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have been also widely studied for their 
anisotropic properties in electronics and 
nanophotonics.[5]

The present 2D covalent material, poly-
meric carbon nitride (pCN), is a family of 
layered semiconductors with ideal formula 
C3N4, with heptazine (alternatively tri-s-
triazine) units cross-linked and stacked 
in a graphitic-like fashion.[6,7] pCN mean-
while found many uses, also in polymer 
science,[8,9] but recently attracted most 
attention as a photocatalyst active under 
visible light irradiation.[4,7,10] Due to its 
graphitic structure, pCN is expected to 
show a significant anisotropy.[11] However, 
only few studies are reported on aniso-
tropic properties of pCN materials. One 
of the few examples was recently reported 
by Noda et al. who reported on the aniso-
tropic in-plane and out-of-plane electrical 

conductivity, with about two orders of magnitude higher con-
ductivity between the layers than along the plane.[12] In another 
study, Arazoe et al. investigated the pCN actuation in response 
to humidity variation revealing an anisotropic swelling of the 
pCN structure.[13] Very recently, our group reported on the syn-
thesis and high refractive index properties of homogeneous 
pCN thin films with optical quality by chemical capor deposi-
tion (CVD).[14] The as-prepared films show an extremely high 
refractive index (nD = 2.43), which is even in the range of dia-
mond. In a further study, the photoactivity of so-formed pCN 
thin films were used to initiate a radical photopolymerization 
to form polymer brushes of some benchmark vinyl monomers, 
such as poly-dimethylacrylamide, -allylamine, -N-vinylimida-
zole, -N-isopropylacrylamide, -methyl methacrylate, and -sty-
rene, covalently on the pCN surface, and the resulting very 
thick polymer brushes were attributed to a directional and clean 
growth of the brushes normal to the pCN surface.[9] Herein, we 
extend these two papers by analyzing the anisotropy of pCN 
optical functions and the material properties of the very unu-
sual polystyrene (PS) brushes photografted from pCN surface.

Optical anisotropy is a fundamental property for light 
manipulation due to birefringence that causes the incoming 
light beam to split into two different rays, namely ordinary and 
extraordinary ray, in uniaxial optical materials.[15] The perfor-
mance of optical components based on anisotropic materials 
depend on the birefringence (Δn) of the constituting materials. 
Large Δn enable smaller and more efficient devices.[15] Transi-
tion metal dichalcogenides recently received a lot of attention 
due to their giant birefringence ≈1.5 in the IR, where no optical 
absorption occurs. However, only few materials with high 
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1. Introduction

Anisotropy is commonly referred to as the condition of having 
different property values along different directions. In mate-
rials, it is related to their structure, and it affects the electrical, 
magnetic, optical, and mechanical response to an external 
stimulus.[1] 2D covalent layered materials usually possess 
record-high direction-dependent properties due to their intra-
layer covalent bonding and inter-layer van der Waals interac-
tions.[2–4] Recently, transition metal dichalcogenides, such as 
MoS2, already delivered excellent performances in logic and 
optoelectronic devices, such as field effect transistors and 
photodetectors.[2] Graphene and hexagonal boron nitride (h-BN) 
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birefringence and high transparency in the visible range were 
reported so far. h-BN exhibits a strong negative birefringence, 
i.e., higher out-of-plane refractive index, while possessing a large 
bandgap (≈6  eV).[16] Inspired by these results, we can expect 
high birefringence occurring also in the analogous 2D covalent 
materials, such as carbon nitrides, boron carbon nitrides, and 
more.[17] Therefore, we investigate the optical anisotropy of pCN 
thin films by ellipsometry. Using this occasion, we also analyze 
the optical anisotropy of the PS brushes photografted from the 
pCN surface which were already expected to reveal practically 
perfect directional growth normal to the pCN surface, thus pro-
viding us with further insights into the polymer chemistry of 
brush growth mechanism.[9] Optical anisotropy in linear poly-
mers, birefringence values, and sign depends on the orientation 
of the transition dipole moment with respect to the chain axis. 
When the transition dipole moment is almost perpendicular to 
the chain direction, negative birefringence occurs.[18,19] In other 
linear polymer semiconductors, such as polyphenylenes and 
polythiophenes, the degree of anisotropy could be correlated 
to an increased regioregularity and crystallinity in the polymer 
films.[18,20] Therefore, birefringence studies can provide further 
information on the polymer local structure and thus is a pow-
erful technique for material chemists especially concerning 
thin film materials.[18]

2. Results and Discussion

pCN is constituted by heptazine units, covalently cross-linked 
by nitrogen bridges in a 2D network, and stacked in a graphitic 
fashion with interlayer distance of 0.32 nm (Figure 1a).[14] While 
the very high refractive index of pCN thin films with high 

transparency, high homogeneity, and low roughness (≈1  nm, 
Figure S1, Supporting Information) in the visible range using 
an isotropic model was already reported,[14] we use here meas-
urement and data evaluation techniques to determine the 
expected optical anisotropy. The experimental data expressed as 
extinction coefficient (k), ordinary and extraordinary refractive 
indices (no and neo), birefringence (Δn) versus wavelength are 
shown in Figure 1b,c. Indeed, the pCN thin film shows a strong 
birefringence in the visible range with a very high ordinary 
refractive index (no,D) of 2.54, which accounts for the in-plane 
(a, b plane) refractive index, while the extraordinary refractive 
index (neo,D) of 1.83 is comparably low. The calculated birefrin-
gence ΔnD of 0.71 (no,D – neo,D), i.e. the difference between the 
in-plane and out-of-plane refractive indices, is indeed very high 
making the pCN thin films a very good candidate for photonic 
and optoelectronic devices exploiting large optical anisotropy 
such as photodetectors, quantum computers, visible light com-
munication, polarizers, microphotonic polarization converters, 
and many others.[15,16,21] Ideal diamond does not present ani-
sotropy due to its well-defined isotropic cubic lattice structure. 
Diamond birefringence was detected only in stress- or strain-
induced diamond (or inclusions of impurities) which causes 
distortion of the cubic lattice.[22] As expected, the optical bire-
fringence of pCN increases close to the bandgap (2.88  eV, 
431 nm) and decreases towards the NIR with Δn1000 nm of 0.66 
(Figure 1c), due to the increased oscillators strength closer to the 
bandgap. Furthermore, the strong birefringence in pCN thin 
films speaks for a high degree of order achieved in the mate-
rial, in good agreement with our previous report. Such giant 
birefringence in layered graphitic-like materials was recently 
reported for h-BN with similar values to pCN in the visible 
range, but negative, i.e. possessing higher out-plane refractive 
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Figure 1.  a) Chemical structure of pCN layer, blue balls are representing nitrogen atoms, dark gray corresponds to carbon atoms; b) stacked structure 
of pCN;[24] c) optical properties of pCN; d) birefringence of pCN as a function of wavelength.
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index and a lower in-plane one.[16] The pCN thin films did not 
show any dichroism, however, an anisotropic behavior is found 
for imaginary part of the dielectric function (ε2), i.e. real and 
imaginary permittivity between along a,b- versus the c-plane 
are different (Figure S2, Supporting Information). Interestingly, 
the fitting of the ellipsometric data reveals that the pCN layers 
are about perfectly stacked on top of each other, but with a tilt 
angle: the Euler angle theta (θ), that describe the relative tilting 
with respect to the vertical axis, reveal that the units are shifted 
with respect to the normal by about −25°(+180° > θ > −180°).[23] 
These results suggest the presence of a graphitic structure, 
where the pCN layers grow in a rhombohedral structure tilted 
with respect to the vertical axis (Figure 1d). This corresponds to 
a relative shift of 0.084 nm from one layer to the next or 2/3 of 
a single CN bond, i.e. the shift is rather typical for graphitic 
materials, but adds up in an A-A-A layer fashion. This was not 
described for carbon nitride structures before and will improve 
the understanding of carbon nitride behavior as such.

We then used this more complete model of optical proper-
ties to characterize also polystyrene layers grafted on top of the 
carbon nitride thin film. With such layers of adjustable thick-
ness, light inclusion can be optimized. Photoinitiation from 
pCN yields exclusively covalently bound pCN-polymer chains 
unless radical transfer agents are employed.[9,25] Therefore, 
shining light directly on a carbon nitride thin film surface 
coated with a styrene monomer enables the covalent growth of 
PS brushes at the pCN surface. We already proposed a “sky-
scraper-like” vertical growth mechanism of the brushes due to 
space constraints, based on secondary properties, but could not 
prove that before. Therefore, we investigated also the PS photo
grafted from pCN surfaces, making the ellipsometric charac-
terization also useful for structural characterization of polymer 
brushes. Linear atactic polymers such as PS are usually 
arranged in the so-called thermodynamically more favorable 
“random coil,” which allows minimizing the conformation 
entropy and providing isotropic properties to the material. As 
shown in Figure  2a, the as-grown PS brushes photografted 
from the carbon nitride binding layer reveal negative birefrin-
gence in the visible range with ΔnD of −0.18/−0.19 for brushes 
of 28 (2  h polymerization time) and 96  nm (4  h polymeriza-
tion time) respectively, that is rather independent to the film 
thickness. This further supports our previous assumption on 
the brushes being highly strained, where the PS brushes have 
to grow in a close to perfect stretched conformation due to geo-
metrical constraints. In this arrangement, the main transition 
dipole moment from the phenyl group is almost perpendicular 
to the main alkyl chain.

Uniaxial strain can induce various degrees of optical birefrin-
gence in PS as previously reported.[26,27] PS indeed possesses in 
general negative birefringence which is attributed to the phenyl 
groups orientation with respect to the main chain.[27,28] A value of 
birefringence of −0.2 was however only reported for syndiotactic 
polystyrene, in which the polymer chains are indeed perfectly 
aligned (except in surface defects). Interestingly we found that in 
our brushes, the orientation is as high as in the syndiotactic state. 
A further proof for a growth rather by organized packing than 
transport properties is given by the optical Euler angles. Indeed, θ 
shows a value of 126° for the PS brushes, indicating a significant 
deviation from vertical growth with respect to the pCN film. This 
is also about the unit cell angle of δ form of syndiotactic poly
styrene (monoclinic, 121.2°), i.e. it looks that PS brushes grow 
epitaxially onto the flat and uniform carbon nitride binder.[29]

Removing PS grafted pCN thin film from the substrate is a 
high effort due to strong covalent binding to the carbon nitride 
binder layer, however a small piece was removed by crashing 
the sample in order to investigate it under the optical micro-
scope (Figure 3a). Anisotropic cracks are typical for PS samples, 
and applying polarization on this area confirms the strong bire-
fringence, especially located on the cracks (PS). Such a facile 
imaging enhances the conclusion towards oriented PS on pCN 
thin films. Furthermore, similar measurement was performed 
by angular tilting of the incoming light source (Figure 3b). Evo-
lution of the optical response by the function of the angle of 
the incoming light is depicted in Figure  3b. We attribute the 
black particles to a silicon substrate and the edge as a pCN 
thin film and the changes in the main body (PS) are clearly vis-
ible. Additionally, FT-IR spectra of peeled pCN thin film and 
PS photografted peeled pCN thin films are represented in 
Figure S3 (Supporting Information), which elucidates a change 
in the spectra after PS photografting.

3. Conclusion

Ellipsometry was employed to characterize the properties of 
pCN thin films and photografted-from PS brushes. On the one 
hand, the results reveal a very high birefringence for pCN thin 
films with in-plane nD  =  2.54 and high birefringence (ΔnD) of 
0.71, which makes the pCN thin films a very good candidate 
for photonic and optoelectronic devices exploiting large optical 
anisotropy such as photodetectors, quantum computers, 
communication, polarizers, microphotonic polarization con-
verters, and further.[15,16,21] On the other hand, the composite 
which confirmed a vertical growth of polymer chains as well as 
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Figure 2.  a) Anisotropic optical properties of photografted PS brushes; b) schematic representation of the grown brushes on the pCN surface.
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a negative birefringence by means of optical anisotropy. From 
the optical perspective, such bilayer structure possessing posi-
tive and negative birefringence is of particular interest as retar-
dation film. Retardation films are widely used as polarization 
transformation materials especially for flat panel displays. Fur-
thermore, we expect that this technology can find application 
also in high performing mechanical coatings and gas separa-
tion membranes.

4. Experimental Section
All materials were used as purchased, melamine (99%, Sigma Aldrich), 
styrene (99%, Sigma Aldrich), tetrahydrofuran (THF, 99%, Sigma 
Aldrich). 50 W LED chips (420 nm visible light) were connected to a self-
made circuit and cooling system.

Experimental Part: Synthesis of pCN thin Films: The preparation of 
pCN thin films was conducted in a two-zone CVD reactor (planarGROW-
3S-OS CVD System from planarTECH), as previously reported.[14] In 
typical recipe, 7–10  g of melamine were placed in a glass holder and 
heated up at 300 °C (10° per minute) in vacuum (10 Torr), using silicon 
with grown silicon dioxide (nominal value 100  nm) as substrates, 
provided by Microchemicals. The substrates for the deposition were 
placed in the second zone and heated up at 550  °C for 90  min. The 
samples were left to cool down naturally at room temperature and 
collected after breaking the chamber vacuum.

Synthesis of Polystyrene-Grafted pCN Thin Films: The pCN thin film 
surfaces were covered with styrene (0.5  ml) and irradiated via visible 
light for 2 and 4 h as reported previously. After the illumination, surfaces 
were washed with THF to remove excess of monomers and unbound 
polymers. The films were further dried at room temperature before 
conducting measurements.

Characterization: Ellipsometric measurements were performed using 
Woollam M-2000 ellipsometer in the range 300–1000 nm at 65–70–75° by 
generalized ellipsometry. The data have been fitted using CompleteEASE 
software provided by Woollam. For pCN thin films, the oscillators, and 
optical functions reported in ref. [14] were used and for photografted PS 
layers the software’s optical functions have been used in an anisotropic 
model. The reported optical functions were obtained as best fit among 
2–4 samples measured in 2–3 different points each. Optical microscopy 
images of peeled pCN-PS were collected via DM1000 Leica. Angular 

optical microscopy measurements were performed on Leica DVM6 
Digital microscope.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 3.  a) Non-polarized and polarized top-down optical images of photografted PS brushes on pCN thin film, b) angular tilted polarized optical 
images of photografted PS brushes on pCN thin film.
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