Supramolecular Polymer-Molecule Complexes as Gain Media
for Ultraviolet Lasers
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ABSTRACT: A novel supramolecular system comprising a complex of 9,9'-diphenyl-9H,9'H-2,2"-bifluorene-9,9'-diol (DPFOH)
with poly(methylmethacrylate) (PMMA) is presented as an attractive system for optical gain in the ultraviolet. The analogue
compound 9,9'-diphenyl-9H,9'H-2,2"-bifluorene (DPFO8) without -OH substituent was synthesized alongside DPFOH to confirm
the importance of its chemical structure to the thin film microstructure. A hydrogen-bonding interaction allows the molecule such
as DPFOH and a combination of DPFOH and PMMA to have an excellent solution-processed high quality coating film. In stark
contrast to DPFO8 system, we find that the addition of 1 wt% DPFOH to PMMA leads to spontaneous formation of a supramo-
lecular complex via hydrogen bonding interactions, giving rise to a homogenous film with relatively high photoluminescence quan-
tum efficiency ~38 (x5)%. The demonstration of ultraviolet laser action with peak wavelength emission at 385 nm provided further
evidence of the high optical quality of the DPFOH/PMMA supramolecular complex films. DPFOH-PMMA supramolecular com-

plex has great potential for use in low-cost solution processed optoelectronic devices.

Solution-processed organic optoelectronic devices have
long attracted worldwide research and commercial interest,
mainly due to the associated low manufacturing costs and the
potential for large area production using high throughput print-
ing and other coating techniques.* In addition to the optoelec-
tronic properties, molecular design plays a key role in the pro-
cessability and thermal stability of organic materials. Adopting
a programmable supramolecular approach can bring further
opportunities for solution processed conjugated systems.>” A
supramolecular system or "supermolecule” is a well-defined
complex of molecules held together by non-covalent bonds.
The engineering of these assemblies offers a key to new possi-
bilities for optoelectronic materials and devices. Supramolecu-
lar polymeric materials comprising an aromatic organic mole-
cule can be classified into three categories® (1) Supramolecular
polymeric  semiconductor  (SPS).>** (1)  Conjugated
supramolecular polymer (CSP)” 8 16 and (111) Supramolecular
doped polymer (SDP).2 17 Herein, our interest is to develop a
supramolecular system based on the SDP approach. Conju-
gated dopant unit of the supramolecule are grafted onto a non-
conjugated polymer chain via hydrogen bond interactions.®

We report a new DPFOH-PMMA SDP supramolecular sys-
tem and compare it with films of PMMA doped with the non-
hydrogen-bonding DPFOS8, describing a range of structural
and optoelectronic properties. PMMA is widely used as a pol-
ymer optical fiber (POF) material; largely due to its high
transparency, flexibility, and low cost processing.®® For the
SDP dopant we used a newly synthesized fluorescent molecule,
namely 9,9'-diphenyl-9H,9'H-2,2'-bifluorene-9,9'-diol
(DPFOH, Figure 1(a)). Fluorophore-doped PMMA SDP sys-
tems of this type could be promising candidates with which to
realize polymer optical fibre amplifiers (POFASs), provided, of
course, that they exhibit suitably high-quality optical proper-
ties, especially in respect of optical gain.**2° Among the chal-
lenges for such multi-component blended material systems is
to obtain low scattering losses. This is dependent on fabricat-
ing uniform films with homogeneous microstructures. A key
requirement is thus to avoid phase separation between the
components and the introduction of supramolecular interac-
tions between them can be helpful in this regard.?" 22 In the
present work, we take full advantage of the SDP approach to
arrive at a gain medium for use in ultraviolet lasers.
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Figure 1. (a) Chemical structure of DPFOH and (b) its crystallo-
graphic structure. Two different molecular packing modes for
DPFOH single crystal, without (c) and with (d) the incorporation
of H20. The green line signifies the hydrogen-bonds. Insets show
the fluorescence microscope (FLM) images of single crystals.

DPFOH was synthesized via a typical Suzuki cross-coupling
reaction between 9-phenyl-fluorenolboronic ester and 2-
bromo-substituted 9-phenyl-fluorenol (Scheme S1 and Figure
S1). To compare and contrast the dependence of film forming
properties on supramolecular interactions, 9,9'-diphenyl-
9H,9'H-2,2-bifluorene (DPFO8), without -OH substituents
was also synthesized (Figure S2).°?° Differential scanning
calorimetry (DSC) and thermo gravimetric analysis (TGA)
were performed to evaluate the thermal properties of DPFOH.
Results from both measurements suggest that DPFOH exhibits
outstanding thermal stability (Figures S3 and S4). A TGA
decomposition temperature (Tq4) around 330 °C is found for
5% weight loss (Figure S3). An excellent microstructural sta-
bility is also inferred, with a crystallization exotherm appear-
ing at T, = 220 °C in DSC (Figure S4) but no other distinct
thermal transitions across the temperature range 30 to 230 °C.
Single crystal structures provide an effective means to screen
intermolecular hydrogen-bonding interactions in the solution,
crystalline and solid states. Single crystals of DPFOH were
grown from a 3:1 volume ratio of toluene: isopropyl alcohol
mixed solution. Crystallographic analysis, from single-crystal
X-ray diffraction measurements, suggested a torsion angle of
10.78° between adjacent fluorene moieties (Figure 1(b-d)). As
shown in Figure 1(c), from the crystallographic structure of
DPFOH flake single crystal, strong supramolecular hydrogen
bonding interactions between DPFOH molecules, with a char-
acteristic distance of 2.043 A suggests the formation of a
DPFOH-based CSP. The incorporation of hydrogen-bonding
and - stacking interactions promotes DPFOH lamellar crys-
tal formation (Figure 1(c), inset). Interestingly, in the presence
of H,O, we obtain rod-like single crystals instead, comprising
a supramolecular H,O:DPFOH complex or co-crystal (Figure
1(d)). The characteristic distance of O-H---O interactions be-
tween the O-H of DPFOH and O of H,0 is ~1.940 A, thereby
confirming the formation of hydrogen-bonding interaction.
However, the hydrogen-bonding interactions among DPFOH
to DPFOH molecules may be disrupted via the addition of
other molecules (including polymers, such as PMMA) pos-
sessing O-H, C=0, H3CO-C=0 groups. In this regard, DPFOH
might then exhibit single molecule photophysical behavior,
with the blends acting as highly diluted solid solutions.
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Figure 2. (a) Partial *H NMR spectra from different concentra-
tions of DPFOH in CDClj3solutions. (b) Comparison of 'H NMR
spectra for 2 mM DPFOH and the mixture of DPFOH
(1wt%)/PMMA in CDCls solution. Green lines represent the hy-
drogen-bonds in SPS and SDP structures.
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Figure 3. AFM and FLM images of a DPFOH CSP film (a, b) and
a DPFOH/PMMA SDP film with the ratio of 1 wt % (c, d).

'H NMR spectroscopy provides further insight into the
DPFOH-based CSP and PMMA/DPFOH-based SDP struc-
tures. Figure 2(a) shows the concentration-dependent *H NMR
spectra for DPFOH in deuterated chloroform (CDCls). At low
concentration, below 2 mM, the Hs of the hydroxyl group is
around 2.45 ppm. On increasing the DPFOH concentration up
to 120 mM, however, the corresponding hydroxyl group signal
shifts from 2.45 to 2.67 ppm, suggesting the formation of in-
termolecular hydrogen-bonding interactions between DPFOH
and adjacent DPFOH molecule. This observation supports the
proposed formation of a high molecular weight CSP driven by
intermolecular hydrogen-bonding (Figure2(a)). The impact on
thin-film formation is positive, with smooth DPFOH thin-
films (see Figure 3(a) and S5) routinely spin-coated from tolu-
ene solution. As shown in Figure 3(b), the uniformity of emis-
sion from the DPFOH spin-coated films, effectively confirms
a high quality DPFOH films. On introducing PMMA into the
DPFOH solution, the 'H NMR signal from the-OH group
down-shifts by 0.12 ppm relative to DPFOH alone (Figure
2(b), 2 mM in CDCIls). In addition to the DPFOH CSP films,
the supramolecular interactions in the DPFOH/PMMA SDP
system also support the production of high quality, homoge-
neous thin films (Figure 3(c), S7 and S8), and an efficient
dispersion of fluorophores is also demonstrated via FLM
images in (Figure 3(d) and S8). In stark contrast, DPFO8 self-
assembles into irregular micro-fibers, nanosheets and crystals
(Figure S5 and S6) and, consequently, does not form uniform
thin films from solution. Furthermore, the spin-coated films
from PPFO8 (1 wt%)/PMMA either have small crystals or



aggregate (Figure S7 and S8), suggesting that a phase separa-
tion happened in the film spin-coating process.
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Figure 4. (a) Absorption and photoluminescence (PL) spectra
forDPFO8 and DPFOH in the dilute (10 mg/mL) solutions. (b)
Absorption and PL spectra for DPFOH films (~ 80 nm thickness)
together with the PL spectrum for a DPFOH:PMMA film (~ 2 um
thickness) coated onto an optical fiber. Inset shows photographs
of a DPFOH film on a spectrosil substrate and a DPFOH:PMMA
coated optical fiber, under 365 nm UV light excitation.

To further characterize the influence of supramolecular
complex formation we turned next to measurements of sample
optical properties. UV-vis absorption and photoluminescence
(PL) spectra were measured for different concentration toluene
solutions of DPFOH and DPFO8 (Figure 4, S9-S11). The so-
lution absorption spectra for both DPFOH and DPFO8 have a
long-wavelength peak at ~325 nm, assigned to the z-* transi-
tion of the bifluorene. The DPFOH absorption is marginally
red-shifted relative to that of DPFO8 but otherwise very simi-
lar in line shape. For dilute solutions, i.e.10° mg/mL, the PL
spectra from both materials show clear vibronic progressions.
Again, the DPFOH spectrum is slightly red shifted (by 6 nm)
relative to that from DPFO8 (consistent with the absorption
data). The first three PL vibronic bands for DPFOH peak at
370 nm, 387 nm and 408 nm. PL quantum yields (®pLqv)
measured for the dilute solutions above, were broadly similar
and found to be 73% and 68% for the DPFOH and DPFO8
samples, respectively. Recording the PL emission spectra as a
function of solution concentration revealed some interesting
differences (Figures S9 and S10). Barring the effects of strong
self-absorption that are present for the 1 and 5 mg/mL solu-
tions (Figure S9), the PL emission spectra from the DPFO8
samples were virtually identical. This implies a weak interac-
tion among DPFO8 molecules. Conversely, over the same
concentration range, the emission spectra for the DPFOH
samples, show very different behavior (Figures S10, S11). As
a concentration is increased, the spectral contribution at longer
wavelengths noticeably rises. There is also, what appears to be,
the appearance of an supramolecular aggregated emission
peak at ~ 450 nm, (please note that an excimer may exist in the
aggregation states?). It is clearly visible for the highest con-
centrations (Figure S10). Furthermore, the time-resolve PL
measurements show that the decay time of emission peak at
450 nm is about 816 ps, longer than those for 370 nm, 387 nm
and 408 nm with the decay times of 360~400 ps, supporting
the formation of aggregation and the significant interactions
among DPFOH molecules in the solution. The absorption
spectra for DPFOH thin-film samples appear slightly broader
than found for dilute solutions. They retain, however, the same
absorption peak wavelength (Figure 4). In contrast, DPFO8
did not form uniform films on spin-coating from solution; a
rough and discontinuous coverage of the substrates resulted
and absorption spectra could not, consequently, be obtained,
but PL spectra of a DPFOS8 solid state in Figure S12 confirm
its green emission consistent with the results in Figure S6. The
corresponding DPFOH PL spectra are red-shifted by around

30 nm, with a clear but somewhat less-well-resolve dvibronic
structure and a long-wavelength tail. The red-shift again points
towards significant intermolecular interactions as does the
green-band-like tail (Figure 4(b) and S$12).24% Mindful that
such interactions are potentially detrimental to the efficiency
of light emission processes, we turned to the blended SDP
comprising DPFOH molecules at 1 wt% concentration in
PMMA. Figure 4(b) presents the PL emission spectrum (blue
curve) from such a SDP film, dip-coated onto an optical fiber.
It is virtually identical to that of the dilute solution (red trace
in Figure 4(a)), indicating that our blended SDP films exhibit
the spectral characteristics of well-dispersed DPFOH mole-
cules. These observations are consistent with the relatively
high PLQY ~38% measured for the SDP films (c f. ~20% for
DPFOH films) and are promising for their use as gain media
in lasers and/or amplifiers.?-28
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Figure 5. (a) A schematic illustration of the laser resonator struc-
ture and pumping configuration for the DPFOH:PMMA coated
optical fiber. (b) SEM images of the optical fiber coated with
DPFOH:PMMA. The higher resolution image shows the uni-
formity of the coating at its centre while the lower resolution im-
age shows the edge region. (c) Emission spectra taken below and
above threshold for whispering gallery mode lasing. (d) Spectrally
integrated emission intensity as a function of excitation power.

Owing to the formation of hydrogen bonds between DPFOH
and PMMA in our blended SDP films, we can effectively sup-
press the phase separation and/or crystallization that can oth-
erwise occur during film formation. The result is a blended
film, exhibiting good optical quality, microstructure and sta-
bility (Figure 3, S7 and S12).2% 22 As a demonstration of the
utility of the DPFOH/PMMA SDP we present results for
whispering gallery mode lasing using the SDP as an optical
gain medium in a ring microlaser (Figure 5(a) and 5(b)).2® 2
Silica optical fibers (~ 125 um diameter) were dipped into a
saturated chloroform solution of the SDP, resulting, following
fast drying in air, in a ~ 2 um thickness polymer over-coating,
(Figure 5(b)). Optical pumping was with 6 ns pulses at 355
nm, obtained from a Nd:YAG laser operating at 10 Hz repeti-
tion rate. The pump beam was focused at normal incidence
onto the SDP film coated fiber (Figure 5(a)). Light emitted
from the SDP films was collected by an optical fiber and cou-
pled into an optical-multichannel analyzer (OMA) system with
a charge-coupled-device (CCD) array detector (spectral reso-
lution 0.05 nm). Emission spectra, recorded at excitation in-
tensities above and below the lasing threshold are shown in
Figure 5(c). Above threshold, a series of sharp peaks, with
linewidths §;<0.15 nm, become clearly visible in the emission
spectra. At a peak wavelength Amax = 385 nm, the Q factor (=



Amax/8x ) can be estimated to be around 2000. Figure 5(d)
shows the integrated intensity across the 0-1 peak (380~390
nm) as a function of excitation power. A clear (lasing) thresh-
old is apparent at ~103 kW/cm?. The utility and success of the
DPFOH:PMMA SDP can be best appreciated by comparison
to DPFO8:PMMA blend films, which we also tried to use as a
gain medium. Under identical optical pumping conditions, we
found no evidence for lasing, most likely the result of scatter-
ing-induced optical losses associated with DPFO8 phase sepa-
ration and crystallization during film formation.

In summary, a novel supramolecular system comprising the
newly synthesized DPFOH as a dopant in PMMA was investi-
gated. In stark contrast to DPFO8 system, DPFOH CSP and
DPFOH/PMMA SDP systems exhibit an excellent film-
forming ability via solution spin-coating process for the for-
mation of hydrogen-bonding interaction. Meanwhile, the hy-
drogen-bonding interaction between DPFOH and PMMA
chain allow for an efficient dispersion of DPFOH molecules in
PMMA matrix with a single molecular photo-physical proper-
ty and relatively high ®p qv Of ~38 (£5)%. Further evidence
for the optical quality of the SDP films was obtained via the
demonstration of ultraviolet whispering gallery mode micro
ring laser action, peaked at~ 385 nm. Supramolecular ap-
proach is thus shown to be a promising route for low cost op-
toelectronic devices; allowing construction of high quality
homogeneous thin film structures based on solution processes.
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