounds
ter-hexyl-thiophene-DD-biphenyl, ter-hexylthiophene-DD-ter-
phenyl, ter-hexylthiophene-DD-stilbene, ter-thiophene-DD-
stilbene, ter-bithiophene-DD-stilbene, and ter-thienothio-
phene-DD-stilbene exhibit almost integer charge transfer
(ICT) with S0 mol % electron acceptor F,TCNQ. The partial

Table 3. Charge Transfer Studies between Alternating
Terpolymers with F,TCNQ

charge transfer

DD-terpolymers F,TCNQ Cyano-v(C=N)" degree (5)

ter-hexylthiophene-DD- 50 o % 2197 0.92
stilbene

ter-hexylthiophene-DD- 50, 2211, 2195 0.49, 0.98
biphenyl

ter-hexylthiophene-DD- 50,1 4 2214, 2195 0.40, 0.98
terphenyl

ter-thiophene-DD- SO0mol % 2214, 2196 0.40, 0.95
stilbene

ter-bithiophene-DD- SO0mmol % 2196 0.95
stilbene

ter-thienothiophene- SO0pmol % 2212, 2194 0.46, 1
DD-stilbene

F,TCNQ 2227 0

“Underlined peaks are considered the primary cyano vibrational band.
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charge degrees calculated are more than 0.9. The inherent
error may simply be due to the width of the peak. Among
them, ter-hexylthiophene-DD-biphenyl, ter-hexylthiophene-
DD-terphenyl, ter-thiophene-DD-stilbene, and ter-thienothio-
phene-DD-stilbene show both integer charge transfer and
partial charge transfer on changing content using excess
F,TCNQ, consistent with evidence of an absorption peak at
390 nm, indicative of excess neutral F,TCNQ. Color changes
from light greenish yellow to grass green could be seen from all
the samples.

Results of FTIR of ter-hexylthiophene-DD-stilbene doped
with F,TCNQ from § to 100 mol % are shown in Figure 3. For
all the samples, except ter-hexylthiophene-DD-stilbene doped
with 50 and 100 mol % F,TCNQ, shifts of

2A v
s=1 -2
Yo Yo (1)
characteristic VC=N bands from 2227 to 2194 cm™' are

observed in the FTIR from the strongest YC=N bands of the
anionic form of F,TCNQ. For samples of ter-hexylthiophene-
DD-stilbene doped with 50 and 100 mol % F,TCNQ, shifts of
characteristic VC=N bands from 2227 to 2197 cm™ are
observed, which indicate partial charge transfer. The partial
charge degree calculation using formula 1 gives a value of 0.92,
which may simply be the error attributable to peak width.
Therefore, all the samples show integer charge transfer on
doping with F,TCNQ.

The samples doped with >50 mol % show both integer
charge transfer and partial charge transfer (§ = 0.49) on doping
with excess F,TCNQ with evidence of an absorption peak at
390 nm arising from the presence of excess neutral F,TCNQ.
These results are consistent with those of Neelamraju et al.’s
work at high doping concentrations. In this work, organic
conjugated semiconductors exhibit an increase in partial charge
transfer states.>® Albeit, the data were for solid state studies
wherein it was surmised that crystalline segments gave unit
charge transfer and amorphous regions were responsible for
partial charge transfer. Given the very different nature of our
DD terpolymers, such explanations may or may not be
applicable for solution properties.

Absorption spectra for F,TCNQ doped ter-hexylthiophene-
DD-stilbene 5—100 mol % are shown in Figure 4. For samples
of ter-hexylthiophene-DD-stilbene doped with more than 30
mol % F,TCNQ, the absorption peaks at 755 and 855 nm of
F,TCNQ™ corresponding with the DO — D1 transition were
seen. For samples of ter-hexylthiophene-DD-stilbene doped
with >50 mol % F,TCNQ, absorption peaks for F,TCNQ~
reach saturation. The peak at 390 nm shows excess neutral
F,TCNQ. All the peaks were normalized at a wavelength of
344 nm, which is the absorption peak of ter-hexylthiophene-
DD-stilbene.

Modeling Studies. As in our previous work on DD and LL
copolymers, we sought help in modeling the electronic
behavior of these new systems. Two DFT approaches were
used: VASP and Gaussian 16 (see the Experimental Section).
In the former models, it is possible to discern cage-centered
LUMO:s for the model terpolymer components that are X6 eV
above the HOMO for all examples modeled. However, these
same calculations show band gaps of roughly 4 eV localized
only on the aromatic components, suggesting no obvious
conjugation via siloxane bonds, and VASP derived molecular
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Figure 3. FTIR of ter-hexylthiophene-DD-stilbene doped with F,TCNQ from 5 to 100 mol %.
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Figure 4. Absorption spectra for F,TCNQ_doped ter-hexylthiophene-DD-stilbene 5—100 mol %.

orbitals for ter-bithio-DD-stil are shown in Figure S. More
examples are found in Figures S74—S81.

For the Gaussian 16 modeling studies presented in Figure 6
and Figures S82—S89 and Table S8, we see HOMO-LUMO
gaps of 5.5—6.5 eV. These studies also present calculated
absorption/emission peaks that correspond directly to tradi-
tional 7 to #* transitions. This approach also seems unable to
predict the observed red-shifts seen, which would require
LUMOs delocalized over several units.
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One interpretation of these results is that there are non-
traditional LUMOs participating in the photophysics of these
terpolymers (and previous copolymers) that are, as of yet, not
easily modeled using current methods and pointing to new
opportunities for the modeling world.

Indeed, in efforts to be published in the near future,®” we
find that SQ and in particular DD copolymer and terpolymer
photophysics behavior do not follow traditional expectations.
We find that the fluorescence emission spectra of many if not
all SQ-based systems studied so far defy Kasha’s rule.”” The
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Figure 6. Example of Gaussian 16 derived molecular orbitals for DD-bithio-stil.

rule basically states that emission spectra will be primarily from
the lowest excited state no matter what excitation wavelength
is used. However, for most all SQ_systems studied to date,
there appears to be a notable shift of emission spectra
depending on the excitation wavelength. As an immediate
consequence, measurements of two photon absorption (2PA)
cross sections and 2PA spectra that rely on detection of
fluorescence, in particular, as reported recently,22 may yield
largely varying values, depending on what part of the
fluorescence signal is being detected.

Carbon nanodots are also reported to exhibit excitation-
dependent emissions contrary to Kasha’s rule;**** however,
these results may be a consequence of the presence of
impurities.*?’g'40 In the current efforts, the purities of the
compounds studied here and previously are demonstrated via
the various analytical tools employed.

B CONCLUSIONS

This report details the synthesis and characterization of sets of
conjugated terpolymers/oligomers derived from double decker
silsesquioxanes. Two different synthetic routes were explored:
the direct polymerization of DD with a 2:1:1 molar ratio of
biphenyl and thiophene and polymerization step by step. Due
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to the different reaction rates between thiophene and biphenyl,
polymerization step by step is a better method to yield
alternating terpolymers. TGA indicates high thermal stabilities
in air inherent with DD SQ cages. Photophysical studies of DD
alternating terpolymers suggest that the absorption spectra
display spectral characteristics from respective DD copolymers,
while the emission spectra are an average of both copolymers.
Electron transfer studies with F,TNQ_show both full and
partial electron transfer possibly arising from two types of
molecular association. This latter behavior may be tied to the
presence of two emitting states that are excitation wavelength-
dependent.”’

These results indicate no ground-state electronic communi-
cation along the chain but provide additional strong evidence
for unconventional conjugation in the excite state involving
two different organic tethers extending along the length of the
polymer despite the presence of disiloxane-capped links.
Moreover, by incorporating terphenyl/stilbene to form
terpolymers with DD and thiophene, the quantum yields are
increased modestly with respect to the copolymer of DD and
thiophene, pointing to potential opportunities to tailor the
photophysical properties that are important in applications
such as display panels.
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Figure 7. Heck catalyzed copolymerization of dibromoaryl monomers with the half cage tetra(methylvinylsiloxy)phenylsilsesquioxane and

bis(methylvinylsiloxy),[PhSiO, 5]s.*'

In a future paper, we will demonstrate further extensions of
conjugation in siloxane-based copolymers, as illustrated in
Figure 74
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