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ethanol in the biomass conversion sector, to name
but a few examples.
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Oriented 2D Covalent
Organic Framework Thin Films
on Single-Layer Graphene

John W. Colson,* Arthur R. Woll,®> Arnab Mukherjee,* Mark P. Levendorf,® Eric L. Spitler,*
Virgil B. Shields,? Michael G. Spencer,? Jiwoong Park,>* William R. Dichtel*

Covalent organic frameworks (COFs), in which molecular building blocks form robust microporous
networks, are usually synthesized as insoluble and unprocessable powders. We have grown
two-dimensional (2D) COF films on single-layer graphene (SLG) under operationally simple
solvothermal conditions. The layered films stack normal to the SLG surface and show improved
crystallinity compared with COF powders. We used SLG surfaces supported on copper, silicon
carbide, and transparent fused silica (5i0,) substrates, enabling optical spectroscopy of COFs in
transmission mode. Three chemically distinct COF films grown on SLG exhibit similar vertical
alignment and long-range order, and two of these are of interest for organic electronic devices
for which thin-film formation is a prerequisite for characterizing their optoelectronic properties.

ethods for crystallizing organic sub-

units into two-dimensional (2D) and

three-dimensional (3D) covalent or-
ganic frameworks (COFs) remain in their infancy
(I-4). COFs organize molecular components
into periodic networks linked by covalent bonds,
providing predictable structures with long-range
order that is usually only found in noncovalent
assemblies. These materials exhibit many desirable
properties, including outstanding thermal stabil-
ity, permanent porosity with high specific surface
area, and the lowest densities of any organic mate-
rial (5). However, the frameworks are inherently
cross-linked and insoluble and are produced as

Department of Chemistry and Chemical Biology, Cornell
University, Baker Laboratory, Ithaca, NY 14853, USA. 2De-
partment of Electrical Engineering, Cornell University, Ithaca,
NY 14853, USA. 3Cornell High Energy Synchrotron Source
(CHESS), Ithaca, NY 14853, USA. “Kavli Institute for Nanoscale
Science, Cornell University, Ithaca, NY 14853, USA.

*To whom correspondence should be addressed. E-mail:
wdichtel@cornell.edu

8 APRIL 2011

either microcrystalline powders from solvother-
mal reactions or submonolayers by sublimation
of the monomers onto crystalline metal surfaces
(6-9). The limited utility of these forms precludes
many applications for COFs. For example, 2D
layered COFs incorporate functional nt-electron
systems into ordered structures ideally suited for
optoelectronic devices (/0—13). As unprocessable
powders, these materials cannot be interfaced re-
liably to electrodes or incorporated into devices to
harness or even quantify these properties. We now
report the synthesis of oriented 2D layered COF
films on single-layer graphene (SLG) surfaces.
The notable optical, electronic, and mechan-
ical properties of SLG have attracted considera-
ble interest, for example, as a possible replacement
for tin-doped indium oxide transparent electrodes
(14, 15). SLG’s 2D, atomically precise structure is
also well suited for interfacing to 2D layered net-
works. Large-scale graphene synthesis by metal-
based chemical vapor deposition (CVD) has advanced
dramatically in recent years (/6-19), including

the high-throughput growth of 76-cm-wide sam-
ples supported on plastic substrates (20). We
demonstrate that oriented COF films form under
operationally simple solvothermal conditions on
SLG supported by several different substrate mate-
rials: polycrystalline Cu films on Si wafers (SLG/Cu),
fused SiO, (SLG/SiO,), and SiC (SLG/SiC). The
COF films are crystalline and oriented with their
aromatic groups stacked perpendicular to the SLG
surface on each substrate. Three boronate ester—
linked COFs have been crystallized as thin films,
including a square Ni phthalocyanine lattice of in-
terest for organic photovoltaic devices (12, 13).

The solvothermal condensation of 1,4-phenyl-
enebis(boronic acid) (PBBA) and 2,3,6,7,10,11-
hexahydroxytriphenylene (HHTP) in a mixture
of mesitylene:dioxane (1:1 v/v) at 90°C in the
presence of SLG/Cu forms a framework known
as COF-5 (Fig. 1), as both an insoluble powder
and as a continuous film on the graphene surface
(21). Powder x-ray diffraction (PXRD) (fig. S1)
and Fourier transform infrared spectroscopy of
the unpurified powders (fig. S2) indicate that
crystalline COF-5 is obtained with only minor
amounts of residual reactants in as little as 1 hour
(fig. S3), faster than the 72-hour reaction time used
for its discovery (/). These observations prompted
us to investigate whether graphene catalyzes COF-5
powder formation, but we obtained similar results
in the absence of SLG (fig. S4). We conclude that
long reaction times are not always necessary to
produce COFs, suggesting that their films might
be incorporated into devices more rapidly than
previously thought.

We used synchrotron x-ray diffraction to
compare the crystallinity of the COF-5 films and
powders. Figure 2, A and B, shows 2D x-ray
diffraction patterns obtained from a powder sam-
ple and a film grown on SLG/Cu, respectively,
using identical incident beam and scan param-
eters. The data in Fig. 2A were collected in trans-
mission mode by suspending a ~0.1-mm-thick
powder sample perpendicular to the incident beam.
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The Bragg peaks in Fig. 2A appear as rings be-
cause of the random orientation of grains in the
sample (see inset). For Fig. 2B, as well as all
subsequent diffraction data obtained from films,
we used grazing incidence diffraction (GID), in
which the substrate surface is horizontal and
nearly parallel to the incident beam. Axes labels
0, and Q) (where /Q is the momentum transfer of
a scattered photon, and 7 is Planck’s constant 4
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divided by 2r) are defined using the convention
0, =4n/Asin(8/2) and Q) = 4n/Asin(v/2), where A
is the x-ray wavelength, and & and v are the ver-
tical and horizontal scattering angles, respectively
(22). In contrast to Fig. 2A, the scattered intensity
in Fig. 2B is concentrated near Q, =0, indicating
that grains in the film exhibit fiber texture: Their
c-axis orientations are centered on the surface nor-
mal, but they are randomly rotated about this axis

25-400 nm COF-5 Film

Fig. 1. Solvothermal condensation of HHTP and PBBA in the presence of a substrate-supported SLG
surface provides COF-5 as both a film on the graphene surface, as well as a powder precipitated in

the bottom of the reaction vessel.

c 108 d T T T T T T v
104w

100 ﬂl A AL A Mow s
02 04 06 08 10 1.2 1.4 16 1.8 2.0
Q [A1

00

-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8
Q, [A]

Fig. 2. (A) X-ray scattering data obtained from COF-5 powder; (inset) schematic of randomly oriented
COF-5 grains in the powder, as indicated in (A). (B) GID data from a COF-5 film on SLG/Cu; (inset)
schematic of oriented COF-5 grains in the film, as indicated in (B). (C) Projections of (A) (top/blue) and
(B) (middle/red) near Q,= 0, and the simulated powder diffraction spectrum (bottom/black) for COF-5.
(D) GID data obtained at large Q., showing an off-specular projection of the COF-5 film (001) Bragg
peak. (E) Top-down SEM image of the COF-5 thin film studied in (B), (C), and (D).
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(see inset). Projections of these data sets near
0, =0 (Fig. 2C) indicate peaks from both sam-
ples at 0.24, 0.42, 0.48, 0.64, 0.84, and 0.88 A ™!,
corresponding to 100, 110, 200, 210, 220, and
310 Bragg peaks of a hexagonal lattice with in-
plane lattice parameters a = b = 29.9 A, extreme-
ly close to the calculated (30.0 A) and measured
(29.7 A) values previously reported for COF-5
powders (). The concentration of these peaks
near O, = 0 in the film shows that the hexagonal
lattice of the COF-5 grains is aligned parallel to
the substrate surface.

Figure 2C highlights additional peaks not
shared by both samples. First, the film exhibits
diffraction peaks at 0.97, 1.06, 1.21, and 1.27 A"
that are not present in Fig. 2A or in reported
PXRD of COF-5 powder. These peaks corre-
spond to the COF-5 400, 320, 500, and over-
lapping 330 and 420 Bragg peaks. Additionally,
the 200 peak (at 0.48 A™") is attenuated in the
film compared with the powder. This difference
can arise from trace impurities in the pores or from
subtle differences in the horizontal offset between
layers in the film compared with the powder (23).
Powder rings in Fig. 2A at 1.27, 1.68, 1.87, and
1.94 A" correspond to Bragg peaks from residual
starting materials trapped in the pores of the un-
purified powder samples. The broad powder ring
in Fig. 2A centered at 1.83 A™' corresponds to
the 001 Bragg peak and indicates that the stacked
COF-5 sheets are in van der Waals contact (with
an out-of-plane lattice parameter ¢ = 3.43 A). This
peak is absent in Fig. 2B because the ¢ axes of
grains in the film are oriented perpendicular to
the substrate. Instead, the 001 peak of the film is
observed (Fig. 2D) as a diffuse arc of scattering
centered at O, = 1.85 A™! by obtaining additional
measurements near Oy = 0 and a large out-of-plane
diffraction angle, corresponding to large Q). The
width of this peak in Q) provides a rough measure
of the orientational order in the film (24) and in-
dicates (see supporting online material text) that
most grains orient their ¢ axes within +13° of the
surface normal (fig. S5). Accounting for instru-
mental resolution and assuming platelet-shaped
grains (25), Debye-Scherrer analysis of Fig. 2, B
and D, indicates that the grains are ~6.8 = 0.3 nm
tall by 46 + 2 nm across, corresponding to ~20 unit
cells laterally and vertically.

The coverage and thickness of the films on
the SLG surface was evaluated by scanning elec-
tron microscopy (SEM). A top-down micrograph
of a COF-5 film grown on SLG/Cu for 30 min
(Fig. 2E) indicates complete coverage of the film
over the graphene surface. A few bulk COF-5
crystallites, observed in greater frequency when
longer reaction times are used, are scattered on top
of the film. They are not strongly associated to
the underlying film, and most are removed by
sonicating the substrate in dry toluene for 10 s,
after which the micrographs are uniform over
~100-um? areas. Grain boundaries in the COF
film appear in the micrograph as thin dark lines
that we attribute to the roughness of the under-
lying polycrystalline Cu layer, as they are not
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Fig. 3. (A) Cross-sectional
SEM image of a COF-5
film on SLG/Cu (30-min
growth time, 195 +
20—nm thickness) and
(B) GID of the film. (C)
Cross section of a COF-5
film on SLG/SiO, (2-hour
growth time, 94 + 5—nm
thickness) and (D) GID
of the film. (E) Cross sec-
tion of a COF-5 film on
SLG/SiC (8-hour growth
time, 73 + 3—nm thickness)
and (F) GID of the film.

observed when COF-5 is grown on SLG on
smoother substrates (for additional representative
micrographs, see figs. S6 to S9). We obtained
cross-sectional micrographs after depositing a
protective layer of Pt (400 nm) and milling the
sample with a Ga" focused ion beam (FIB). The
cross section of a film grown for 30 min (Fig. 3A)
shows a continuous COF layer of 195 + 20-nm
thickness, corresponding to ~580 layers. The GID
of this sample (Fig. 3B) was identical to that ob-
tained from the 2-hour film (Fig. 2B), indicating
similar crystallinity and alignment. A discontinuity
in the Cu is illustrated in Fig. 3A; though the
structure of the graphene at this defect is not
known, the COF film conforms to the indentation.

Although these studies were performed on
SLG supported by its Cu growth metal, our syn-
thetic method is general for SLG transferred to
other substrates, including transparent fused SiO,
(SLG/Si0,). This flexibility facilitates studying
the role of the underlying substrate on COF film
growth and provides a direct route for incor-
porating COFs into a wide range of devices.
COF-5 shows similar structure and alignment
on SLG/SiO, compared with SLG/Cu. The GID
of a film (Fig. 3D, 2 hours reaction time) ex-
hibits the same 100, 110, 200, 210, 220, 310,
400, 320, 330, 420, and 500 Bragg peaks with
diffraction intensities all localized near Q, = 0.
A cross-sectional micrograph (Fig. 3C) of the
film obtained after FIB milling shows a COF-5
film thickness of 94 + 5 nm, as well as a more
uniform film/substrate interface compared with
SLG/Cu. Top-down micrographs (fig. S10) show
fewer bulk crystallites and none of the cracks
observed in the films grown on SLG/Cu. Films
grown on SLG/Cu are consistently thicker than
those grown on SLG/SiO, at equivalent reaction
times (fig. S11), suggesting that the Cu surface
(including its defect sites) plays a role in COF
nucleation. Because the graphene on each sub-
strate is derived from the same CVD process, we
conclude that the thickness and uniformity of the
film is strongly affected by the quality of the
underlying substrate.

COF-5 films also form on SLG derived from
the thermal decomposition of SiC from its Si-
terminated basal plane (SLG/SiC). SLG/SiC exhib-
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Fig. 4. (A) The TP-COF chemical structure, (B) GID of a film on SLG/SiO,, and (C) transmission UV/Vis
spectrum and emission spectrum (Aexc = 352 nm) of the film. a.u., arbitrary units. (D) The NiPc-PBBA COF
chemical structure, (E) GID of a film on SLG/SiO,, and (F) transmission UV/Vis/NIR spectrum of the film.

its reduced surface roughness and larger graphene
domains compared with SLG/Cu (26, 27). Top-
down micrographs of COF-5 films grown for 8
hours indicate the formation of continuous films
with no visible grain boundaries and few bulk
crystallites (fig. S12). Cross-sectional micrographs
obtained from FIB-milled samples indicate a
uniform film with a thickness of 73 + 3 nm (Fig.
3E and fig. S13). The relatively thin COF film

grown on SLG/SiC in 8 hours follows the thick-
ness trend observed for SLG/Cu and SLG/Si0,.
GID of the film indicates similar diffraction pat-
terns as those grown on the other substrates, sug-
gesting a highly crystalline, vertically oriented film.
The epitaxial relation between SLG and the single-
crystal SiC substrate allowed us to determine that
the COF-5 film does not grow epitaxially with re-
spect to the graphene, as rotation of the sample
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during the GID experiment did not reflect the
sixfold symmetry of the COF lattice. This finding
suggests that matching the COF lattice size and
symmetry to the underlying graphene is not nec-
essary to obtain crystalline films (see below).
The crystallinity and alignment of COF films
on transparent SLG/SiO, substrates provides a
means to organize functional m-electron systems
within optoelectronic devices. Accordingly, films
of two of the first COF semiconductors were
grown on SLG/SiO,. One of these frameworks,
known as triphenylene-pyrene (TP)-COF (/1),
arises from incorporating a pyrene-2,7-diboronic
acid linker in place of PBBA into the hexagonal
COF-5 lattice (Fig. 4A). We obtained TP-COF in
both thin-film and powder form using similar
conditions to those described above (see figs. S14
and S15 for powder characterization and figs.
S16 and S17 for top-down and cross-sectional
micrographs). The GID of the films (Fig. 4B) in-
dicates similar vertical alignment of the 2D lat-
tice, as judged by the attenuation of the signals
with increasing Q, and the absence of the out-of-
plane 001 diffraction. The increased pore size of
TP-COF is apparent from the prominent 100 dif-
fraction at 0.19 A™", and the 110 (0.34 A™"), 200
039 A™), and 210 (0.52 A" are also observed.
Refinement of these data provided lattice param-
eters @ = b = 37.7 A in excellent agreement with
those derived from PXRD data of TP-COF pow-
ders (37.5 A) (/). The transparent SLG/SiO,
substrate enabled ultraviolet/visible/near infrared
(UV/Vis/NIR) spectroscopy of a COF film in
transmission mode for the first time (Fig. 4C, red
trace). The spectrum is consistent with the pres-
ence of both HHTP and pyrene chromophores
and shows improved vibrational resolution of the
absorbance bands relative to the diffuse reflec-
tance spectrum of the powder sample. The photo-
luminescence of the film (Fig. 4C, blue trace) is
characteristic of pyrene excimer emission over all
excitation wavelengths, arising from efficient en-

ergy transfer from HHTP to pyrene that was ob-
served in TP-COF powders.

Finally, we confirmed that COFs lacking hex-
agonal symmetry may also be crystallized on SLG
by preparing a Ni phthalocyanine-PBBA COF
on SLG/SiO; (Fig. 4D). GID of the film (Fig. 4E)
again exhibited diffraction peaks localized near
0, =0 located at 0.27 A" (100), 0.55 A~" (200),
0.81 A™' (300), and 1.08 A™! (400). These data
correspond to a vertically aligned 2D square lattice
with parameters @ = b = 23.0 A that match those
obtained from the characterization of the powder
sample. Cross-sectional images indicate a contin-
uous film of ~210 + 25-nm thickness (figs. S18
and S19). The translucent, turquoise films absorb
strongly over the visible range of the spectrum as
a consequence of the Ni phthalocyanine chromo-
phores (Fig. 4F). Both the films and the powders
are nonemissive, as is expected for H-aggregated
phthalocyanines (see figs. S20 and S21 for powder
characterization). These vertically aligned, porous
phthalocyanine COFs are intriguing precursors of
ordered heterojunction films long thought to be
ideal for organic photovoltaic performance (28).
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A Virophage at the Origin of Large

DNA Transposons

Matthias G. Fischer' and Curtis A. Suttle?3*

DNA transposons are mobile genetic elements that have shaped the genomes of eukaryotes

for millions of years, yet their origins remain obscure. We discovered a virophage that, on the
basis of genetic homology, likely represents an evolutionary link between double-stranded DNA
viruses and Maverick/Polinton eukaryotic DNA transposons. The Mavirus virophage parasitizes the
giant Cafeteria roenbergensis virus and encodes 20 predicted proteins, including a retroviral
integrase and a protein-primed DNA polymerase B. On the basis of our data, we conclude that
Maverick/Polinton transposons may have originated from ancient relatives of Mavirus, and thereby
influenced the evolution of eukaryotic genomes, although we cannot rule out alternative

evolutionary scenarios.

netic landscape of eukaryotes by creating
new alleles, influencing gene regulation,
and rearranging chromosome structure (/). TEs

Transposable elements (TEs) affect the ge-

can be divided into retrotransposons and DNA
transposons. DNA transposons are further cate-
gorized into cut-and-paste TEs, rolling-circle TEs,
and the self-synthesizing Maverick or Polinton

(MP) TEs (2). MP TEs are 9 to 22 kilobase pairs
(kb) long, encode up to 20 proteins, and are
found in a wide range of eukaryotes, including
protists, fungi, and animals (3—6). Their coding
capacity varies among species, yet they contain a
conserved set of genes (4, 5). Most MP TEs en-
code a retroviral integrase, a viral protein-primed
DNA polymerase B, an adenosine triphospha-
tase (ATPase) similar to the FtsK-HerA genome-
packaging ATPases of double-stranded DNA
(dsDNA) viruses, and a cysteine protease with
homologs in adenoviruses. Another protein termed
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