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Abstract: Amorphous thin films from solution-processable semiconductors are key materials
for low-cost and large area optoelectronics. Design rules towards novel amorphous
compounds with outstanding light emission and light amplification properties require
understanding of the intimate relation between chemical and electronic structure. Here, we
delicately design a series of compounds with tunable electronic transition characters of the
lowest excited state, from local excited (LE), hybrid local charge-transfer (HLCT) to charge-
transfer (CT) character. By deploying a combination of computational calculations and
femtosecond-transient absorption experiments (TAS), we show that pure LE states strongly
coupled to high wavenumber vibrational modes favors to form a few dominant discrete
vibrational levels and are essential for optical gain, whereas HLCT or CT states preferably
coupled to low frequency vibrational modes and forms a large number of consecutive
vibrational levels which leads to broad excited-state absorption overwhelming stimulated
emission. Our results provide guidelines for the rational design of efficient organic laser

materials.

1. Introduction
Solid-state organic film lasers are promising broadly tunable coherent sources, which possess

the benefits of low-cost processing, large compatibility with various substrates, and easy
tuning of optoelectronic properties by molecular tailoring.[®1 In the last decades, the quest for
electrically-pumped organic lasers has triggered a vast effort towards both the synthesis of
organic semiconductors merging outstanding photonic and charge transport propertiest®*°! and
towards the development of high quality factor laser cavities.[*® 1) From the materials design
point of view, an optical gain medium must support excellent optical waveguiding™® **! as
well as exhibit stimulated emission (SE) [2°221. Whilst the former element relies on
considerations of refractive index and homogeneity of the film (thickness value, thickness

uniformity or absence of scattering inhomogeneities), SE depends on the photophysics of the



film, being in particular sensitive to the nature of the lowest excited state responsible for
emission and its associated features like radiative and non-radiative decay rates, concurrence
of excited state absorption and SE in the same spectral regions or intramolecular electron-
phonon coupling. However, realization of amorphous thin-film organic lasers which generally
exhibit a single amplified stimulated emission (ASE) is hindered by the lack of understanding
the origin at the intramolecular level. General explanation of ASE is population inversion
between two higher-energy levels, but it is too universal and still cannot tell which
compounds easily feature population inversion and thus realize low-threshold ASE.

In this work we provide a direct visualization on how systematic chemical
modification impacts on the SE properties of a new family of conjugated molecules, all
sharing a common core consisting of a carbazole-substituted diarylfluorene. This bulky out-
of-plane central unit provides large steric hindrance, inhibiting severe aggregation and
enabling prominent solid-state luminescence characteristics.** * 2%l Five different compounds
are synthesized by connecting the common central diarylfluorene core with
trifluoromethylphenyl-, fluorophenyl-, phenyl-, biphenyl- and fluorene- end groups which
delicately confers their lowest excited states with a different character, from charge transfer
(CT) by localization of the electron (hole) in the fluorene (carbazole) unit, to hybrid local
charge-transfer (HLCT) or local excited (LE) characters. An in-depth investigation on the
structure-property relationship is carried out in order to correlate the SE property with the
nature of the lowest excited-states. We demonstrate that lowest CT states detrimental for SE
can be de-stabilized in favor of LE states upon removing the electron withdrawing
substituents and extending the conjugation around the fluorene core, giving rise to outstanding
optical gain properties. This work has interesting implications for the rational design of

organic laser materials.

2. Results and discussion



Five carbazole substituted arylfluorenes, namely SFFCz, SCFsFCz, SPhFCz, SBPhFCz and
SPFFCz, were synthesized by room-temperature BFs-Et2O-mediated Friedel-Crafts reaction
of various tertiary alcohols of 2,7-aryl-substituted 9-phenyl-9H-fluoren-9-ol with 9-octyl-9H-
carbazole (see the chemical structures in Figure 1a and the synthesis routes in Scheme S1 in
Supporting Information). The molecular structures and purities were confirmed by *H and **C
NMR spectroscopy, MALDI-TOF MS and elemental analysis (See Supporting Information).
The N-substituted octyl groups in the carbazole units enable large solubility and thus solution
processability for film preparation. The substitution of the phenyl ring and carbazole via sp*-C
of the 2,7-aryl-substituted fluorenes provide rotational flexibility of the former, bringing large
steric hindrance, preventing otherwise severe emission quenching in condensed films and
ensuring large thermal stabilities. Indeed, the fluorescence quantum efficiency (¢r) values of
SFFCz, SCF3FCz, SPhFCz, SBPhFCz and SPFFCz films are high: 52%, 50%, 39%, 47% and
66%, respectively. The corresponding degradation temperatures were 436, 377, 451, 459, and
433°C, respectively, while the glass transition temperatures were 87, 134, 88, 124 and 94°C,
respectively (see Figure S1 and S2 in Supporting Information). These moderately high glass
transition temperatures suggest good film forming abilities of the five compounds.

As the carbazole units display a non-conjugated connection to sp-C of the 9-
phenylfluorenes, the conjugation length is thus mainly determined by the parent chain of 2,7-
aryl-substituted 9-phenylfluorenes, hence depending on the different aryl substituents.
Consistently, SFFCz, SCF3FCz and SPhFCz (all with maximum absorption wavelength (Aabs)
around 303 nm) exhibit almost identical absorption spectra, while SBPhFCz (with Aaps of 343
nm) and SPFFCz (with Aas Of 355 nm) show absorption red-shifts due to their larger
conjugation lengths (Figure 1b and Figure S3 in Supporting Information).

Despite the identical absorption spectra of SFFCz, SCF3FCz and SPhFCz, their
photoluminescence (PL) exhibit significant differences; SPhFCz possesses a vibronically

resolved PL spectrum with maximum at 388 nm whereas SFFCz and SCF3FCz exhibit
4



featureless PL with maxima at 417 and 413 nm respectively. SBPhFCz and SPFFCz with
enhanced conjugation lengths show sharper, vibronically resolved PL and bathochromic shifts
with maxima at 423 and 430 nm respectively. The PL dynamics in SBPhFCz and SPFFCz

films follow mono-exponential decays with PL lifetimes of 760 ps (kr= 6.2 X 10% s) and
740 ps (kr= 8.9 X 108 s1) respectively (see Figure S4, Table S1). Bi-exponential PL decays

were instead found on SFFCz and SCF3sFCz with amplitude-averaged lifetimes of 12.28 ns (kr
=4.3 X 107 s and 13.64 ns (kr= 3.7 x 107 s1) respectively. Similarly, SPhFCz exhibits bi-

exponential PL decay with 2.06 ns average lifetime (k.= 1.89 x 10% s%). A summary of the PL
emission peaks together with their @f values, average PL lifetimes (zay) and radiative (non-
radiative) decay rates kr (knr) is shown in Table 1.

Optical gain from thin films was assessed with a widely described method consisting
of pumping them with a pulsed narrow stripe of light and detecting the waveguided
luminescence at the film edge.[** 1“1 Among the five compounds, only SBPhFCz and SPFFCz
exhibited amplified spontaneous emission (ASE), centered on the sharp 0-1 fluorescence peak
at 419 and 426 nm, respectively. The measured ASE thresholds of SBPhFCz and SPFFCz
were 2.95 and 1.59 pJ/cm?, respectively.

We first carried out time-dependent density functional theory (TDDFT) calculations in
order to elucidate the excited-state electronic-structure properties of these related molecular
structures (see the computational details in the Supporting Information). As seen in Figure 2
and Table S2, the lowest singlet exited state (S1) of both SFFCz and SCF3FCz is a charge-
transfer (CT) state with the hole located on the electron-donating carbazole unit while the
electron being localized on the fluoro-biphenyl or trifluoromethyl-biphenyl fluorene units.
Transitions from So to S; are weakly allowed as confirmed by the low oscillator strength (f)
values associated to the CT states. In contrast with S, the second and third singlet excited

states (S2 and Ss) have an increased hole localization on the biphenyl fluorene unit, giving rise



to a hybrid local charge transfer (HLCT) character and relatively strong oscillator strengths in
both of them. Regarding SPhFCz, the S: state has HLCT character whereas the S, and S3
states have CT character and local excitation (LE) character on the carbazole unit,
respectively. Both S, and Sz share low f values due to the associated transitions being
symmetry forbidden. The S; state of SPhFCz lies between the S, and Sz levels of SFFCz or
SCF3FCz, agreeing with the similar absorption spectra of the three compounds (Figure 1b).
On the other hand, because of the elongated conjugation, the S; states of SBPhFCz and
SPFFCz become LE states on the bis(biphenyl) fluorene or terfluorene backbones, and exhibit
much enhanced oscillator strengths as well as decreased excitation energies; however, the S;
and Sz states are CT states. Notably, the predicted Si characters of the five compounds are
consistent with the presence/absence of PL spectral shifts in solvents with different polarity.
Indeed, because of the CT character, SFFCz and SCF3FCz show large bathochromic shifts in
the PL spectra upon replacing nonpolar n-hexane solvent by high polar acetonitrile (see
Figure S5 in Supporting Information). Contrarily, the PL spectra of SBPhFCz and SPFFCz
exhibit almost no shift upon changing the solvent polarity due to the LE character of Si1. The
HLCT character of S; in SPhFCz is reflected in small shifts in solvents with no or weak
polarity but large red-shifts in highly polar solvents.

The PL spectral shapes are also in line with the predicted character of S; in the
different compounds. SBPhFCz and SPFFCz with LE character show clear vibronically-
resolved PL spectra whereas the other three compounds with CT or HLCT characters show
broader featureless PL. To further reveal the influence of the transition characters on the
emission spectra, we have theoretically calculated the fluorescence spectra and analyzed the
role of molecular vibrations for SFFCz and SBPhFCz, as representatives of CT and LE
transitions, respectively. The calculated fluorescence spectra (Figure 3a) agree well with the
experimental ones in n-hexane (Figure S3); SFFCz shows a single broad peak whereas

SBPhFCz exhibits three distinguishable vibronic peaks with the 0-0 transition slightly
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stronger than the 0-1 transition. Note that because of self-absorption effects in the solid phase,
the 0-0 transition is much weaker than the 0-1 transition, as observed in the SBPhFCz film
(Figure 1b). Based on the essential active vibrational modes (with Huang-Rhys factors S > 0.1,
see Figure 3b), the vibrational transition probabilities (so-called Franck-Condon factors, see
Figure 3a) are calculated to be approximately a continuous curve for SFFCz but more discrete
for SBPhFCz. The enhanced vibronic structure of the SBPhFCz PL is attributed to a
decreased vibronic coupling of the low-frequency vibrational modes and a stronger vibronic
coupling of the high-frequency backbone stretching modes (Figure 3b-c). The stronger
vibronic couplings of the high-frequency vibrations increase the intensity of the 0-1 sub-band
whereas the stronger couplings of the low-frequency vibrations broaden the sub-bands and
lead to less resolved PL spectra (Figure 3a, S6, and S7). As seen in Figure 3c, the strongest
vibronic couplings in SFFCz are ascribed to low frequency torsional modes; for instance, S =
6.2 at 14.5 cm™ and 19.0 at 20.8 cm™. The vibronic coupling is quadratically proportional to
the normal mode displacement (see eq S3).1?* 251 In SFFCz, the torsional vibrations include all
the moieties in the molecules and the inter-fragment displacements are particularly obvious
(Figure 3c and S8a), due to the significant change in electronic density upon CT transition.
This significant inter-fragment geometry change causes SFFCz to have large vibronic
coupling in the very-low-frequency region, detrimental for the formation of the well-resolved
vibronic peaks in the PL spectrum. Conversely, benefiting from the LE character of S,
SBPhCz torsional vibrations are confined in the bis(biphenyl) fluorene fragment and there is
no inter-fragment geometry change (Figure 3c and S8Db). In the low-frequency region, the
largest vibronic couplings correspond to higher frequency modes for SBPhCz, e.g. S = 1.2 at
26.4 cm™ and S = 4.8 at 89.1 cm™. This is advantageous to form discrete energy levels for
efficient population inversion required in ASE. As a result, SBPhCz exhibits a narrower and
fine-structured PL spectrum while SFFCz exhibit a broad spectral shape. These different PL

spectral shapes have also implications in the optical gain properties of the five compounds
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since larger optical gain coefficients are generally expected when the PL is concentrated in a
narrower spectral range. Thus, the narrower and well-resolved PL of SBPhFCz and SPFFCz
affords a priori better characteristics for efficient ASE and lasing.

Further insights on the optical gain properties require monitoring SE and excited state
absorption (ESA) in the time domain with femtosecond transient absorption spectroscopy.
Figure 4 depicts the differential absorption (AA) spectra of the five compounds in film at time
delays from 0.6 to 1900 ps upon photoexcitation at 320 nm (3.9 eV). Starting with SFFCz and
SCF3FCz (Figure 4a-b), photoexcitation initially populates the S, HLCT level (according to
Figure 2a) which subsequently relaxes to the Sy CT state by internal conversion. The 0.6 ps
AA spectra of SFFCz and SCF3FCz are dominated by broad ESA from the S1 CT state with
maxima at 552 and 545 nm respectively with absence of negative AA signal in the 400-450
nm range where SE is expected to be located. This is in line with the predicted very weak
oscillator strength of the CT-So transition (Fig 2a). Lack of SE is also evident at longer time
delays whereas the spectra experience a slight blue shift towards 541 nm ascribed to
vibrational cooling. The AA spectra of SPhFCz at 0.6 ps delay (Figure 4c) depicts strong ESA
extending well beyond 600 nm with a shoulder around 550 nm. As time elapses beyond 10 ps,
the tail vanishes leaving a prominent absorption band underneath with maximum at 549 nm
and similar spectral characteristics as the one observed in SFFCz and SCF3FCz. The presence
of SE buried underneath the dominant ESA is plausible from the inverted PL-like shape of the
valley between 370 and 450 nm absorption region. It appears that ESA has a higher oscillator
strength than SE, explaining the positive AA in this spectral region. Absence of SE is also
found in the AA spectra of the three compounds in chloroform solution (Figure S9),
confirming that the cause of SE quenching is merely intra-molecular. Clearly, these films
show photo-induced loss rather than optical gain. Contrarily, the AA spectra of SBPhFCz and

SPFFCz (Figure 4d-e) reveal a very different photophysical scenario. Herein, the LE character



of S1 is manifested through the observation of a negative AA band in the 400-440 nm spectral
range (superposed with their respective PL spectra) due to SE, in line with the strong
oscillator strength predicted for the So-LE transition. At 0.6 ps delay the SE band is
accompanied by a falling tail in the short wavelength range (350-400 nm) assigned to ground
state bleach and by a broad ESA with a maximum beyond 650 nm in the long wavelength
range. The ESA becomes gradually broader and more pronounced on the central part of the
visible spectrum. As a result, the AA spectra above 34 ps are composed of ground state bleach
up to 375 nm followed by broad absorption centered around 525 nm and absence of SE.
Importantly, this new contribution is apparently absent in the AA spectra in solution (Figure
S9), as revealed by the presence of SE in timescales up to 1 ns. We ascribe this new built-in
contribution to inter-chain polaron-pairs formed in the condensed phase, which are often
reported in oligo- and polyfluorene films and characterized by similar broad photoinduced
absorption in the green-yellow spectral range.?®3! In summary, SFFCz, SCFsFCz and
SPhFCz do not display stimulated emission (SE) in line with the very low oscillator strength
associated to their lower S; excited states; the 400 — 500 nm spectral range of the AA spectra
is in all cases dominated by ESA, explaining their inability to generate optical gain, and
absence of ASE. This is mainly ascribed to the detrimental presence of CT and HLCT states
showing predominant ESA over SE.® 371 Contrarily, spatial elongation of the aryl-substituted
fluorene-phenyl arms in SBPhFCz and SPFFCz lifts up the CT states favoring the formation
of lowest LE excited states. These LE states have a much higher oscillator strength (Figure 2)
and are strongly and preferentially coupled to high frequency modes located in the
bis(biphenyl) fluorene fragment, leading to narrower vibronically resolved lineshape

distributions. Altogether, this largely favors SE over ESA.

3. Conclusion



In conclusion, a series of carbazole substituted arylfluorenes with different CT and LE
excited-state contributions tuned by varying their conjugation lengths and substituents have
been synthesized and studied. Due to the different energy level ordering of their LE (or
HLCT) and CT excited states, only SBPhFCz and SPFFCz bearing longer conjugation length
and lowest-lying LE state exhibit low-threshold ASE. Strong coupling of LE states with few
high frequency modes leads to the presence of strong vibronically resolved SE overwhelming
the long tail of ESA. Contrarily, short conjugated SCF3FCz and SFFCz (SPhFCz) depict
lowest CT (HLCT) states with negligible SE contribution overwhelmed by ESA. This work
highlights the importance of pure LE states stabilized by an extended conjugation and absence
of push-pull charge effects on the fluorine moieties, gives enlightenment for future rational

design of the organic laser materials.

Experimental Section

The synthesis and characterization of the five materials are described in SI. UV-vis absorption
and PL spectra were recorded using a Shimadzu UV-3150 and RF-5300PC spectrometer,
respectively. Lifetimes were measured using an Edinburgh FLSP-920 lifetime spectrometer
with a 375 nm laser (typical pulse width: 55 ps; pulse repetition frequencies: 20 MHz). For
ASE measurements, the samples were optically pumped at 375 nm with a Q-switched,
neodymium ion doped yttrium aluminum garnet [Nd*":YAG] laser (3 ns pulses at a repetition
rate of 10 Hz) with a cylindrical lens to form a 4 mm x 550 um stripe-shaped excitation area
on the sample. The threshold is defined as the pump intensity at which the FWHM linewidth
of the emission spectrum halves.

In the TAS setup, an amplified 5kHz Ti: sapphire laser generates 30 fs 0.5 mJ pulses
to pump a commercial optical parametric amplifier (TOPAS: Light Conversion), from which
50-60 fs pulses are derived to excite the samples at 320 nm. A white light continuum is

generated in a 2 mm thick CaF crystal, mounted on an oscillating loudspeaker to reduce
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photo-damage. The beam is split in two: the probe that is sent through the sample, and a
reference beam is used for measuring and compensating the white-light intensity fluctuations.
The polarization of the probe beam is set at magic angle (54.7°) with respect to the pump.
Time-resolved spectra I(A) are acquired as a function of pump-probe delay, by a combination
of 25 cm focal length spectrometer (resolution 2 nm) and a Peltier-cooled CCD with 220 Hz
acquisition rate. A second chopper blocks the pump beam at 110 Hz and a home-made

Ipump-on

software computes the differential spectra AA = —10910( ) A reference sample is

Ipump-off
measured, and the data are processed to (i) remove the background at negative delay times,
(ii) the solvent Raman signal and the coherent interactions of the pump and probe in the cell,
(iii) to correct for the group velocity dispersion of the probe beam, characterized in the

solvent-only data set.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. (a) Chemical structures; (b) Absorption, fluorescence, and ASE spectra of the
carbazole substituted diarylfluorene compounds in films.
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Table 1. The photophysical parameters of films

Compound Tar 2 Ot ke 5 Kor 9
[ns]? [10° ns] [10° ns]
SFFCz 12.28 52% 0.043 0.038
SCFsFCz 13.64 50% 0.037 0.037
SPhFCz 2.06 39% 0.189 0.296
SBPhFCz 0.76 47% 0.618 0.697
SPFFCz 0.74 66% 0.891 0.459

3 the average lifetime of the fluorescence decay
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The intramolecular low-threshold ASE is highly correlated to the character of the lowest
excited states. The pure local excited state favors ASE with discrete vibrational levels for
efficient population inversion. The charge transfer state exhibit no ASE because its significant
inter-fragment geometry change causes large vibronic coupling in the low-frequency region,
difficult to form well-resolved vibrational energy levels.

Qi Wei*, Ruihong Duan?, Qi Zhang, Linghai Xie, Ruidong Xia, Yuanping Yi*, Jérémie
Léonard, Stefan Haacke, Juan Cabanillas-Gonzalez*, Yan Qian*, and Wei Huang*
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1. Synthesis of the carbazole substituted arylfluorenes

Materials. Boron fluoride ethyl ether were purchased from Shangshai Ling Feng Chemical
CO. Tetrakis(triphenylphosphine)palladium(0), 2,7-dibromo-9H-fluoren-9-one, (3,5-difluoro
phenyl)boronic acid, (4-(trifluoromethyl)phenyl)boronic acid and [1,1'-biphenyl]-4-ylboronic
acid were purchased from Aldrich Chemical Co. The tertiary alcohols of 2,7-aryl-substituted
9-phenyl-9H-fluoren-9-ol were synthesized by Suzuki coupling of 2,7-dibromo-9-phenyl-9H-
fluoren-9-ol with different various brominated aryls.

F

e W SFFCz
Y
| <_>F

CeH 3 CFs
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Scheme S1. The synthetic routes of the carbazole substituted 9-phenyldiarylfluorene.

Synthesis of 3-(2,7-bis(3,5-difluorophenyl)-9-phenyl-9H-fluoren-9-yl)-9-octyl-9H-
carbazole (SFFCz2)

BFs3-Et20 (1.3 ml, 9.16 mmol) was added to anhydrous CH2Cl, (100mi

) solution of DRFOH (1.0 g, 2.1 mmol) and 9-octyl-9H-carbazole (0.56 g, 2.0 mmol), and the
batch was stirred over a period of 5 h at room temperature. The resulting mixture was washed
by water and extracted with CH2Cl>. The residue then subjected to silica-gel column
chromatography to afford 0.44 g white solid of SFFCz in 30% yield. *H NMR (400 MHz,
CDCl3) & 7.94-7.92 (m, 2H), 7.91-7.89 (d, J= 8.0 Hz, 2H), 7.66 (s, 2H), 7.61-7.58 (d, J= 7.9,
2H), 7.45-7.33 (m, 5H), 7.33-7.26 (m, 4H),7.16-7.13 (t, J= 7.4 Hz, 1H), 7.08-7.06 (d, J= 8.5
Hz, 4H), 6.77-6.72 (t, J= 8.8 Hz, 2H), 4.26-4.22 (t, J= 7.3 Hz, 2H), 1.89-1.79 (m, 2H), 1.42-
1.18 (m, 10H), 0.86-0.83 (t, J= 6.7 Hz, 3H). 1*C NMR (400 MHz, CDCl3) § 164.56, 164.43,

162.10, 161.97, 153.44, 146.08, 144.55, 140.80, 139.80, 139.45, 138.74, 128.52, 128.21,
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126.95, 126.68, 126.18, 125.72, 124.95, 120.96, 120.40, 119.51, 118.73, 110.09, 109.84,
108.77,108.71, 102.69, 102.44, 102.18, 65.88, 43.19, 31.78, 29.34, 29.16, 29.03, 27.32, 22.59,
14.05. MALDI-TOF m/z: 743.69 [M]. Anal. Calcd. for CsiHa1F4N (743.32): C, 82.35; H,

5.56; N, 1.88%; found: C, 82.48; H, 5.68; N, 1.67%.

Synthesis  of  3-(2,7-bis(3,5-bis(trifluoromethyl)phenyl)-9-phenyl-9H-fluoren-9-yl)-9-
octyl-9H- carbazole (SCF3FCz)

BF3-Et,0 (1.3 ml, 9.16 mmol) was added to anhydrous CH2Cl> (100ml) solution of DRFOH
(0.9 g, 1.4 mmol) and 9-octyl-9H-carbazole (2.2 g, 1.2 mmol), and the batch was stirred over
a period of 5 h at room temperature. The resulting mixture was washed by water and extracted
with CH2Cl.. The residue then subjected to silica-gel column chromatography to afford 0.51 g
white solid of SCFsFCz in 45% yield. SCFsFCz: *H NMR (400 MHz, CDCls) & 7.99-7.97 (d,
J= 7.9 Hz, 2H), 7.95 (s, 5H), 7.93-9.91 (d, J= 7.8 Hz, 1H), 7.82 (s, 2H), 7.68 (s, 2H), 7.67-
7.65 (d, J= 7.9 Hz, 2H), 7.41-7.39 (d, J= 7.9 Hz, 4H), 7.36-7.32 (m, 5H), 7.16-7.12 (t, J= 7.4
Hz, 1H), 4.26-4.22 (t, 7.3 Hz, 2H), 1.85-1.79 (m, 2H), 1.38-1.15 (m, 10H), 0.86-0.82 (t, J=
6.8 Hz, 3H). *C NMR (400 MHz, CDCl3) & 153.90, 145.41, 143.26, 139.89, 139.86, 138.33,
135.15, 132.52, 132.19, 131.86, 131.53, 128.64, 128.05, 127.39, 127.22, 127.07, 126.39,
125.00, 124.67, 122.52, 121.96, 121.32, 120.88, 119.56, 119.25, 108.98, 66.07, 43.25, 31.70,
29.25, 29.06, 28.98, 27.25, 22.49, 13.96. MALDI-TOF m/z: 943.54 [M]. Anal. Calcd. for

CssHa1F12N (943.30): C, 69.98; H, 4.38; N, 1.48%; found: C, 69.78; H, 4.58; N, 1.38%.

Synthesis of 9-octyl-3-(2,7,9-triphenyl-9H-fluoren-9-yl)-9H-carbazole (SPhFCz)

BF3'Et.O (1.3 ml, 9.16 mmol) was added to anhydrous CH2Cl> (100ml) solution of DRFOH
(2.0 g, 2.4 mmol) and 9-octyl-9H-carbazole (0.62 g, 2.2 mmol), and the batch was stirred over
a period of 5 h at room temperature. The resulting mixture was washed by water and extracted
with CH2Cl,. The residue then subjected to silica-gel column chromatography to afford 0.46 g

white solid of SPhFCz in 31% vield. *H NMR (400 MHz, CDCls) & 8.0 (s, 1H), 7.95-7.91 (d,
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J=17.7 Hz, 1H), 7.90-7.88 (d, J= 7.9 Hz, 2H), 7.73 (s, 2H), 7.65-7.63 (d, J= 7.9 Hz, 2H), 7.58-
7.56 (d, J= 7.4 Hz, 4H), 7.43-7.20 (m, 15H), 7.16-7.12 (t, J= 7.3 Hz, 1H), 4.25-4.22 (t, J= 7.2
Hz, 2H), 1.87-1.78 (m, 2H), 1.38-1.22 (m, 10H), 0.86-0.83 (t, J=7.2 Hz, 3H). *C NMR (400
MHz, CDCls) 5152.98, 146.68, 141.40, 140.75, 139.35, 139.05, 136.12, 128.72, 128.36,
128.33, 127.20, 127.17, 126.69, 126.64, 126.42, 12553, 125.14, 122.75, 122.58, 120.52,
120.45, 119.70, 118.57, 108.60. 65.80, 43.17, 31.80, 29.36, 29.17, 29.03, 27.33, 22.60, 14.09.
MALDI-TOF m/z: 673.13 [M+2H]". Anal. Calcd. for CsiHasN (671.36): C, 91.16: H, 6.75; N,

2.08%; found: C, 91.35; H, 6.64; N, 2.38%.

Synthesis of 3-(2,7-di([1,1'-biphenyl]-4-yI)-9-phenyl-9H-fluoren-9-yl)-9-octyl-9H-
carbazole (SBPhFCz)

BF3Et20 (1.3 ml, 9.16 mmol) was added to anhydrous CH2Cl> (100ml) solution of DRFOH
(1.0 g, 1.8 mmol) and 9-octyl-9H-carbazole (0.48 g, 1.7 mmol), and the batch was stirred over
a period of 5 h at room temperature. The resulting mixture was washed by water and extracted
with CH2Cl.. The residue then subjected to silica-gel column chromatography to afford 0.53 g
white solid of SBPhCz in 38% yield. *H NMR (400 MHz, CDCls) § 8.02 (s, 1H), 7.96-7.94 (d,
J= 7.7 Hz, 1H), 7.92-7.90 (d, J= 7.9 Hz, 2H), 7.78 (s, 2H), 7.71-7.61 (m, 14H), 7.48-7.27 (m,
15H), 7.16-7.12 (t, J= 7.3 Hz, 1H), 4.26-4.22 (t, J= 7.3 Hz, 2H), 1.88-1.82(m, 2H), 1.37-1.22
(m, 10H), 0.86-0.82 (t, J= 6.8 Hz, 3H). 3C NMR (400 MHz, CDCls) § 153.08, 146.65,
140.78, 140.72, 140.29, 140.24, 140.05, 139.39, 139.15, 136.10, 128.80, 128.38, 127.54,
127.46, 127.31, 127.03, 126.67, 126.59, 126.42, 125.55, 125.02, 122.76, 122.62, 120.60,
120.46, 119.72, 118.60, 108.63, 65.84, 43.18, 31.79, 29.36, 29.17, 29.03, 27.33, 22.59, 14.07.
MALDI-TOF m/z: 823.35 [M]. Anal. Calcd. for CesHssN (823.42): C, 91.82; H, 6.48; N,

1.70%; found: C, 91.64; H, 6.35; N, 1.82%.
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Synthesis of 3-(2,7-di([1,1'-biphenyl]-4-y1)-9-phenyl-9H-fluoren-9-yl)-9-octyl-9H-
carbazole (SBPhFCz)

BF3Et20 (1.3 ml, 9.16 mmol) was added to anhydrous CH2Cl> (100ml) solution of DRFOH
(2.48 g, 2.4 mmol) and 9-octyl-9H-carbazole (0.62 g, 2.2 mmol), and the batch was stirred
over a period of 5 h at room temperature. The resulting mixture was washed by water and
extracted with CH2Cl,. The residue then subjected to silica-gel column chromatography to
afford 2.08 g white solid in 73% yield. *H NMR (400 MHz, CDCl3) & 8.08 (s, 1H), 7.98-7.94
(d, J = 7.8 Hz, 1H), 7.94-7.90 (d, J = 7.9 Hz, 2H), 7.80 (s, 2H), 7.74-7.65 (m, 6H), 7.55 (s,
1H), 7.53 (s, 3H),7.50-7.27 (m, 15H), 7.16-7.11 (t, J = 7.1 Hz, 1H), 4.28-4.20 (t, J = 7.2 Hz,
2H), 2.03-1.90 (t, J = 7.2 Hz, 8H), 1.88 — 1.78 (m, 2H), 1.42-0.96 (m, 50H), 0.87-0.74 (m,
15H), 0.73-0.55 (m, 8H). *C NMR (400 MHz, CDCls) § 152.99, 151.40, 151.03, 146.89,
141.26, 140.82, 140.76, 140.37, 140.19, 139.40, 138.97, 136.18, 128.44, 128.40, 126.98,
126.80, 126.76, 126.69, 126.46, 126.10, 125.62, 125.03, 122.90, 122.77, 122.70, 121.37,
120.46, 120.43, 119.85, 119.80, 119.71, 118.70, 108.64, 108.60, 65.89, 55.15, 43.22, 40.37,
31.82, 31.78, 30.07, 30.05, 29.75, 29.38, 29.25, 29.23, 29.22, 29.19, 29.07, 27.36, 23.81,
22.61, 14.10. MALDI-TOF m/z: 1295.58 [M]*. Anal. Calcd. for Co7H117N (1295.92): C,

89.83; H, 9.09; N, 1.08%; found: C, 89.75; H, 9.30; N, 1.12%.

Synthesis of 9-octyl-3-(9,9,9",9"-tetraoctyl-9'-phenyl-9H,9'H,9""H-[2,2":7",2"'-terfluoren]
-9'-yI)-9H-carbazole (SPFFCz)
The synthesis and characterization of SPFFCz has been described in detail in our previously

reported publication.[!!
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2. Thermal Stabilities

2.1 Tg Curves
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Figure S1. TG curves of of the carbazole substituted arylfluorenes.
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2.2 DSC curves
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3. Normalized absorption and fluorescence spectra in solution
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Figure S3. Normalized absorption and fluorescence spectra of the carbazole substituted
arylfluorenes in n-hexane (1x10° mol/L).
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4. PL decay spectra of films
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Figure S4. PL decay spectra of films (excited at 375 nm, and detected at their maximum

emission wavelengths).

Table S1. PL lifetime parameters in the films

T

T2

<Ta>

[ns] [ns] [ns]? X
SFFCz 5.48 (30.88%) 15.33 (69.12%) 12.28 1.073
SCF;FCz 6.24 (34.56%) 17.55 (65.44%) 13.64 0.929
SPhFCz 1.17 (62.13%) 3.52 (37.87%) 2.06 1.129
SBPhFCz 0.76 — 0.76 1.148
SPFFCz 0.74 — 0.74 1.214

Athe average lifetime
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5. Solvent-dependent Fluorescence Spectra
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6. Theoretical calculations

Computational details. The molecular geometries were optimized by density functional
theory (DFT) for the ground state (So) and by time-dependent DFT (TDDFT) for the lowest
singlet excited state (S1) at the MPW1B95/6-31G(d,p) level, which can well reproduce the
experimental maximum absorption wavelengths (see Table S2). For simplification, all the
octyl groups were replaced by methyl for the five studied molecules in the calculations. All
the DFT/TDDFT calculations were carried out by Gaussian 09 program.[?l Natural transition
orbitals (NTOs) were obtained for the excitation from the ground state to the lowest three
excited states to examine their transition nature. Based on the optimized So and S1 geometries
and vibration modes, the vibronic couplings, namely Huang-Rhys factors were calculated and

the fluorescence spectra were obtained by the thermal vibration correlation function (TVCF)

method, as implemented in the MOMAP program.!

Table S2. Vertical excitation energies of S1, Sz, and Ss for the studied compounds calculated

by TDDFT. For the strong absorbing states, the absorption wavelength are listd in brackets.

S;
Compound
E (eV) f E (eV) f E (eV) f

SFFCz 3.78 0.018 3.89 (319 nm) 0.599 4.09 (303 nm) 0.477
SCF;FCz 3.59 0.007 3.77 0.283 3.99 (311 nm) 0.825
SPhFCz 3.95 (314 nm) 0.827 4.02 0.145 4.22 0.010
SBPhFCz 3.72 (333 nm) 1.839 3.92 0.038 4.14 0.136
SPFFCz 3.61 (343 nm) 1.925 3.95 0.020 4.16 0.067
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Based on the Fermi golden rule and Condon’s approximation, the fluorescence spectra

can be expressed as!*!:

403
3hc3

Ofiyo (@, T) = kil 2oy Pooy (T < Op 1010, > |2 8(wip, 0, — @) (S1)

Here, P, (T) is the Boltzmann distribution of the vibration modes at the initial state Si, uy; is
the transition dipole moment for the fluorescence process. v;/vy is vibrational quantum
number of state S1/So, Of v,/ On, is the vibrational wavefunction manifold of the state S1/So,
o is the frequency, w;y, r, = Wiy, — Wyy, is the energy difference between the initial and
finial vibronic states, respectively.

The shape of PL spectrum is mainly determined by the vibrational transition

probability. For the i-th mode, when the initial vibrational level is 0, its transition probability

to vibrational level v at ground state can be expressed as:

n

Si — Q.
| < Oi,elvi,g > |2 = ;e Si (S2)
Which is also called Franck—Condon factor, and here S;i is Huang—Rhys factor, which

represents the vibronic coupling strength:

AQ;)?
Si = —w(zh ) (83)

And AQ:; represents the displacement along the normal mode (NM); between the equilibrium
positions of the two electronic states.

For the high-frequency vibration modes, the vibronic couplings are generally weak,
such as the largest couplings 0.170 and 0.215 for SFFCz and SBPhFCz, respectively. In
weak coupling case (S<1), the 0-1 transition probability increase with the coupling increasing.
Here the 0-1 transition for SBPhFCz is just slightly stronger than SFFCz (see Figure S6) due
to the slightly larger vibronic coupling. For the low-frequency modes, the vibronic couplings

could be very strong, such as the largest couplings 19.0 and 4.84 for SFFCz and SBPhFCz
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respectively. In strong coupling case (S>1), the most probable transition is the 0-Round(S)

transition.
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Figure S6. The single-mode Franck-Condon factor of the 0-v transition with the most
representative vibrational mode (mode with the largest S) in low- and high-frequency region

for SFFCz and SBPhFCz, respectively.
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Figure S7. The double-mode Franck-Condon factor for SFFCz and SBPhFCz, the most
representative vibrational mode (with the largest S) in low- and high-frequency region are
selected and the ‘0-v’ written in the figure is for the high-frequency mode.
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(b) ::i‘a
s

Figure S8. Comparison of the optimized structures between the So (in gray) and S1 (in purple)
states for (a) SFFCz and (b) SBPhFCz.
7. Transient absorption spectra in solutions
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Figure S9. AA spectra at different time delays of (a) SPFFCz, (b) SBPhFCz, (c) SFFCz, (d)
SCFsFCz, (e) SPhFCz in chloroform. Note that only SPFFCz and SBPhFCz exhibit
stimulated emission as inferred from negative AA.
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