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Abstract
To understand how polymers physisorb onto solid surfaces, we investigated the physisorption behavior of non-charged,
semiflexible poly(9,9-dioctylfluorene) (PF8) with three different number-average degrees of polymerization (DPn) as
photoluminescent and chromophoric probes onto cuboidal γ-alumina in toluene at 5, 25, and 50 °C. PF8 revealed noticeable
DPn and temperature dependencies in its physisorption behaviors. Molecular mechanics (MM)/molecular dynamics (MD)
simulations [consistent valence force field (CVFF)] and Møller–Plesset second-order perturbation theory (MP2) with 6-31 G
(d,p) calculations suggested that the PF8 in toluene has multiple interactions from CH/π to C–H/O interactions on the (110)
surface of γ-alumina. The competition between multiple intermolecular CH/π and C–H/O interactions was crucial for the
spontaneous physisorption of PF8 to occur in the presence of a solvent quantity of toluene. Calculations by time-dependent
density functional theory (TD-DFT) with Becke three parameter Lee-Yang-Par (B3LYP) method and 6–31 G(d,p) basis set
of a model fluorene 9-mer indicated that the π–π* absorption wavelength largely depends on the regularity of the dihedral
angles between fluorene rings, while the intensity and spectral width of the π–π* absorption band are largely influenced by
the regularity of the dihedral angles. Solution-phase physisorption systems are a result of the inherent nature of several
competitive weak intermolecular interactions coexisting among the polymers, surface, and solvents.

Introduction

Physisorption is a ubiquitous phenomena at gas-liquid,
liquid-solid, and gas-solid interfaces [1–4]. Historically,
physisorption phenomena of small molecules at gas-solid and
liquid-solid interfaces are understood well [5, 6]. Physisorbed
flexible polymers at surfaces are postulated to adopt the loop-
train-tail structure [7]. Physisorption is a consequence of
several non-covalent interactions [3, 4] and is assumed to be
the initial process of covalent bonds that originate from

chemisorption. An organosilane coupling reagent and end-
functionalized polymer enable the modification of the desired
functional surface of ceramics [8–12]. However, a deeper
understanding of the physisorption behavior of chain-like
polymers at liquid-solid interfaces remains an unresolved
issue. This difficulty arises from the large conformational
freedom of the main-chain/side-chain of polymers, as well as
the nature of the surrounding solvent molecules. Thus far, the
investigation of physisorption phenomena has focused on
non-chromophoric and/or non-luminophoric polymers, such
as polystyrene derivatives and polyethylene glycol, with the
goal of using them for several potent applications [1–11].
Nevertheless, liquid-phase physisorption of chain-like poly-
mers is beneficial for the hybridization of polymers with
inorganics, such as metal oxides, chalcogenides, and noble
metals, when inexpensive functional source materials are
employed at ambient temperatures [12, 13] in addition to
various sophisticated approaches used thus far to modify
surfaces [14–29].

In 2007, Tavenner et al. investigated how fluorobenzene
and hexafluorobenzene (C6F6) can physisorb onto the polar
HO-Al surface of alumina by means of solid-state 19F-NMR
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and FT-IR spectroscopy. A noticeable reorientation of C6F6
from face-on to edge-on geometry at the HO-Al surface
occurred when the surface coverage increased [30].
Recently, Pietropaola et al. indicated the importance of
interactions between semiflexible poly(9,9-n-dioctyl-
fluorene) (PF8) and amorphous silica in the origin of the
nonhelical-to-helical phase transition at the quartz surface
by means of well-tempered meta-dynamic molecular
dynamics (MD) simulations [31]. Zhang, Gomez, and
Milner theoretically discussed the inherent nature of semi-
flexible polymer chains associated with the persistence
length (q) at an impenetrable surface, such as ceramics and
metals, because the physisorption behavior of semiflexible
polymers is different from that of flexible polymers. Their
MD simulation based on a bead-spring model predicts that
semiflexible polymers will spontaneously parallelly align in
a nematic-like phase at the surface [32].

Non-charged PF8 in solution and solid states has been
established to be susceptible to the dihedral angles among
fluorene rings associated with higher-order structures,
known as α-phase, β-phase, and other phases [33–40]. The
longest π–π* transition at ≈435 nm is characteristic of the β-
phase due to the well-ordered packing state of PF8 main
chains, while the π–π* transitions at 330–390 nm, which
largely blueshifted by 30–50 nm, are from the α-, α′-, liquid
crystalline, and amorphous phases.

These inherent nature of PF8 facilitates us to investigate
the relationship between the physisorption behaviors and
higher-order structures of PF8 as a realistic semiflexible
polymer model. Moreover, PF8 has a unique chemical
structure that can avoid aggregation-caused quenching
(ACQ) from which many π-conjugated compounds suffer

[41]. The key geometry for the non-ACQ behavior is that
the long axis of the side chain is oriented perpendicular to
the plane of the fluorene ring, and the conformation of the
two alkyl side chains at the 9,9 positions is stabilized by
intramolecular C–H/π interactions, as illustrated in Fig. 1
(top right) [42]. This intramolecular C–H/π interaction
efficiently prevents π–π stacking, leading to the non-ACQ
behavior. Recently, this idea was verified by a single-crystal
structural analysis of several 9,9-dialkylfluorene molecules,
as well as variable temperature 1H-NMR measurements in
1,1,2,2-tetrahloroethane-d2[43].

In two previous papers, we spectroscopically visualized
the physisorption behavior of polymers at a liquid-solid
interface using non-charged, photoluminescent PF8 with a
smaller DPn of 43 and a wider polydispersity index (PDI) of
≈4.5 as a model of a stiff, chainlike adsorbate and 0.5 µm-
size spherical silica particles as a non-charged, adsorbent
amorphous surface[44, 45]. We expected the efficient
production of a higher fraction of the β-phase by solution-
phase epitaxy growth at the crystalline surface of γ-alumina
even in dilute/semi-dilute conditions, but a dominant facet
was not characterized. When the molecular weight of PF8
increased, we found a noticeable increase in the β-phase and
rapid physisorption within one hour in several common
organic solvents [45]. A detailed DPn dependency of the
physisorption behavior at a crystalline solid surface, how-
ever, was not reported.

In this paper, we investigated the physisorption behavior
of PF8 onto crystalline, cuboidal γ-alumina (90–120 m2 g–1)
in toluene at 5, 25, and 50 °C. PF8 revealed noticeable DPn

and temperature dependencies of its physisorption beha-
viors. Molecular mechanics (MM)/molecular dynamics

Fig. 1 Chemical structure of
PF8 (top, left) and proposed
intramolecular CH/π interactions
between four H atoms at the
β-carbon atoms of the n-octyl
groups and four carbon atoms at
the ipso-carbons of the two
fluorene rings (top, right).
Chemical structures of F8
(bottom, left) and F1-2/F1-9
(bottom, right) for the MP2
(6-31 G(d,p)) and TD-DFT
(B3LYP/6-31 G(d,p))
calculations
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(MD) simulations with consistent valence force field
(CVFF) [34, 46] and Møller–Plesset second-order pertur-
bation theory (MP2) with 6-31 G(d,p) basis set [47, 48]
calculations suggested that PF8 swaps multiple interactions,
e.g., CH/π interactions [49–51] to C–H/O interactions [52–
54], at the (110) surface of γ-alumina in toluene. The
competition among multiple intermolecular CH/π and C–H/
O interactions determines whether the spontaneous physi-
sorption of PF8 at the (110) surface occurs in the presence
of a solvent quantity of toluene. Moreover, time-dependent
density functional theory (TD-DFT) with Becke three
parameter Lee-Yang-Par (B3LYP) method and 6-31 G(d.p)
basis set [55–57] calculations of a model fluorene 9-mer
indicated that the π–π* absorption wavelength largely
depends on the regularity of the dihedral angles between the
fluorene rings, and the intensity and spectral width of the π–
π* absorption band are greatly affected by the regularity of
the dihedral angles. This idea is applicable to real PF8 in
solution to determine whether PF8 spontaneously physi-
sorbs at the (110) and other facets of γ-alumina. Invisible,
multiple intermolecular non-covalent bond interactions
among the polymers, surface, and solvents are crucial for
solution-phase physisorption.

Experimental section and theoretical
simulations

Previously, we designed all the procedures for spectro-
scopic studies of PF8 physisorption under quasi-
concentrated solution conditions (1.0 × 10–2 M) in chloro-
form [44, 45]. In this study, we conducted dilute/semi-dilute
conditions (1.0 × 10–3 M) of three fractionated PF8 samples
in toluene. Moreover, major difference of the adsorbate is
amorphous silica [44] and crystalline γ-alumina in this
work.

Detailed experimental and theoretical procedures are
described in the Supplementary Information (SI, Figures S1,
S2, S4). Herein, PF8 with DPn= 53 (PDI= 1.3), 97 (PDI
= 2.0), and 200 (PDI= 2.5) are abbreviated as PF8-53,
PF8-97, and PF8-200, respectively. We confirmed the
crystal structure and morphology of neutral γ-alumina [γ-
alumina 90, Merck (Tokyo, Japan)] and for comparison, α-
alumina [Wako Pure Chemical (Osaka, Japan)], but the
number of Al-OH groups on the neutral γ-alumina was
unclear and not characterized. A comparison of their scan-
ning electron microscope (SEM) images and wide-angle X-
ray diffraction (WAXD) data is given in SI, Figure S3.

Detailed MM/MD simulations with a CVFF force field
and quantum mechanical (MP2, density functional theory
(DFT), and TD-DFT) calculations are described in the SI.
The (110) facet of γ-alumina without OH groups is a built-in
inorganic in the Forcite program. In the MM/MD

simulations, we have to consider the effects of AlO–H/PF8
because O–H/π interactions may exist. Neutral γ-alumina 30
(Merck) is routinely used in column separation experiments
due to its certified neutrality (very minimal number of
Al–OH groups). Organic chemists often control the surface
acidity (the degree of physisorption) of alumina and silica
gels by adding methanol, ethanol, and isopropanol to
chloroform and hexanes as eluents. The water content of
fresh, spectroscopic-grade toluene (Dotite) is less than
0.05% (500 p.p.m.), corresponding to <0.08 × 10–6 mol of
water in 3.0 mL of toluene in all the physisorption
experiments. Water is not a dominant species compared to
3 × 10–6 mol of the PF8 repeating unit (10–3 M) in 3.0 mL
of toluene.

Results and discussion

Physisorption behavior evaluated by UV-visible
spectra

Figures 2a–c plots the amount of physisorbed PF8 with
three DPn (in μmol) onto γ-alumina (0.25 wt/v%) as a
function of the physisorption time in toluene at 5, 25, and
50 °C. The initial amounts of γ-alumina, PF8, and toluene
are 7.5 mg, 1.17 mg, and 3.0 mL, respectively. The nominal
ratio of the cross-sectional area of PF8 to the specific
surface area of γ-alumina is ≈4 when the specific surface
area of γ-alumina and the cross-sectional area of PF8 on a
flat surface [44, 45] are assumed to be 105 m2 g–1 and
1.33–1.55 nm2, respectively, regardless of the face-on,
edge-on, and face-on orientations [44] of PF8.

Among the three PF8, PF8-97 obviously adsorbed onto
γ-alumina at 5, 25, and 50 °C in the adsorption time.
However, PF8-53 scarcely adsorbed onto γ-alumina at these
temperatures, and the amount of physisorption diminished
by 3-orders of magnitude. Physisorption of PF8-200 was
not clearly detected by UV-visible absorption measure-
ments. Only highly sensitive photoluminescence (PL) and
PL excitation (PLE) measurements detected physisorbed
PF8-200 on γ-alumina. Therefore, we can discuss the
physisorption behavior associated with the β-phase fraction
of non-charged PF8 on the neutral surface of γ-alumina by
the analyses of PL, PLE, and UV-visible absorption spectral
data sets as functions of the DPn, lK, and q values.

Figure 3a plots the amount of physisorbed PF8 on
γ-alumina (0.25 wt/v%) in toluene as a function of DPn at 5,
25, and 50 °C for a fixed physisorption time of 3 h. PF8
almost linearly adsorbed onto γ-alumina at 25 °C for 3 h
of physisorption time as DPn increased. The amount of
physisorbed PF8-200 reached 0.55 µmol per 7.5 mg of
γ-alumina (0.79 m2) in toluene (0.25 wt/v%) as a function
of DPn at 5, 25, and 50 °C for a physisorption time of 3 h,
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corresponding to ≈60% coverage of PF8 on the surface.
PF8-97 had a tendency to strongly adsorb when the tem-
perature decreased from 50 °C to 25 °C and 5 °C. However,
PF8-53 weakly adsorbed onto γ-alumina, and the adsorp-
tion was independent of the temperature.

At 5 °C and 50 °C, PF8-200 scarcely adsorbed due to
undetermined reasons. An optimal DPn of PF8 for physi-
sorption on γ-alumina may exist. We assume that a greater
flexibility of the main-/side-chains, as well as the sur-
rounding solvent molecules at elevated temperature may
lead to diminish London dispersion and other weak attrac-
tive interactions among PF8, toluene and the γ-alumina
surface.

The q value of PF8 is 9.8 nm at 25 °C and 33.5 nm at 50
°C in toluene [37] and 8.5 nm in chloroform at 25 °C [33],
yielding a Kuhn length (lK= 2 × q) of 20 nm at 25 °C, 67
nm at 50 °C (in toluene), and 17 nm at 25 °C (in

chloroform). The lK values in toluene correspond to DP ≈ 25
at 25 °C and ≈84 at 50 °C when the length of the fluorene
monomer unit is assumed to be ≈0.80 nm. The Hildebrand
and Hansen solubility parameters [58, 59] indicated that
chloroform and toluene act as good and moderate solvents
for PF8, respectively [33]. Other polyfluorenes carrying
chiral alkyl side chains have a similar q value of 9.5 nm in
tetrahydrofuran at 20 °C [60].

To discuss the physisorption behavior of PF8 on a γ-alu-
mina surface as a function of DPn, we employed MM and
MD simulations to evaluate the attractive energy (–E, kcal
mol–1) between an isolated 9,9-di-n-octylfluorene (F8) oli-
gomer (repeating number (DP): 3, 5, 7, 10, and 20) and the
(110) surface of γ-alumina in a vacuum in association with the
q value of PF8. Here, interchain interactions among multiple
F8 oligomers were ignored in this simulation. Representative
snapshots (0.0, 0.12, 0.25, and 0.50 ns) of spontaneous
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Fig. 2 The amount (in µmol) of physisorbed (a) PF8-53, (b) PF8-97,
and (c) PF8-200 on γ-alumina (0.25 wt/v%) in toluene at three

physisorption temperatures (5, 25, and 50 °C) as a function of the
physisorption time
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Fig. 3 a The amount (in µmol)
of physisorbed PF8 on γ-
alumina (0.25 wt/v%) in toluene
as a function of DPn at 5, 25,
and 50 °C for a fixed 3 h
physisorption time. b Change in
the attractive energy between
9,9-di-n-octylfluorene (F8) and
the (110) surface of γ-alumina as
a function of the repeating
number (DP) of F8
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physisorption behaviors of F8 with DP= 20 (F8-20) are
given in Fig. 4, the SI, Figure S9, and the corresponding
movie, DPn20re_on_surf Quench_300K_end_s.mov. For
comparison, the physisorption behaviors of F8-20 are given
in DPn20re_278K.mov in the SI. Interestingly, F8-20 at 5 °C
does not adhere well at the surface and tends to form a coiled
or looped shape at the surface.

As given in Fig. 3b, the –E value tends to almost linearly
increase with an increase of DP up to 20, which nearly
corresponds to the lK value of 20 nm of PF8 in toluene at
25 °C. An open question is whether the –E value non-
linearly increases (case i), increases linearly (case ii), or
saturates at a constant value (case iii) when DPn ranges
from 20 and 200. However, we cannot obtain the –E value
when DP is sufficiently high due to the limited computing
cost for MD simulations. Actually, the simulation took 53 h
using our 8-core server for PF8 with DP= 20 in a vacuum
(SI, Figures S10 and S11). Nevertheless, Fig. 3a implies
experimentally that PF8 in toluene at 25 °C tends to almost
linearly adsorb onto the γ-alumina surface as a function of
DPn. The amounts of physisorbed PF8 at lower tempera-
tures (5 °C and 25 °C) are larger than those at 50 °C, sug-
gesting that PF8 desorbs from the surface due to solvation
by toluene molecules. Indeed, a noticeable DP dependency
of an ordered β-phase formation in a series of 9,9-di-n-
octylfluorene oligomers was reported[61].

Fraction of β-phase PF8 on γ-alumina surface by PLE
and PL spectra

To spectroscopically evaluate the mole fraction of β-phase
on the surface of γ-alumina, PL and PLE spectra were taken
for PF8-53, PF8-97, and PF8-200 adsorbed on γ-alumina.
The existence of the β-phase [33–40, 44] indicates a heli-
cally well-ordered 5/2 conformation of fluorene with a left-
helix or right-helix. Disregarding the physisorbed amount of

PF8, we summarized the normalized PLE and PL spectra in
Fig. 5a–f.

The polymer was excited at 360 nm for the PL study,
while the spectra were monitored at 480 nm for the PLE
study. Each spectrum was normalized at its maximum
intensity. Physisorption conditions were γ-alumina (0.25 wt/
v%) in toluene at 5, 25, and 50 °C for a physisorption time
of 3 h. A comparison of Fig. 5a–c shows that PF8-97 and
PF8-200 clearly have an intense, narrow PLE (0-0) band at
433 nm, which is characteristic of the β-phase. However,
PF8-53 did not show the 433-nm PLE band and showed a
broader vibronic PLE band at ≈375 nm with several
shoulder signals. The 433-nm PLE intensity of PF8-97
tended to increase as the physisorption temperature
decreased.

Meanwhile, the 433-nm PLE intensity of PF8-200 ten-
ded to increase as the physisorption temperature decreased.
Figures 5e and f show that PF8-97 and PF8-200 have four
sharp regression PL bands at 438 nm (0–0), 460 nm (0–1),
499 nm (0–2), and ≈534 nm (0–3). The Stokes’ shift
between the 438 nm (0–0) band and 433 nm PLE (0–0)
band is only 5 nm, corresponding to 265 cm–1. The energy
spacings between the four PL regressions are 1090, 1700,
and 1320 cm–1, respectively. These PL characteristics arise
from the well-ordered β-phase. The fraction of the β-phase
for PF8-97 at 25 °C and PF8-200 at 25 °C was spectro-
scopically evaluated to be 22 and 29%, respectively. These
β-phase fractions are almost half of that (51–56%) for PF8
on spherical, amorphous silica under quasi-concentrated
conditions [44, 45]. The higher fraction of the β-phase in the
dilute/semi-dilute conditions possibly occurs due to
solution-phase epitaxy growth at the crystalline surface.

However, Fig. 5d shows that PF8-53 has three broad
regression PL signals at short wavelengths of 421 nm (0–0),
442 nm (0–1), and ≈508 nm (0–2). The large Stokes’ shift
between the 421 nm (0–0) and 375 nm PLE (0-0) bands is

Fig. 4 Magnified snapshot (t= 0.50 ns) obtained with an MM/MD
simulation of F8-20 on the (110) surface of γ-alumina in a vacuum at
300 K. A Forcite module with a consistent valence force field (CVFF)

in Materials Studio (ver.7, BIOVIA, San Diego, CA, US) was used. Al
and O elements are given with labels for visibility
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≈46 nm, corresponding to 2910 cm–1. The energy spacings
between the three regression PLs are 1130 and 2940 cm–1,
respectively. These PL characteristics arise from the α-
phase and other ill-ordered phases. Very similar DPn-
dependent PLE and PL characteristics for 0.50 wt/v% and
1.00 wt/v% of γ-alumina were found at three temperatures
(SI, Figures S5–S6).

MM/MD simulations of 9,9-di-n-octylfluorene (F8)
oligomers onto the (110) surface of γ-alumina in a
vacuum and in toluene

A previous section showed that the F8 oligomer at the (110)
surface in a vacuum had a tendency to almost linearly adsorb

with an increase in the DP value. The value of –E is estimated
to be ≈2.5 kcal per F8 repeating unit-mol. If the –E value is
extended to DP= 50 and 100, the –E values reach 125 and
250 kcal per F8 unit-mol, respectively. These negative value
energies are equal to ≈1.4 times and ≈2.8 times, respectively,
the bond dissociation energy (89 kcal mol–1) of the C–C sin-
gle bonds. Actually, the physisorption of PF8 abruptly occurs
between DPn= 50 and 100 (Fig. 3a). A threshold E value for
efficient spontaneous physisorption in the absence of less-
polar toluene, which is similar to the vacuum condition, may
exist between ≈150 and ≈300 kcal per mol.

Recently, Katrusiak et al. showed the existence of
intermolecular CH/π and CH/HC interactions among
toluene molecules in pressured crystals and aggregate forms
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Fig. 5 Photoluminescence excitation (PLE) spectra monitored at 480
nm of (a) PF8-53, (b) PF8-97, and (c) PF8-200 on γ-alumina and the
corresponding photoluminescence (PL) spectra excited at 360 nm of

(d) PF8-53, (e) PF8-97, and (f) PF8-200. Physisorption conditions are
γ-alumina (0.25 wt/v%) in toluene at 5, 25, and 50 °C for a 3 h phy-
sisorption time
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[62]. This knowledge prompted us to survey the inter-
molecular CH/π, π/π, and other possible interactions among
toluene, PF8, and the (110) surface of γ-alumina as a
function of time with the help of MM/MD simulations. To
generate a more realistic physisorption model, we set up a
hybridized system of one hypothetical F8 molecule with
DP= 5 (F8-5) (7.8% by volume) at the (110) surface sur-
rounded by 200 hypothetical toluene molecules (92.2% by
volume) using an amorphous cell with the Forcite geometry
optimization algorithm. The DP= 5 and including a num-
ber of toluene molecules required substantial computing
resources (≈46 h with 8 cores); thus, our computational
simulation was limited to N= 5 in that environment (SI,
Figures S10 and S11).

Figures 6a-f displays the magnified snapshots of the non-
adsorbed (t= 0.0 ns) and adsorbed (t= 0.50 ns) states for
F8-5 onto the (110) surface of γ-alumina at 300 K obtained
with the MM/MD simulations associated with the corre-
sponding original movie in SI, pentamer_g-al2O3-11.mov.

When t= 0.0 ns, the aromatic C–H protons of toluene
interact with the CH2 protons of the n-octyl groups in F8-5
via multiple CH/π interactions [49–51], as shown in
Figs. 6a–b. The multiple CH/O interactions between aro-
matic C–H on toluene and O-Al on the (110) surface can be
seen in Fig. 6c.

When t= 0.5 ns, the CH2 protons of the n-octyl groups
in F8-5 interact well with O-Al at the (110) surface
(Figs. 6d-f), while the aromatic C–H protons of toluene
interact with O–Al at the (110) surface via multiple CH/O
interactions [53, 54], as shown in Fig. 6d.

Based on the MM/MD simulations of F8-5 in toluene,
we assume that the origin of spontaneous physisorption of
PF8-97 and PF8-200 in toluene may be a process of
replacing weaker intermolecular CH/π interactions [49–51]
existing between the n-octyl chains (C–H) of PF8 and π-
carbons of toluene with stronger intermolecular CH/Ο
interactions [52–54] between n-octyl chains (C–H) and
O–Al at the (110) surface. Actually, CH/π and CH/Ο
interactions are ≈1.5 and ≈2.0 kcal mol–1, respectively. The
intermolecular CH/Ο interactions between the aromatic CH
of toluene and O-Al at the (110) surface commonly coexist
during the spontaneous physisorption of PF8.

The adsorbed PF8 at the γ-alumina (110) can adopt three
orientations (face-on, edge-on, and end-on), which is simi-
lar to spherical silica [44, 45]. The MM/MD simulations tell
us that PF8 prefers the face-on/edge-on orientations, and
while the fluorene main chains are not coplanar, they are not
ill-ordered. Non-directional interactions between the n-octyl
side chains and the (110) surface are responsible for the ill-
ordered main-chain geometry due to non-directional, but
stronger intermolecular CH/Ο interactions [49–54].

To prove the idea, we compared the Mulliken charges
between F8, toluene, n-heptadecane (C17), and a dimeric

Fig. 6 The magnified snapshots of non-adsorbed (t= 0.0 ns) and
adsorbed (t= 0.50 ns) states for F8 with DP= 5 (F8-5) on the (110)
surface of γ-alumina at 300 K in the presence of a solvent quantity of
toluene obtained with MM/MD simulations. When t= 0.0 ns, the
coexistence of multiple CH/π interactions between the aromatic C–H
of toluene and the CH2 protons of the n-octyl groups in F8-5 and
(Figs. 6a, 6b) multiple CH/O interactions between the aromatic C–H of
toluene and O–Al on the (110) surface (Fig. 6c) can be seen. When t=
0.5 ns, the multiple CH/O interactions between the CH2 protons of the
n-octyl groups in F8-5 and O–Al at the (110) surface can be seen
(Figs. 6d, 6e, 6f). The Forcite module (CVFF) was used. Al and O
elements are given with labels for visibility
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Al-O model of alumina that were obtained with MP2 (6-31
G(d,p) basis set) calculations (Fig. 7) [47, 48], in which all
the geometries were optimized by PM6, followed by density
functional theory (DFT) with B3LYP method and 6-31 G(d,
p) basis set.

It is obvious that the Mulliken charges of hydrogen
connected to the aromatic carbons of both toluene and F8
were commonly δ+ , ranging from+ 0.196 and+ 0.199 for
toluene and from+ 0.148 and+ 0.154 for F8 (Fig. 7a, c,
7c-2). Similarly, the Mulliken charges of the C-H protons
on the n-octyl chains of F8 were commonly δ+, ranging
from+ 0.104 and+ 0.111 (Fig. 7c, 7c-1). Additionally, the
C-H protons on the n-alkyl chains of C17 were commonly δ
+, ranging from +0.104 (CH2) and+ 0.111 (CH3) (Fig. 7c-
1). Note that the Mulliken charge of H at the β-CH2 in the n-

octyl chains of F8 has a somewhat large positive value of
+0.123 compared to that of the other CH2 groups (Fig. 7d).
The β-CH2 with a more positive charge may be responsible
for the intramolecular C-H/π interactions [42, 43]. Although
the H(δ ≈+ 0.4)-O(δ ≈ –0.9) group at the γ-alumina was
ignored in this calculation (Fig. 7b), an attractive inter-
molecular AlO-H/π (fluorene ring) interaction should con-
tribute to the spontaneous physisorption.

On the other hand, the aromatic carbons (1 C, 2 C, 4 C, 5
C, and 6 C) of toluene and the aromatic carbons (1 C, 2 C, 3
C, 6 C, 13 C, 14 C, 15 C, and 16 C) of F8 were commonly
δ–, ranging from –0.191 and –0.215 for toluene and from
–0.132 and –0.159 for F8 (Fig. 7c, 7c-2). The Mulliken
charges of O–Al in the dimeric model of γ-alumina were
largely a minus charge of δ= –0.923 (Fig. 7b).

(a) toluene (b) (OH)3-Al-O-Al(OH)3 as a model of -alumina

(c) 9,9-di-n-octylfluorene (F8), side view

(c-1) F8, view n-octyl groups (c-2) F8, view aromatic moiety

(d) n-heptadecane (C17)

Fig. 7 Mulliken charges of (a)
toluene, (b) a dimeric Al-O
model of alumina, (c) F8, and
(d) n-heptadecane (C17)
obtained with MP2 (6-31 G(d,p)
basis set) calculations, in which
all geometries were optimized
by PM6, DFT (6-31 G(d,p)), and
MP2 (6-31 G(d,p))
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Intramolecular attractive CH/π and CH/O interactions were
normally weak [49–54] but can be greatly boosted by
multiple interactions between H and C/O elements due to a
linear amplification scenario with an increase of the DP
value.

More positive Mulliken charges and multiple C–H
interactions with the solvent quantity of toluene are likely to
more strongly interact with the γ-alumina surface compared
to F8 and smaller DP values of PF8. Thus, the alkyl chains
and aromatic carbons of F8 and PF8 should competitively
adsorb to the δ– charged surface of γ-alumina. To sponta-
neously adsorb PF8 molecules onto the γ-alumina surface, a
critical DP value of PF8 may exist to exceed the multiple
CH/O interactions existing between toluene and O–Al on γ-
alumina.

Intramolecular CH/π interactions of 9,9-
dimethylfluorene dimer (F1-2) as a model of PF8

Our previous work on aggregation-induced emission
experiments of PF8 in a solvent quantity of D-/L-limonene

indicated that the β-phase at ≈430 nm may exist as an
enantiomeric mixture of left-handed and right-handed
helical motifs [63]. Higher order structures, including the
appearance of the β-phase of PF8, are susceptible to
molecular weight, the nature of solvents (good or poor),
temperature, and annealing processes. Previously, we
ascribed the highly emissive characteristics of PF8 in the
solid state to the intramolecular CH/π interactions between
the H at the β position of the n-octyl groups and the
ipso-carbons of the fluorene rings in PF8 (Fig. 1,
top right), leading to an avoidance of ACQ of the
π-luminophores[42].

Herein, we propose additional intramolecular CH/π
interactions between the H in the aromatic carbons and the
ipso-carbons in PF8, leading to spontaneous twisting in the
left-handed or right-handed fluorene main chains (Fig. 8a).
The opposite Mulliken charges between the H–π ring and
Cipso–π ring of F1-2 may cause a short distance of ≈2.70 Å
between the H–π and Cipso–π rings, while van der Waals
contacts between H and π are 2.90 Å and 2.84 Å, as
provided by Bondi [64] and Rowland–Tayler [65],

Fig. 8 a Mulliken charges of F1-2 obtained with MP2 (6-31 G(d,p)
basis set) calculations, in which all geometries were optimized by
PM6, DFT (6-31 G(d,p)), and MP2 (6-31 G(d,p)). b Distance between
17 H and 29 C as a function of the dihedral angle of the F1-2 rings. c

Mulliken charges between 17 H and 29 C as a function of the dihedral
angle of the F1-2 rings. d Potential energy of the 9,9-dimethylfluorene
9-mers (F1-9) as a function of the dihedral angle of the F1-2 fluorene
rings
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respectively (Fig. 8b and the SI, Figure S12). This
intramolecular CH/π interaction within multiple fluorene
rings is assumed to be an another determining factor in
causing a structural transition from a thermodynamically
metastable, ill-ordered to a thermodynamically stable, well-
ordered conformation like the β-phase upon thermal
annealing and/or exposure to solvent vapor.

The MP2 calculations suggested the existence of
intramolecular CH/π interactions between the four H
(17 H, 34 H, 18 H, and 35 H) with positive charges,
ranging from δ ≈+ 0.155 and +0.159, on the fluorene ring
carbon and four ipso-carbons (13 C and 29 C) with a weak
negative charge of δ= –0.018 on the rings, leading to a
shorter C–H/π distance of ≈2.70 Å (Fig. 8c, SI, Figure S12).
This distance can be compared to van der Waals contact
between H and C of 2.84–2.90 Å. Meantime, the distances
between 17 H and 34 H and between 18 H and 35 H are
maintained at their van der Waals contact of 2.40 Å64

(Fig. 8b).
F1-2 has two local minima at dihedral angles of 42.4°

(syn-form) and 137.0° (anti-form). These dihedral angles
are close to the 51 and 52 helices of PF8 with
P-screw-sense (Fig. 8d). The origin of the local minima can
be ascribed to a balance of the intramolecular attractive
CH/π and repulsive H/H interactions among the four H and
four ipso-carbons.

Multiple CH/O interactions between the positively
charged H and the negatively charged O elements at the
(110) surface can coexist. These multiple, weak intramole-
cular CH/π, H/H, and intermolecular CH/O interactions may
be the factors that determine whether the PF8 main chain can
adopt the ordered β-phase or disordered phases at the surface.
As a result, the fraction of β-phase is susceptible to the
solution temperature, surface state, DPn, and nature of
solvents.

Effects of the regularity and irregularity of the main
chain dihedral angles affecting the π–π* main chain
absorption characteristics of 9,9-dimethylfluorene
9-mer (F1-9) as a model of PF8

We investigated the effects of the regularity and irregularity
of the main chain dihedral angles that can modulate the
π–π* main chain absorption characteristics of PF8 using its
oligomer model of 9,9-dimethylfluorene 9-mer (F1-9) and
the TD-DFT (6-31 G(d.p) basis set, 20 singlet states) by
optimizing F1-9 at ≈135° with DFT (6-31 G(d.p) basis set).

Similar to F1-2, F1-9 has four local minima at dihedral
angles of 45° (P-syn), 135° (P-anti), 235° (M-syn), and 315°
(M-anti) in a vacuum (Fig. 9a). The angles of 45° and 315°
are close to the 51 helix with a dihedral angle of 36° or 324°,
while the angles of 135° and 215° are close to the 52 helix
(dihedral angles of 144° and 216°).

F1-9 compares the π-π* absorption spectra of three
hypothetical F1-9 models with a fixed full-width-at-the-half
maximum (FWHM) of 0.03 eV (Fig. 9b), including a
hypothetical, but not global minimum conformation in the β-
phase (dihedral angle of 144°, solid line), a global minimum
(dihedral angle of 135°, dotted line), and a hypothetical,
disordered conformation consisting of two dihedral angle sets
(115° and 138°) in the fluorene rings (broken line).

Clearly, F1-9 with a constant dihedral angle of 144°
shows the longest π–π* absorption band at 394 nm among
the three models, while F1-9 with a constant dihedral angle
of 135° at the local minimum has a shorter π–π* absorption
at 374 nm. However, their absorptivity (ε) values are nearly
the same, i.e., ≈2.9 × 106M–1 cm–1. On the other hand, F1-9
with two dihedral angle sets of 115° (inner four C–C bonds)
and 138° (outer four C–C bonds) has the shortest π-π* band
at 351 nm, which is associated with a broader, weaker band
intensity of ε = 2.5 × 106M–1 cm–1.
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Fig. 9 a Total energy of the 9,9-dimethylfluorene 9-mer (F1-9)
obtained with DFT (B3LYP, 6-31 G basis set) optimized by PM6. b
UV-visible absorption spectra of F1-9 with a hypothetical β-phase
(dihedral angle of 144°, bold solid line), global minimum (dihedral

angle of 135°, dotted line), and hypothetical disordered conformation
consisting of two dihedral angle sets (115° and 138°) between the
fluorene rings (broken line). All FWHMs are fixed at 0.03 eV
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These simulations of F1-9 predict that the π-π* absorp-
tion band wavelength (λmax) largely depends on the reg-
ularity of the dihedral angles, while the π–π* absorption
band intensity (ε) and spectral width are significantly
affected by the regularity of the dihedral angles. This idea is
applicable to a real PF8 system when PF8 physisorbs at the
(110) surface of γ-alumina and amorphous silica.

Moreover, the MM/MD calculations taken from Figs. 5,
6, S9, and S11 and a data analysis of their dihedral angle
sets indicate that before physisorption in a vacuum, F8-20
initially adopts a randomly twisted irregular main chain
geometry with a shorter M-sense sequence, e.g., (i,i+ 1)=
5–6, 7–8, 8–9, 9–10, and (i,i+ 1)= 16–17, 17–18
(Fig. 10a, gray bar). After physisorption on the (110) of
alumina, F8-20 changes into a longer, regular M-sense
sequence with the dihedral angle ≈ –150° (Fig. 10a, black
solid bar), e.g., (i,i+ 1)= 5–6 to 11–12 by changing the
dihedral angles from+ 130° at (i,i+ 1)= 5–6,+ 150° at (i,
i+ 1)= 10–11,–25° at (i,i+ 1)= 12–13, and+ 20° at (i,i

+ 1)= 13–14. This tendency predicts that a spontaneous
propagation of the β-phase-like structure for the longer F8-
20 is likely to occur at the (110) surface. However, this
tendency is not obvious for the shorter F8-5 in toluene
(Fig. 10b, black and gray solid bars). A sufficiently longer
PF8 chain may help to initially generate a short β-like
sequence, which is followed by propagation to a regular β-
phase upon physisorption at the γ-alumina. This idea could
provide a possible explanation for our observation at the
polymer–polymer interface, in which an optically active,
rigid, rodlike, Si–Si bond polymers with one or two
monolayers at the surface can efficiently transfer their pre-
ferable helicity to a non-helical, semiflexible, Si-Si bond
polymer as a thick film, providing greatly enhanced circular
dichroism signals [68].

Summary and outlook

We spectroscopically investigated how non-charged, semi-
flexible PF8 spontaneously physisorb onto the neutral sur-
face of cuboidal γ-alumina (specific surface area ≈90–120
m2 g–1) in toluene at 5, 25, and 50 °C. PF8 with three dif-
ferent DPn with a narrower PDI was used for the photo-
luminescent adsorbate. PF8 revealed noticeable DPn and
temperature dependencies of its physisorption behaviors
based on the analysis of the experimental data sets.

MM/MD simulations (CVFF force field) and MP2 (6-31
G(d,p) basis set) calculations led us to propose a physi-
sorption scenario for PF8 at the γ-alumina surface in
toluene; i.e., a swap from multiple CH/π interactions
between PF8 and toluene to multiple C–H/O interactions
between PF8 and γ-alumina is occurring. The competition
between multiple intramolecular CH/π and intermolecular
C-H/O interactions among PF8, toluene, and γ-alumina may
be crucial in whether the spontaneous physisorption of PF8
occurs.

The Mulliken charges with the MP2 (6-31 G(d,p) basis
set) calculations further suggested intramolecular CH/π
interactions between the C-H protons at the fluorene ring
and the ipso-carbons of the rings because of a shorter C–H/
π distance of ≈2.70 Å, which was reflected in the opposite
Mulliken charges between the H and Cipso elements. DFT
and TD-DFT (B3LYP/6-31 G(d.p)) calculations of the 9,9-
dimethylfluorene 9-mer indicated that the π–π* absorption
wavelength largely depends on the regularity of the dihedral
angles between the nine fluorene rings, while the intensity
and spectral width of the π–π* absorption band are greatly
affected by the regularity of the dihedral angles. This idea is
applicable to the prediction of whether PF8 and other
semiflexible polymers spontaneously physisorb at the γ-
alumina and other impenetrable surfaces in several proper
solvents. The coexistence of intermolecular CH/π and CH/O

Fig. 10 a The distributions in the dihedral angle sets of (a) F8-20 in a
vacuum and (b) F8-5 in toluene before physisorption (gray solid bars,
t= 0.0 ns for F8-20 and F8-5) and after physisorption (black solid
bars, t= 1.0 ns for F8-20 and 0.5 ns for F8-5) obtained with MM/MD
calculations (Figs. 5, 6, S9, and S11)
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interactions between the n-octyl groups of PF8 and cellu-
lose derivatives at heterogeneous polymer–polymer inter-
faces have been recently reported by us [66, 67]. The
present knowledge should be applicable to solution phase-
driven physisorption at liquid-solid interfaces and solution
phase-driven heterogeneous polymer-polymer interfaces by
considering the natures of polymers, surfaces, and solvents.
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