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ABSTRACT

An electronic device comprising a structured organic ?lm
.

With an added functionality comprising a plurality of seg
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ments and a plurality of linkers arranged as a covalent organic
framework, wherein the Structured Organic ?lm may be a
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multi-segment thick structured organic ?lm.
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ELECTRONIC DEVICES COMPRISING
STRUCTURED ORGANIC FILMS

[0013] Hani El-Kaderi et al. “Designed S nthesis of 3D
Covalent Organic Frameworks, Science, V0 . 316, pp. 268

CROSS-REFERENCE TO RELATED
APPLICATIONS

Microporous and Mesoporous Covalent Organic Frame

272 (Apr. 13, 2007);
[0014]

Adrien P. Cote et al., “Reticular Synthesis of

of US. Provisional Application No. 61/157,411, entitled
“Structured Organic Films” ?led Mar. 4, 2009, which is

works”J. Am. Chem. Soc, Vol. 129, 12914-12915 (published
on web Oct. 6, 2007);
[0015] Omar M. Ya hi et al., “Reticular synthesis and the

hereby incorporated by reference in its entirety.
[0002] Commonly assigned US. patent application Ser.

design ofsnew materia s,”NaZure, Vol. 423, pp. 705-714 (Jun.
12, 2003 ;

No.

Occurrence and Taxonomy of Nets and Grammar for the

[0001]

This nonprovisional application claims the bene?t

, entitled “Structured Organic Films,” “Mixed

Solvent Process for Preparing Structured Organic Films,”
“Composite Structured Organic Films,” “Process For Prepar
ing Structured Organic Films (SOFs) Via a Pre-SOF,” respec
tively, concurrently ?led herewith, the disclosures of which
are totally incorporated herein by reference in their entireties,
describe structured organic ?lms, methods for preparing
structured organic ?lms and applications of structured
organic ?lms.
BACKGROUND OF THE INVENTION
Materials whose chemical structures are comprised

[0003]
of molecules linked by covalent bonds into extended struc
tures may be placed into two classes: (1) polymers and cross

[0016] Nathan W. Ockwig et al., “Reticular Chemistry:
Design of Frameworks,”Ace. Chem. Res., Vol. 38, No. 3, pp.
176-182 (published on web Jan. 19, 2005);
[0017] Pierre Kuhn et al., ‘Porous, Covalent TriaZine
Based Frameworks Prepared by Ionothermal Synthesis,”
An ew. Chem. Int. Ed., Vol. 47, pp. 3450-3453. (Published on

we% Mar. 10, 2008);

[0018] Jia-Xin Jiang et al., “ConjugatedMicroporous Pol
y(aryleneethylny ene) Networks,” Angew. Chem. Int. Ed.,
Vol. 46, (2008) pp, 1-5 (Published on web Sep. 26, 2008); and
[0019] Hunt, J. R. et al. “Reticular Synthesis of Covalent
Organic Borosilicate Frameworks” J. Am. Chem. Soc, Vol.

130, (2008), 11872-11873. (published on web Aug. 16,

2008).

linked polymers, and (2) covalent organic frameworks (also

SUMMARY OF THE DISCLOSURE

known as covalently linked organic networks).
[0004] The ?rst class, polymers and cross-linked polymers,
is typically embodied by polymeriZation of molecular mono

[0020] There is provided in embodiments a structured
organic ?lm comprising a plurality of segments and a plural
ity of linkers arranged as a covalent organic framework,
wherein at a macroscopic level the covalent organic frame

mers to form long linear chains of covalently-bonded mol

ecules. Polymer chemistry processes can allow for polymer
iZed chains to, in turn, or concomitantly, become ‘cross
linked.’ The nature of polymer chemistry offers poor control
over the molecular-level structure of the formed material, i.e.

the organiZation of polymer chains and the patterning of
molecular monomers between chains is mostly random.
Nearly all polymers are amorphous, save for some linear

work is a ?lm.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] Other aspects of the present disclosure will become
apparent as the following description proceeds and upon ref

polymers that ef?ciently pack as ordered rods. Some polymer
materials, notably block co-polymers, can possess regions of

erence to the following ?gures which represent illustrative
embodiments:
[0022] FIG. 1 represents a simpli?ed side view of an exem

order within their bulk. In the two preceding cases the pat

plary photoreceptor that incorporates a SOF of the present

terning of polymer chains is not by design, any ordering at the

disclosure.
[0023] FIG. 2 represents a simpli?ed side view of a second

molecular-level is a consequence of the natural intermolecu

lar packing tendencies.
[0005] The second class, covalent organic frameworks
(COFs), differ from the ?rst class (polymers/cross-linked

exemplary photoreceptor that incorporates a SOF of the
present disclosure.

polymers) in that COFs are intended to be highly patterned. In
COF chemistry molecular components are called molecular
building blocks rather than monomers. During COF synthesis

exemplary photoreceptor that incorporates a SOF of the
present disclosure.

molecular building blocks react to form two- or three-dimen

sional networks. Consequently, molecular building blocks
are patterned throughout COF materials and molecular build
ing blocks are linked to each other through strong covalent
bonds.

[0006] COFs developed thus far are typically powders with
high porosity and are materials with exceptionally low den
sity. COFs can store near-record amounts of argon and nitro
gen. While these conventional COFs are useful, there is a

[0024]

FIG. 3 represents a simpli?ed side view of a third

[0025] FIG. 4 represents a simpli?ed side view of a ?rst
exemplary thin ?lm transistor that incorporates a SOF of the

present disclosure.
[0026] FIG. 5 is a graphic representation that compares the
Fourier transform infrared spectral of the products of control

experiments mixtures, wherein only N4,N4,N4',N4'-tetrakis
(4-(methoxymethyl)phenyl)biphenyl-4,4'-diamine is added
to the liquid reaction mixture (top), wherein only benzene-1,
4-dimethanol is added to the liquidreaction mixture (middle),
and wherein the necessary components needed to form a

need, addressed by embodiments of the present invention, for

patterned Type 2 SOF are included into the liquid reaction

new materials that offer advantages over conventional COFs
in terms of enhanced characteristics.

mixture (bottom).

[0007]

The properties and characteristics of conventional

COFs are described in the following documents:

[0008]
[0009]
[0010]

Yaghi et al., US. Pat. No. 7,582,798;
Yaghi et al., US. Pat. No. 7,196,210;
Shun Wan et A, “A Belt-Shaped, Blue Luminescent,

and Semiconducting Covalent Organic Framework,” Angew.
Chem. Int. Ed., Vol. 47, pp. 8826-8830 (published on web Jan.

10, 2008);

[0011] Nikolas A. A. Zwaneveld et al., “Organized Forma
tion of 2D Extended Covalent Organic Frameworks at Sur
faces,”J. Am. Chem. Soc, Vol. 130, pp. 6678-6679 (published
on web Apr. 30, 2008);
[0012] Adrien P. Cote et al., “Porous, Crystalline, Covalent

[0027] FIG. 6 is a graphic representation of a Fourier trans
form infrared spectrum of a free standing SOF comprising

N4,N4,N4',N4'-tetra-p-tolylbiphenyl-4,4'-diamine
ments, p-xylyl segments, and ether linkers.

seg

[0028] FIG. 7. is a graphic representation of a Fourier trans
form infrared spectrum of a free standing SOF comprising

N4,N4,N4',N4'-tetra-p-tolylbiphenyl-4,4'-diamine
ments, n-hexyl segments, and ether linkers.

seg

[0029] FIG. 8 is a graphic representation of a Fourier trans
form infrared spectrum of a free standing SOF comprising

N4,N4,N4',N4'-tetra-p-tolylbiphenyl-4,4'-diamine

seg

ments, 4,4'-(cyclohexane-1,1-diyl)diphenyl, and ether link
ers.

Organic Frameworks,” Science, Vol. 310, pp. 1166-1170

[0030] FIG. 9 is a graphic representation of a Fourier trans
form infrared spectrum of a free standing SOF comprising of

(Nov. 18, 2005);

triphenylamine segments and ether linkers.
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[0031] FIG. 10 is a graphic representation of a Fourier
transform infrared spectrum of a free standing SOF compris

ing triphenylamine segments, benzene segments, and imine
linkers.
[0032] FIG. 11. is a graphic representation of a Fourier
transform infrared spectrum of a free standing SOF compris

diameter per cm2. The term “defect-free SOF” refers, for
example, to an SOF that may or may not be removed from the
underlying substrate on Wh1ch it Was formed and contains no

pinholes, pores or gaps greater than the distance betWeen the
cores of tWo adjacent segments per micron2, such as no pin
holes, pores or gaps greater than about 100 Angstroms in
diameter per micron2, or no pinholes, pores or gaps greater

ing triphenylamine segments, and imine linkers.

than about 50 Angstroms in diameter per micron , or no

[0033]

pinholes, pores or gaps greater than about 20 Angstroms in
diameter per micron2.
[0040] In embodiments, the SOF comprises at least one

FIG. 12 is a graphic representation of a photo-in

duced discharge curve (PIDC) illustrating the photoconduc
tivity of a Type 1 structured organic ?lm overcoat layer.
[0034] FIG. 13 is a graphic representation of a photo-in

duced discharge curve (PIDC) illustrating the photoconduc

atom of an element that is not carbon, such at least one atom

selected from the roup consistin of hydrogen, oxygen,

nitrogen, silicon, pTiosphorous, se enium, ?uorine, boron,

tivity of a Type 1 structured organic ?lm overcoat layer con
taining Wax additives.
[0035] FIG. 14 is a graphic representation of a photo-in

boraZine-, borosilicate-, and boronate ester-free SOF.

duced discharge curve (PIDC) illustrating the photoconduc

[0042] The SOFs of the present disclosure com rise
molecular building blocks havin a segment (S) and unc

tivity of a Type 2 structured organic ?lm overcoat layer.
[0036] FIG. 15 is a graphic representation of tWo-dimen
sional X-ray scattering data for the SOFs produced in
Examples 26 and 54.
[0037] Unless otherWise noted, the same reference numeral
in different Figures refers to the same or similar feature.

and sulfur. In further embodiments, the SOF is a boroxine-,

[0041] Molecular Building Block
tional groups (Fg). Molecular bui ding blocks require at least
tWo functional groups (x22) and may comprise a sin le type
or tWo or more types 0 functional grou s. Functiona groups

are the reactive chemical moieties 0 molecular building
blocks that partici ate in a chemical reaction to link together
segments duringt e SOF forming rocess. A segment is the

portion of the molecular building block that supports func
DETAILED DESCRIPTION

[0038] “Structured organic ?lm” (SOF) is a neW term intro
duced by the present disclosure to refer to a COF that is a ?lm
at a macroscopic level. The term “SOF” refers to a covalent

organic framework (COF) that is a ?lm at a macroscopic

level. The phrase “macroscopic level” refers, for example, to
the naked eye vieW of the present SOFs. Although COFs are
a network at the “microscopic level” or “molecular level”
(requiring use of poWerful magnifying equipment or as

assessed using scattering methods), the present SOF is fun
damentally different at the “macroscopic level” because the
?lm is for instance orders of magnitude larger in coverage
than a microscopic level COF netWork. SOFs described

herein have macroscopic morphologies much different than

typical COFs previously synthesiZed. COFs previously syn
thesiZed Were typically obtained as polycrystalline or particu
late poWders Wherein the poWder is a collection of at least

thousands of particles (crystals) Where each particle (crystal)
can have dimensions ranging from nanometers to millime

ters. The shape of the particles can range from plates, spheres,

cubes, blocks, prisms, etc. The composition of each particle
(crystal) is the same throughout the entire particle While at the
edges, or surfaces of the particle, is Where the segments of the
covalently-linked frameWork terminate. The SOFs described
herein are not collections of particles. Instead, the SOFs of the
present disclosure are at the macroscopic level substantially
defect-free SOFs or defect-free SOFs having continuous
covalent organic frameWorks that can extend over larger
length scales such as for instance much greater than a milli
meter to lengths such as a meter and, in theory, as much as

hundreds of meters. It Will also be appreciated that SOFs tend
to have large aspect ratios Where typically tWo dimensions of
a SOF Will be much larger than the third. SOFs have markedly

tional groups and comprises all atoms that are not associated

With functional groups. Further, the composition of a molecu

lar building block segment remains unchanged after SOF
formation.

[0043] Functional Group
[0044] Functional roups are the reactive chemical moi
eties of molecular bui ding blocks that partici ate in a chemi

cal reaction to link together segments during t e SOF forming
process. Functional groups may be composed of a single
atom, or functional groups may be composed of more than
one atom. The atomic com ositions of functional groups are

those com ositions norma ly associated With reactive moi
eties in c emical com ounds. Non-limiting examples of

functional grou s inclu e halogens, alcohols, ethers, ketones,

carboxylic aci s, esters, carbonates, amines, amides, imines,
ureas, aldehydes, isocyanates, tosylates, alkenes, alkynes and
the like.

[0045] Molecular building blocks contain a plurality of
chemical moieties, but only a subset of these chemical moi
eties are intended to be functional groups during the SOF
forming process. Whether or not a chemical moiety is con
sidered a functional group depends on the reaction conditions

selected for the SOF formin process. Functional groups (Fg)
denote a chemical moiety t?at is a reactive moiety, that is, a
functional group during the SOF forming process.
[0046] In the SOF forming rocess the composition of a
functional group Will be altere through the loss of atoms, the
ain of atoms, or both the loss and the gain of atoms; or, the
nctional group ma be lost altogether. In the SOF, atoms
previously associate With functional groups become associ
ated With linker groups, Which are the chemical moieties that

join together segments. Functional groups have characteristic
chemistries and those of ordinary skill in the art can generally

recogniZe in the present molecular building blocks the atom
(s) that constitute functional group(s). It should be noted that
an atom or grouping of atoms that are identi?ed as part of the

molecular building block functional group may be preserved

feWer macroscopic edges and disconnected external surfaces

in the linker group of the SOF. Linker groups are described
beloW.

than a collection of COF particles.

[0047] Segment

[0039]

In embodiments, a “substantially defect-free SOF”

or “defect-free SOF” may be formed from a reaction mixture

deposited on the surface of an underlying substrate. The term

“substantially defect-free SOF” refers, for example, to an
SOF that may or may not be removed from the underlying
substrate on Which it Was formed and contains substantially
no pinholes, pores or gaps greater than the distance betWeen
the cores of tWo adjacent segments per square cm; such as, for

example, less than 10 pinholes, pores or gaps greater than
about 250 nanometers in diameter per cm2, or less than 5
pinholes, pores or gaps greater than about 100 nanometers in

[0048]

A segment is the portion of the molecular building

block that supports functional groups and comprises all atoms
that are not associated With functional groups. Further, the

composition of a molecular building block segment remains
unchanged after SOF formation. In embodiments, the SOF
may contain a ?rst segment having a structure the same as or

different from a second segment. In other embodiments, the
structures of the ?rst and/ or second segments may be the same
as or different from a third segment, forth segment, ?fth

segment, etc. A segment is also the portion of the molecular
building block that can provide an inclined property. Inclined
properties are described later in the embodiments.
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[0049]

In speci?c embodiments, the segment of the SOF

comprises at least one atom of an element that is not carbon,
such at least one atom selected from the group consisting of

-c0minued
NH2

hydrogen, oxygen, nitrogen, silicon, phosphorous, selenium,
?uorine, boron, and sulfur.
[0050]

Illustrated beloW are examples of molecular build

ing blocks. In each example the portion of molecular building
block identi?ed as the segment (S) and functional groups (Fg)
is indicated.
[0051] Molecular building block With one type of func
t1onal group.

HZN

HO

OH HO\

/OH
segment (S)
(tetraphenylmethane group

I
OH

denoted in square)

OH

molecular

segment (S)

building block

(phenyl ring
denoted in square)

?inctional groups (Fg)
(three circled OH groups.

functional groups (Fg)
(tWo circled NHZ groups, and tWo circled CHO groups)

Pg : NHZ
s I

o

[0052] Molecular building block With tWo types of func-

Pg: </

tional group.

H
x I4

[0053]

Molecular building block With tWo types of func

tional group.

0H

<5

HZN

NH;
molecular building block
O
molecular building block

oH

I

NH;
segment (S)
tol l

ou

oulined

( gyi'glig box)

@

@
.

functional groups (Fg)
(circled amino and
circled hydroxyl groups)
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originate from atoms present in functional groups on molecu

lar building blocks prior to the SOF forming process. Chemi
cal moiety linkers may be Well-knoWn chemical groups such

-continued

as, for example, esters, ketones, amides, imines, ethers, ure
thanes, carbonates, and the like, or derivatives thereof.

[0057]

For example, When tWo hydroxyl (40H) functional

groups are used to connect segments in a SOF via an oxygen

atom, the linker Would be the oxygen atom, Which may also
be described as an ether linker. In embodiments, the SOF may

[0054]

contain a ?rst linker having a structure the same as or different

Linker

[0055] A linker is a chemical moiety that emerges in a SOF
upon chemical reaction betWeen functional groups present on

the molecular building blocks (illustrated beloW).

from a second linker. In other embodiments, the structures of
the ?rst and/or second linkers may be the same as or different
from a third linker, etc.

[0058]

In speci?c embodiments, the linker comprises at

least one atom of an element that is not carbon, such at least

one atom selected from the group consisting of hydrogen,

oxygen, nitrogen, silicon, phosphorous, selenium, ?uorine,
boron, and sulfur.

ego

[0059]
reactive coating process

SOF Types

[0060] Three exemplary types of SOF are described beloW.
These SOF types are expressed in terms of segment and linker
combinations. The naming associated With a particular SOF
type bears no meaning toWard the composition of building
blocks selected, or procedure used to synthesiZe a SOF, or the

physical properties of the SOF.

molecular building block

[0061] Type 1 SOF: comprises one segment type and one
linker type.
[0062] Type 2 SOF: comprises tWo segment types and one
linker type.
[0063] Type 3 SOF: a plurality of segment types and/or a
plurality of linker types.
[0064] In embodiments, a plurality of building block types

Fg4@ilsg
molecular building block

may be employed in a single process to generate a SOF, Which
in turn Would contain a plurality of segment types so long as

the reactivity betWeen building block functional groups
remains compatible. A SOF comprising a plurality of seg
ment types and/or a plurality of linker types is described as a

Type 3 SOF.
[0065] For example, among the various possibilities for
Type 3 SOFs, a Type 3 SOF may comprise a plurality of
linkers including at least a ?rst linker and a second linker (and

SOF

S I segment

(portion ofthe molecular building
block conserved in SOP)
Pg I funtional group

(reactive portion of the molecular

building block)
L I linker

(connects segments moieties in

SOP)

optionally a third, forth, or ?fth, etc., linker) that are different
in structure, and a plurality of segments including at least a
?rst segment and a second segment (and optionally a third,
forth, or ?fth, etc., segment) that are different in structure,
Where the ?rst segment, When it is not at the edge of the SOF,
is connected to at least three other segments (such as three of
the second segments being connected via linkers to a ?rst
segment), Wherein at least one of the connections is via the
?rst linker and at least one of the connections is via the second
linker; or a Type 3 SOF may comprise a plurality of linkers
including at least a ?rst linker and a second linker (and option
ally a third, forth, or ?fth, etc., linker) that are different in

structure, and a plurality of segments consisting of segments
[0056]

A linker may comprise a covalent bond, a single

atom, or a group of covalently bonded atoms. The former is
de?ned as a covalent bond linker and may be, for example, a
single covalent bond or a double covalent bond and emerges
When functional groups on all partnered building blocks are
lost entirely. The latter linker type is de?ned as a chemical
moiety linker and may comprise one or more atoms bonded

together by single covalent bonds, double covalent bonds, or
combinations of the tWo. Atoms contained in linking groups

having an identical structure, Where the segments that are not
at the edges of the SOF are connected by linkers to at least
three other segments, Where at least one of the connections is
via the ?rst linker, and at least one of the connections is via the
second linker; or a Type 3 SOF may comprise a plurality of
segments including at least a ?rst segment and a second

segment (and optionally a third, forth, or ?fth, etc., segment)
that are different in structure, Where the ?rst segment, When it
is not at the edge of the SOF, is connected to at least three

US 2010/0224867 A1
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chemical structures. From the illustrations beloW, it is made
clear here that it is possible that the same SOF type may be

other segments (such as three second segments or Various
other segments that are present) by one or more linkers.

synthesized using different sets of molecular building blocks.
In each of the strategies provided beloW only a fragment of the

[0066] Illustration of SOF Types
[0067] Described beloW are non-limiting examples for
strategies to synthesiZe a speci?c SOF type With exemplary

chemical structure of the SOF is displayed.

Strategy 1: Production ofa Type 1 SOF using one type ofmolecular building block.
This SOF contains an ethylene (tWo atom) linker type.
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