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Controlling Microsized Polymorphic Architectures with
Distinct Linear and Nonlinear Optical Properties
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Johan Hofkens, David Beljonne, Alan E. Rowan, and Theo Rasing
Low dimensional micro-/nanosized architectures with promising
advanced optical functionalities, such as generation, propagation,
detection, amplification, and modulation of light at the miniaturized dimensions that are compatible with the next-generation
integrated optical circuits, are of critical importance.[1] Current
(sub)wavelength scale photonic devices are commonly built from
inorganic semiconductors, which usually require a large number
of processing steps.[2] Recently, organic molecular materials have
received increasing attention for optical applications[3] due to their
intrinsic merits in eases of processing, diverse (supra)molecular
architectures, strong optical responses, and clear structure–property relationships.[4] They have been widely explored as potential
building blocks for optical micro-/nano-devices ranging from
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sensors and logic gates,[5] multiple frequency convertors,[6] to
waveguides and lasers.[7] Highly organized self-assembled materials based on organic chromophores are of particular interest
because of the directionality and tunability of their noncovalent
supramolecular interactions.[8] These properties allow for the
control over the supramolecular architectures and therefore their
optoelectronic properties.[9] Polymorphs, resulting from different
molecular configurations and/or packing modes from the same
compound, are one example of such architectures.[10] They have
been successfully employed to tune the light emitting behavior
of molecular materials in the solid state.[11] However, as there is
usually one polymorph much more stable than the others, it is
often difficult to control polymorphism, especially when micro/
nanoscale architectures are targeted.[10a,12] In particular, micro/
nanosized low dimensional polymorphic materials with high nonlinear optical (NLO) susceptibilities are rarely reported, although
they are very desirable for the manipulation of light on the (sub)
wavelength scale.[13] Recently, we reported the solution-processed
organic 1D microstructures with combined second- and thirdorder nonlinear optical responses, based on a synthetic intramolecular charge transfer (ICT) compound diphenylfluorenone
(DPFO)[14] and a biomimetic diphenylalanine peptide (Phe-Phe,
FF).[6b] However, to our knowledge, there are very few reports on
the control over micro or nanosized polymorphic molecular materials with highly efficient and tunable NLO properties.[11d] In this
work, we report the controlled assembly of DPFO for the fabrication of well-defined polymorphic microfibers and microplates
with very distinct linear and nonlinear optical properties.
Tailor-made organic π-conjugated molecular systems supply
diverse candidates for optoelectronic applications.[15] One way to
optimize the NLO properties of these materials can be achieved
by extending the π-conjugation of molecules,[16] and/or by introducing electron donating (D) and accepting (A) groups to the
π-conjugated molecular systems (D–π–A molecular systems),
resulting in effective ICT processes that induce the high NLO
hyperpolarizabilities of these molecules.[4b,17] However, the NLO
susceptibilities of the corresponding molecular materials are
highly dependent on their supramolecular organizations.[13] For
example, a strict noncentrosymmetric organization is required
for generating second-order NLO phenomena such as second
harmonic generation (SHG), which is usually not favored for
ICT compounds because of the resulting large macroscopic
dipoles.[18] Reports suggest that the dipole–dipole interactions
of the ICT compounds[19] can be a valid driving force for the
manufacture of (supra)molecular nanomaterials with excellent optoelectronic properties.[20] The manipulation of the
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crystals belong to a second crystal phase of
DPFO (referred to as the “β-phase”), in which
the two phenyl rings are twisted in opposite
directions from the fluorenone plane with a
twist angle of 31.2° (Figure 1c). Due to the
difference in molecular configuration with
respect to the α-phase, the intramolecular
C–H···π interactions of the phenyl rings
are not favored and consequently the DPFO
molecules are organized in a centrosymmetric orthorhombic Pbca space group (point
group mmm) (Figure 1e).
The differential scanning calorimetry
(DSC) curves of both polymorphs suggest
a phase transition from the β-phase to the
α-phase (Figure S2, Supporting Information).
The α-phase crystal showed only one peak at
238.1 °C in the DSC curve, corresponding to
the melting point of DPFO crystals. In the
Figure 1. Single-crystal XRD structures of DPFO polymorphs. a) Chemical structure and side
case of the β-phase, a clear peak at 234.8 °C
view of an individual DPFO molecule in the b) α-phase and c) β-phase, showing the different
molecular configurations of DPFO in the polymorphs. A, B, and F in panels (a–c) highlight was indexed as the phase transition to the
the two phenyl ring planes and the fluorenone plane, respectively. Molecular packing modes α-phase, whereas the second peak correof DPFO molecules in the d) α-phase and e) β-phase, viewed from the π–π stacking direction. sponding to the melting point was located
Hydrogens are omitted in panels (d) and (e) for clarity.
at 238.6 °C, in agreement with the observed
melting point of the α-phase. The phase
transition suggested by the DSC results was in line with the
strength of electron donating and accepting groups of the ICT
in-situ microscopic examinations of the crystal growing procompounds is found to be crucial to acquire desired supramocesses, showing that the β-phase is kinetically stable while the
lecular architectures, as well as their optical responses.[20b] In
this paper, we use an ICT compound named DPFO (Figure 1a),
α-phase is thermodynamically stable (Figure S1, Supporting
with two phenyl rings as weak electron donors and a carbonyl
Information).
group as an electron acceptor, for studying its controllable
The specific morphology of DPFO assemblies can be readily
assemblies with distinct linear and nonlinear optical responses.
controlled following a straightforward drop-casting procedure.
The compound was synthesized following reported preceTypically, a solution of DPFO in tetrahydrofuran (THF) is dropdures.[14,21] Bulk cubic-like single crystals were readily grown by
casted onto a substrate such as glass or silica (see Figure 2a and
the Experimental Section in the Supporting Information). The
slow vapor diffusion of diethyl ether into a DPFO solution in
relatively quick evaporation of THF at room temperature usually
chloroform. A close observation of the crystal growth process
results in the self-assembly of DPFO molecules into microsized
by an in situ movie recorded with a microscope suggested that,
1D fiber-like structures (Figure 2b). The microfibers are huninitially, the compound formed metastable 1D needle-like crysdreds of micrometers in length and typically have a rectangular
tals. These crystals were very dynamic and would undergo a fast
cross section with a width of ≈5 µm and a height of ≈400 nm
phase transition into the thermodynamically more stable 3D
(Figure S3, Supporting Information). The morphologies of the
cube-like single crystals (referred to as the α-phase), within the
assemblies are strongly dependent on the growing conditions
time scale of a few minutes if kept in the mother solution or in
such as temperature and concentration. Higher temperatures
other solvents such as heptane (Figure S1 and Movie S1 of the
lead to the faster growth of thinner microfibers (≈1 µm in
Supporting Information). Single-crystal X-ray diffraction (XRD)
width, Figure S4a, Supporting Information), while lower temanalysis suggests that, in the α-phase, the DPFO molecules
peratures lead to slower growth resulting in thicker microfibers
have a twisted configuration with the two phenyl rings tilted
(5–10 µm in width, Figure S4b, Supporting Information) and,
from the fluorenone plane in the same direction (twist angle
in addition, the appearance of microplates between the microof 36.4°, Figure 1b). This configuration facilitates C=O···H
fibers (Figure S5, Supporting Information). Such a growth prohydrogen bonds to form molecular chains along the crystalcedure suggests that the microfibers belong to the kinetically
lographic c-axis and the aromatic C–H···π interactions attach
stable β-phase, whereas the microplates belong to the thermothese molecular chains in the second dimension, the crystallographic a-axis. Combining these interactions results in a nondynamically stable α-phase. This was confirmed by powder
centrosymmetric packing mode of DPFO molecules with an
XRD measurements, in which the patterns recorded from the
orthorhombic Ccm21 space group (point group mm2) (Figure 1d
microplates and the microfibers closely resemble the simulated powder XRD patterns from the α-phase and the β-phase,
and Table S1, Supporting Information). When the needle-like
crystals were taken out of the solution and dried before the
respectively (Figure 2f,g).
phase transition, they remained stable. This allowed us to capInspired by the fact that the β-phase microfiber crystals are
ture the metastable needle-like single crystals for XRD examinadynamic and can undergo a phase transition in the presence of
tions. The results reveal that these kinetically stable needle-like
solvents, we developed a multistep growing method to control
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Figure 2. Controlled fabrication of the microstructures and their characterizations. a–e) Schematic representation of the multistep dropcasting growing
method of microsized DPFO self-assembled architectures. f,g) Powder XRD patterns of microplates and microfibers, respectively, in comparison with
the simulated patterns of the α-phase and β-phase crystals, suggesting the fact that the as-prepared microplates belong to the α-phase while microfibers belong to the β-phase. h,i) TEM images and their corresponding SAED patterns taken from a typical microplate and a microfiber, respectively.
The long axis of the microfiber is suggested to be along the [010] direction, and the 2D microplates are suggested to be parallel to the ac-plane.

the microsized self-assembled architectures, as illustrated in
Figure 2a–e. Drop-casting a solution of DPFO in THF usually
results in a “coffee-ring stain”[22] of microfibers on the substrate
after the evaporation of the solvent (Figure 2a,b). On the top
of the “coffee-ring stain,” we drop-casted another drop of the
same solution of DPFO in THF. After evaporation, the edge
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of the “coffee-ring stain” expanded (Figure 2c). In situ microscopic observations showed that some of the microfibers were
(partially) dissolved in the redropcasted solution, and microplates appeared in the middle of the newly formed “coffee-ring
stain” during the evaporation of the solvent (Figure 2d). Meanwhile, microfibers with microplates laid in-between appeared
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Figure 3. Linear optical properties of the polymorphic microstructures. Real color images of DPFO in the ground powder a) under daylight and
b) under the UV excitation at 366 nm. c) Measured absorbance spectra of DPFO in the states of solution in THF (blue), microplates, and microfibers.
The polarization directions are indicated with respect to the molecular long axis: parallel (||) or perpendicular (⊥). For microfibers, the molecular long
axis is perpendicular to the fiber axis (red curve), while the molecular short axis is parallel to the fiber axis (magenta curve). For microplates, the
specific lamellar structure favors the polarization direction perpendicular to the molecular long axis (olive curve) in a transmission geometry. Insets
show the corresponding transmission microscope images of microfibers and microplates with different polarization directions (represented by purple
arrows). d) Fluorescence spectra of DPFO in solution in THF (blue), microplates (green), and microfibers (red). Excitation at 400 nm. e) Distribution
of the transition densities and orientation of the transition dipole moment of S0→S2, S0→S3, and S0→S4 transitions of DPFO molecules in the α- and
β-phases calculated at the ZINDO/SCI level. The size and color of the spheres represent the amplitude and sign (blue is negative and red is positive)
of the atomic transition densities, respectively. f) Calculated spectra for the chosen aggregates containing nine molecules for microplates (α-phase) and
microfibers (β-phase) of DPFO. The excited states that contribute to the corresponding peaks of the optical spectra are highlighted in panels 3c) and 3f).

at the expanded edges of the stain (Figure 2d and Figure S5,
Supporting Information). When drop-casting again, the redissolution of microfibers and the expansion of the “coffee-ring
stain” continued, whereas the microplates remained and acted
as crystal seeds to form more and bigger microplates. By
repeating this procedure several times, the substrate contained
solely microplates (Figure 2e). Selected area electron diffraction
(SAED) measurements under transmission electron microscopy (TEM) revealed that the microfibers grow along the crystallographic b-axis, with the c-axis parallel to the substrate and
the a-xis perpendicular to it, whereas the microplates lamellarly
grow parallel to the ac-plane (Figure 2h,i).
The difference in the linear optical properties of the α-phase
and β-phase can be noticed by the naked eyes, as shown in
the real color images of DPFO in the states of ground powder
(under daylight (Figure 3a) and under the UV excitation at
366 nm (Figure 3b)) and as-prepared crystals (Figure S6,
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Supporting Information). The β-phase crystals are yellow under
daylight and UV excitation (in both the as-prepared needle-like
crystals and the ground powder), whereas the α-phase plate-like
crystals are greenish-yellow. Local absorption spectra were taken
from the as-prepared microfibers and microplates to reveal the
difference in their linear optical properties (see Experimental
Section in the Supporting Information). As shown in Figure 3c,
the results demonstrated the following features. (a) The absorption spectrum of the microfiber was highly dependent on the
polarization of the incident light. When the polarization was
perpendicular to the fiber axis, the absorption spectrum of the
microfiber showed two absorption bands at 398 and 465 nm
(corresponding to the S0→S3 and S0→S2 transitions, respectively, Figure 3c). The band at higher wavelength disappeared
when the polarization angle was rotated by 90° (being parallel
to the fiber axis). (b) The long wavelength absorption band of
the microfiber was greatly red shifted with respect to that of the
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solution. (c) The absorbance of the microplate was relatively
low and its absorption spectrum was very broad and featureless
in the visible region, regardless of the polarization direction
of the incidence light. These spectroscopic features are in line
with the microscopic observations as follows. In a transmission
geometry, the microfibers were yellowish when the polarization
of the incident light was perpendicular to the fiber axis. They
turned transparent when the polarization was switched to be
parallel to the fiber axis (see the insets in Figure 3c). However,
the microplates were always transparent independent of the
polarization direction of the incident light.
To gain detailed insights into the distinct optical responses
of the different polymorphs, theoretical calculations have been
carried out (see the Simulation Section in the Supporting Information for the computational details). For DPFO molecules
in both the α- and β-phase, INDO/SCI calculations[23] indicated that S1 is dark, whereas S2, S3, and S4 are bright. S2 is
predicted at about 3.3 and 3.2 eV in vacuum for single DPFO
molecules in the α- and β-phases, respectively, whereas S3 and
S4 are located about 0.8 and 1.0 eV higher than S2 in both cases.
As shown in Figure 3e, the corresponding transition densities
have major contributions from the central fluorenone backbone
(with minor contributions from the weak phenyl donors), and
therefore the main characters are quite similar in both phases.
The transition dipole moments of S0→S2 and S0→S3 are oriented along the long axis of the DPFO molecule, whereas the
S0→S4 transition is parallel to the short axis of the molecule.
Next, we applied the exciton theory to aggregates including
nine nearest neighboring molecules to represent DPFO crystals (Figure S8, Supporting Information). We checked that
such nanoaggregates yield close to fully converged exciton
bandwidths. The intermolecular exciton couplings have been
computed,[23a,24] and the optical spectra are obtained through
diagonalizing the exciton Hamiltonian, while analyzing the
transition dipole moment for each eigenstate.[25] As shown in
Figure 3f, the calculated spectrum for the β-phase (i.e., microfibers) is red shifted by about 20 nm with respect to that of the
α-phase (i.e., microplates). This is in line with the experimental
UV–vis absorption results and has been further confirmed by
the fluorescence spectra observations of the polymorphs in
which emission maxima of 545 nm (QY 19%) and 556 nm (QY
21.8%) were recorded for the α-phase and β-phase, respectively
(Figure 3d, Figure S7 and Table S2, Supporting Information).
As the exciton couplings in both phases are quite small and of
close magnitudes (see Figure S8, Supporting Information), the
difference in the optical spectra is mainly attributed to the different excitation energies of isolated DPFO molecules due to
the different orientations of the two phenyl rings. The fact that
the microplates were transparent with a broad and featureless
absorption spectrum can, therefore, be understood, considering
that the transition dipoles of the S0→S2 and S0→S3 are oriented
along the molecular long axis (the crystallographic b-axis of the
α-phase) (Figure 2h), which is perpendicular to the substrate
as well as the electromagnetic field of the incident light under
transmission geometry. In the case of the microfibers, the transition dipoles of the S0→S2 and S0→S3 (molecular long axis, the
crystallographic c-axis of the β-phase) are oriented perpendicularly to the fiber axis (Figure 2i). This explains why the microfibers are transparent to the light with polarization parallel to
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fiber axis, while being yellowish when the polarization is perpendicular to the fiber axis.
Materials with highly efficient nonlinear optical properties
are very important for a wide range of applications such as light
frequency conversion,[26] optical telecommunications,[27] information processing,[28] data storage,[29] and multiphoton microscopic bioimaging.[30] Typical NLO processes include second
harmonic generation (SHG, second-order) and two-photon
excited fluorescence (TPF, resulting from a third-order nonlinear optical two-photon absorption process), both of which are
directly related to the molecular[31] and supramolecular architectures.[13] A scanning microscope with femtosecond laser excitation (100 fs, 82 MHz) was used to study the NLO properties of
the self-assembled polymorphic DPFO microfibers and microplates (Figure S9, Supporting Information). Spectra recorded
from both morphologies when pumped at 800 nm showed that
the microplates generate a sharp signal at 400 nm and a broad
signal centered at 530 nm, whereas the signal from the microfibers was mostly registered as a broad peak centered at 542 nm
(Figure 4a). We examined the power dependence of the signal
intensities at the above-mentioned wavelengths and found that
all of them scaled quadratically as a function of the input laser
power (Figure S10, Supporting Information). This suggested
that the sharp signal at 400 nm is from SHG, whereas the broad
signals are from the photoluminence following a two-photon
absorption process (namely TPF). The spectra taken by excitation at different wavelengths further support this because the
sharp signal from microplates shifted its position being always
at half the wavelength of the excitation laser, whereas the broad
signals remained centered at 530 and 542 nm for microplates
and microfibers, respectively (Figure S11, Supporting Information). The efficiency of the second-order optical nonlinearity of
the microplates was evaluated by measuring their SHG intensity compared with that of urea under the same measurement
conditions. The results suggest that the DPFO microplates have
a relative value of χ(2) ≈ 0.07 to that of urea upon 800 nm excitation, which is larger than that of the widely applied inorganic
material potassium dihydrogen phosphate (KDP).[32]
We scanned an area where both microfibers and microplates were present (Figure S12, Supporting Information), by
pumping at 800 nm with the incidence and detection angles
both at 45° relative to the surface normal, and detecting at
530 nm (TPF). The scanned image as shown in Figure S13a
(Supporting Information) clearly shows the outlines of both
morphologies. However, upon detection at 400 nm (SHG), only
microplates were observed (Figure S13b, Supporting Information). This reveals that while the α-phase microplates were
active in both second-order NLO (SHG) and third-order NLO
(TPF), the β-phase microfibers only produced TPF, which is
consistent with their respective space groups (a noncentrosymmetric Ccm21 space group for the microplates and a centrosymmetric Pbca space group for the microfibers), considering that
noncentrosymmetry is essential for second-order NLO. A very
weak SHG signal was also observed from the microfibers with
an intensity lower than 1% of that of TPF, which could be attributed to SHG from the surface where the centrosymmetry is
necessarily broken.[33] The ≈12 nm red shift of the TPF signal
of the microplates compared with the microfibers is in line with
the shift observed in one-photon excited fluorescence (OPF)
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Figure 4. Nonlinear optical properties of the DPFO polymorphic microstructures. a) Comparison of the NLO spectra taken from a microfiber and a
microplate. Incidence and detection angles φ = 45° from the surface normal. b) The ratio of SHG and TPF intensity from a microplate as a function
of the incidence angle (φ). Laser pump: 800 nm, 100 fs, 82 MHz. The red solid line is for guiding the eyes. c–f) Scanning nonlinear optical microscopy images taken in the same area where both microfibers and microplates are present, under a vertical transmission geometry (φ = 0°). c) A linear
transmission image to show the outlines of microfibers and microplates, where nonlinear confocal images a) and f) were taken. d) The cross sections corresponding to the area highlighted by the yellow line in panel a), by detecting TPF and SHG, respectively. e) The scanned SHG image (filters:
BG3 + BG39) and f) TPF image (filters: 2 × FES750 + OG570) of the same area as panel c).

experiments, and is the result of the different excitation energies of the electronic transitions in the isolated molecules of the
two phases.[34] The intensities of SHG and TPF were observed
to be very sensitive to the angle of incidence and detection. To
study this effect, the relative intensity of SHG and TPF, namely
ISHG/ITPF, from the microplates was recorded as a function
of incidence angle (φ) (Figure 4b). The value of ISHG/ITPF was
measured to be 1.52 when the angles of incidence and detection
were both at 15°, but decreased rapidly below 1.0 at 17°, and got
saturated around 35° with a relative intensity of ≈0.1. This suggests that smaller excitation and detection angles are favored for
detecting SHG, whereas larger angles are favored for detecting

Adv. Optical Mater. 2015, 3, 948–956

TPF. Under the extreme condition when the sample was excited
at a vertical transmission geometry (φ = 0°) (Figure 4c), the
scanned images showed that the microplates were only active
in SHG (Figure 4e) but not in TPF (Figure 4f). A cross section
taken from the microfibers and microplates confirms that, in
this specific geometry, the microplates generated only SHG
whereas the microfibers exclusively generated TPF (Figure 4d).
This is due to the fact that the transition dipoles to the main
electronic states S0→S2 and S0→S3 of DPFO are oriented parallel to the molecular long axis, which was perpendicular to the
substrate in the α-phase microplates and therefore perpendicular to the electromagnetic field of the incident laser light.[14]
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Figure 5. Polarization dependence of the nonlinear optical responses. a,b) Schematic representations of the excitation and detection geometries of
the nonlinear optical measurements of the microplates and microfibers, respectively. The insets show the orientations of their corresponding unit cells,
illuminating the coupling between the transition dipoles and the polarized excitation. Hydrogen atoms are omitted for clarity. c,d) The intensities of
the nonlinear optical effects (SHG and/or TPF) as functions of the excitation polarizations from a microplate and a microfiber, respectively. The solid
blue and olive curves are cos4θ and cos2θ fits for SHG and TPF, respectively.

To study the relationship between the architectures and the
NLO properties in more detail, polarization-dependent experiments of both NLO processes in both morphologies have been
correlated with the SAED examination and the theoretical simulation results (Figure 5). The polarization-dependent experiments were performed at fixed excitation and detection angles
(both of 45°), and the polarization angle was defined as the
clockwise angle from the p-polarization. A microfiber oriented
horizontally and a microplate next to it were chosen as study
objects. As shown in Figure 5, the experimental SHG and/or
TPF signal intensities were fitted very well with cos4θ[35] and
cos2θ[7c,36] curves, respectively, attesting the high crystalline
nature of both morphologies. The TPF of the horizontal microfiber reaches its maximum when the polarization angle is 90°
or 270° (perpendicular to the fiber long axis) with a polarization
ratio ρ = (Imax − Imin)/(Imax − Imin) of about 0.62 (Figure 5b).
This was in line with the analysis from the SAED examinations and the theoretical calculations, which suggested that the
[001] direction (the crystallographic c-axis, the same direction
as the orientation of the transition dipole, Figure 3e) was perpendicular to the fiber long axis ([010] direction) (Figure 2i).
In the case of the microplates, the direction of the transition
dipole (being along the molecular long axis, Figure 3e) was perpendicular to the substrate, and therefore in the optical plane
(Figure 5a). This resulted in the maximum of the TPF signal

954

wileyonlinelibrary.com

when the beam was p-polarized (ρ = 0.46 ± 0.01, Figure 5c).[37]
However, the intensity of SHG reached its maximum (ρ =
0.58 ± 0.02) when the polarization angle was about 160° or 340°
(about 20° twisted from the p-polarization), which was due to
the fact that the second-order nonlinear optical hyperpolarizability β gets contributions not only from the transition dipole
(µge), but also from the permanent dipole moment difference
between the ground and excited states (Δµ = µe − µg).[14]
In conclusion, we have demonstrated the controlled assembly
of two distinct DPFO morphologies for the construction of
microsized architectures with highly efficient second- and
third-order optical nonlinearities, by a stepwise growth method.
The morphologies of kinetically stable microfibers and thermodynamically stable microplates can be effectively tuned for distinct linear and nonlinear optics. Theoretical calculations reveal
that the shifts of the absorption and emission peaks in the
linear optical regime are mainly due to the different excitation
energies of the electronic transitions in the isolated molecules.
The difference in molecular configuration also causes different
molecular packing modes and therefore a variation in the orientation of the transition dipoles in the polymorphs. This allows
for the tunability of the second- and/or third-order NLO properties by changing the incidence/detection angle and excitation
polarizations. The highly efficient photoluminescence, as well
as the second- and/or third-order nonlinear optical properties
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