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CAPACITOR BASED POWER SYSTEM AND
UNMANNED VEHICLE WITH THE

CAPACITOR BASED POWER SYSTEM
THEREOF

CLAIM OF PRIORITY
[0001] This application is a continuation - in -part of U .S .
patent application Ser. No. 15 /043,315 filed Feb . 12 , 2016 ,
the entire contents of which are incorporated herein by

reference .

FIELD OF THE DISCLOSURE
[0002] The disclosure relates to an unmanned aerial

vehicle having a capacitor energy storage system (CESS )

and optionally a connector interface and controller board ,

the controller board being connected to the CESS , the CESS

can discharge and charge through the connector interface,

and a DC - voltage conversion device capable of down step

ping and up stepping voltage discharge of said CESS to

power the controller board and other optional subsystems.
An electronic switch can control the power -on and -off of the

CESS, thereby avoiding the generation of sparks during the

power on process and allowing for the normal use of the
capacitor storage unit and the safety of the vehicle .

BACKGROUND
[ 0003] Unmanned vehicles such as unmanned aerial

Jul. 19 , 2018
batteries store and release electrical energy through electro
chemical reactions. Emergence of varied uses of unmanned

aerial vehicles are driving the technology to reduce cost,
weight, and size , and increase lifetime. Such an application
often uses rechargeable batteries in conjunction with a
battery management system (BMS ) that monitors battery
parameters such as voltage , current, temperature , state of
charge , and state of discharge and protects against operating
the battery outside its safe operating ranges . Rechargeable

batteries have drawbacks due to relatively large weight per
unit energy stored , a tendency to self- discharge , suscepti
bility to damage if too deeply discharged , susceptibility to
catastrophic failure if charged too deeply, limited power
availability per unit weight, limited power availability per
unit energy, relatively long charging times, and degradation

of storage capacity as the number of charge - discharge cycles
increases .
10006 ]. Alternatives to batteries for rechargeable energy
storage include capacitor-based systems. However , due to
cost and energy per unit volume limitations in traditional
supercapacitors , they have not been practical for UAVs

operating over long time frames . Film capacitors store
energy in the form of an electrostatic field between a pair of

electrodes separated by a dielectric layer . When a voltage is

applied between two electrodes, an electric field is present in

the dielectric layer . Unlike batteries, capacitors can be
charged relatively quickly , can be deeply discharged without
suffering damage , and can undergo a large number of charge

discharge cycles without damage . Despite improvements in

vehicles (UAVs) can be used for performing surveillance ,
reconnaissance , aerial video and photography, wireless com
munication signals, exploration tasks for military and civil

more energy per unit volume. One drawback of capacitors

propulsion system for remote controlled or autonomous

rapidly during discharge. By contrast, battery systems tend

ian applications, and recreational and professional videog
raphy. Such unmanned vehicles typically include a

movement with the surrounding environment. For example ,
the unmanned vehicles may have a CESS that powers a
device of the unmanned vehicle , such as the propulsion
system .

[0004 ] Existing systems of powering unmanned vehicles ,

however, can be less than ideal. For example , batteries

traditionally used in UAV 's can lack high energy storage
capacity for extended aerial operation , and lack high power
density. Due to the internal resistance and material degra
dation inherent in batteries , advanced battery management
systems have been developed to improve battery cycle life ,
increase the rate of charging, manage temperature , etc . as
described in U . S . patent application Ser. No. 14 /262,478 .

capacitor technology , including the development of ultraca
pacitors or supercapacitors , rechargeable batteries store
compared to batteries is that the terminal voltage drops
to have a terminal voltage that does not decline rapidly until

nearly exhausted . Also , because the energy stored on a

capacitor increases with the square of the voltage for linear
dielectrics and at a power greater -than or equal to 2 for
metadielectrics, capacitors for energy storage applications
may operate at much higher voltages than batteries.
10007 ) Further, energy is lost if constant current mode is

not used during charge and discharge. These characteristics
complicate the design of power electronics for use with

metacapacitors and differentiate a metacapacitor manage
ment system from battery management systems that are
presently in use .

[0008 ] It is within this context that aspects of the present
disclosure arise .

Additionally, rapid battery swapping mechanismshave been
developed , as described in US patent application PCT/
US2015/032240 filed May 22, 2015 ; to aid operators in
quickly redeploying a UAV with fully charged batteries and
minimize operational interruption from slowly recharging
one battery pack out in the field . Further, existing capacitor
technology is generally considered to have significant defi
ciencies for energy storage or power systems for unmanned
vehicles . Capacitors do not produce constant voltage during
discharge and generally have low energy density (watt

more switch mode voltage converters coupled to the termi
nals of the capacitive energy storage device . Metacapacitors

cator for an energy or CESS level. Additionally , use of a

ultracapacitors or supercapacitors . The DC - voltage conver

hours/kilogram ). Traditionally , capacitors also lack an indi

CESS system for unmanned vehicles creates a need for a
safe and convenient charging or replacement system for the
CESS system .
[0005 ] Traditionally rechargeable electrical energy storage

systems are based on rechargeable batteries. Rechargeable

INTRODUCTION
[0009] Aspects of the present disclosure address problems
with conventional rechargeable electrical energy storage
technology in unmanned aerial vehicles by combining a
capacitive energy storage device having one or metacapaci

tors with a DC - voltage conversion device having one or

have greater energy storage capacity than conventional
sion device regulates the voltage on the capacitive energy

storage device during charging and discharging .
[0010 ] A voltage conversion device typically includes a
voltage source (an input), one or more active or passively
controlled switches, one or more inductive elements (some

US 2018 /0205242 A1
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advanced converters, e. g., charge - pump circuits , do not
specifically use inductors per se though there may be para

sitic inductance in the circuit board and /or wiring), one or

more energy storage elements (e.g ., capacitors and /or induc

tors) , some way of sensing output voltage and/ or current,
and some way of controlling the switches to create a specific

output voltage or current, and terminals to connect this

device to external inputs and outputs such as various loads.

A standard circuit for producing an output voltage Vout that
is less than the input voltage Vin ( VouNin < 1 ) is called a
buck converter , and a standard circuit for producing an
output voltage that is greater than the input voltage (Vout
Vin > 1) is called a boost converter . The basic circuit often
used to describe buck conversion is a switched LC filter
(FIG . 1 ). The load can be thought of as a resistor that will
vary its resistance to achieve a set current moving through

it . Effectively, this is an LCR low -pass filter, with the
capacitor and resistor in parallel. When the switch is closed ,

delay. FIG . 4 demonstrates the signal treatment required to
generate a pair of signals, S ' and ! S & & !S " correspondingly

to switches SW1, SW2with the required time delay spacing,
with the only inputs being a pulse -width modulated signal,
S , and a time delay, tdelay. S'(t) = S (t+ tdelay) and S " (t) = S (t +
2 * t jetow ). In FIG . 4 , it is assumed that a switch is " closed " ,
e.g., conducting , when the switching signal is high and
" open " , e . g ., non - conducting when the switching signal is
low . In FIG . 4 , S is an input PWM input signal. S ' is the input
signal S delayed by teow . S " is S ' delayed by 2 * tjelow , !S is
the inverse of the input signal S , ! S " is the inverse of signal

S " , and ! S & & !S " is the logical AND of !S with !S " .
[0013 ] When deciding between synchronous or non -syn

chronous it is important to consider the efficiency losses due

to switching ( e.g ., energy needed to move charge on and off
the diode. Synchronous converters tend to have an advan

the gate of a MOSFET) and those due to conduction through

the LC network begins to absorb energy , and current begins

tage in high -ratio conversion . They are also a fundamental
building block of the split -pi-bidirectional converter because

to flow through the inductor. However, when the switch is
opened while current is flowing , the inductor will attempt to

or boost.

maintain the current i(t) and will generate reverse voltage

v (t) following equation (I).

v(t) = Ldindi

(1)

[0011 ] The reverse voltage generated will be extremely
high if the incremental change in current di occurs over a
sufficiently short increment of time dt, and this may damage

or destroy the switching element SW1. Therefore , it is

necessary to provide a path to ground so that current can
continue to flow . This path can be implemented with a diode
that operates as a one-way valve , opening automatically

when the inductor tries to pull current out of the switching

the extra switches are needed to provide dual -purpose buck

[0014 ]. In the off-state , the boost converter delivers the

supply voltage directly to the load through the second switch
element SW2 in FIG . 5 . The process of increasing the
voltage to the load is started by opening the switching
element SW2 and closing the switching element SW1 (FIG .

6 ). Due to the additional voltage drop on inductor L1,

current flowing through inductor L1 will increase over time
( see, equation ( II )).

ilo)–ito)= ziSuleydi,

(II)

[0015 ] When the circuit is returned to the “ OFF ” state , the
inductor will attemptto maintain the same current that it had

element SW1 (see FIG . 2 ). This is called a non -synchronous

before by increasing its voltage drop proportional to the

nized with the switching of a power transistor, such as a
FET). Such a converter does not need to be actively syn
chronized . A possible issue with this type ofcircuit is that the

change in current (see , equation ( III)).

buck converter, because the diode is automatically synchro

metal oxide semiconductor field effect transistor (MOS

turn - on voltage of the diode needs to be reached and be
maintained while the switching element SW1 is turned off

and the diode is active. This means that there will always be

a voltage drop of, e. g ., ~ 0 .6V across the diode due to current

flowing through it, and therefore a power loss . This can be

improved by implementing a synchronous converter design ,
where the diode is replaced with a second switch SW2 (see
FIG . 3 ) and the controller actively synchronizes the activity

of both switches such that they are never on at the same time.
[ 0012 ]. The delay between turn -off and turn - on of the

MOSFETs in a synchronous design needs to ensure that a

shoot- through event does not occur. Although two separate

pulses can be set up with a delay, a better solution would
only need a single pulse width modulation (PWM ) channel
set up and automatically derive the second signal. With a

little bit of thought, this can be achieved using digital buffers

v(t)= Li din

(III)

dt

[0016 ] In the “ off state” the switching element SW2 is
closed so that this increased voltage gets translated to the
output capacitor. The output capacitor provides filtering;
averaging between Vin and the inductor 's voltage spikes .
[0017 ] N -channel MOSFET (NMOS), P -channel MOS

FET (PMOS), and push - pull complementary metal oxide
semiconductor (CMOS ) topologies of a stacked MOSFET
for fully integrated implementations in Honeywell's 150 nm

SOI Radiation Hardened process described in following
M . E . Richardson , “ High Voltage Switching Circuit for

paper ( J . E . Founds, H . L . Hess , E . J. Mentze , K . M . Buck .
Nanometer Scale CMOS Technologies," 13th NASA Sym

posium on VLSI Design , June 2007.), which is incorporated

signals applied to the switches SW1 and SW2 shown in FIG .
3 . Typical gates have 2 - 10 ns propagation delay, but pro

herein by reference . The stacked MOSFET is a high - voltage
switching circuit. A low - voltage input signal turns on the
first MOSFET in a stack ofMOSFET devices, and the entire
stack of devices is turned on by charge injection through

logic device (CPLD ) or field programmable gate array

vides both static and dynamic voltage balancing, preventing

( or inverters ) to introduce a time delay into the switching
grammable logic devices such as a complex programmable

(FPGA ) can be programmed with variable propagation

parasitic and inserted capacitances. Voltage division pro
any device in the circuit from exceeding its nominal oper

US 2018 /0205242 A1
ating voltage. The design equations for these topologies are
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tors (e.g . cycling lifetime, quick charging /recharging, and

presented . Simulations for a five device stack implemented

high power density ) while minimizing a capacitor 's disad

lated stack is shown to handle five times the nominal
operating voltage.
[ 0018 ] An example of a reliable circuit configuration for
stacking power metal -oxide semiconductor field effect tran
sistors (MOSFETs) is described , e .g., in R . J. Baker and B .
P . Johnson , “ Stacking Power MOSFETs for Use in High
Speed Instrumentation ” , Rev. Sci. Instrum ., Vol.63, No. 12 ,
December 1992 , pp . 799 - 801, which is incorporated herein
by reference. The resulting circuit has a hold off voltage N
times larger than a single power MOSFET, where N is the

ply systems use batteries or battery packs that often incor
porate battery management systems to manage the complex
ity of safely operating lithium type batteries ( see U . S . patent

in Honeywell' s 150 nm process verify the static and
dynamic voltage balancing of the output signal. The simu

number of power MOSFETs used . The capability to switch

higher voltages and thus greater amounts of power, into a

5092 load , in approximately the same time as a single device
a powerMOSFET. Using the design method presented , a 1 .4
KV pulse generator, into SO 509 , with a 2 ns rise time and
negligible jitter is designed .
is realized . Design considerations are presented for selecting

[ 0019 ] Another voltage switching circuit configuration is
based on an Integrated Gate - Commutated Thyristor ( IGCT).
The integration of a 10 -KV - IGCT and a fast diode in one
press pack is an attractive solution for Medium Voltage

Converters in a voltage range of 6 kV-7 .2 kV if the converter
power rating does not exceed about 5 -6MVA . (see , Sven

Tschirley et al., “ Design and Characteristics of Reverse

Conducting 10 -KV- IGCTs” , Proceedings of the 39th annual
Power Electronics Specialist Conference, pages 92 - 98 ,
2008 , which is incorporated herein by reference ). Tschirley

et al. describe the design and characterization of the world ' s
blocking and switching behavior of different IGCT and

vantages (e . g . non - linear voltage discharge and low specific
energy ). Previously described unmanned vehicle power sup

application Ser. No . 14 /262,478 filed on Apr. 25 , 2014,
the internal resistance of batteries power supply systems in
unmanned vehicles often suffer from low power density and
hinders the unmanned vehicles from operating in harsh
which is incorporated by reference herein ). Further, due to

environments such as high winds and low and high tem

peratures .

[0023 ] Aspects of the present disclosure address problems

with conventional unmanned vehicles with rechargeable
electrical energy storage technology by combining a capaci

tor energy storage device having one ormore metacapacitors

coupled with a DC - voltage conversion device having one or
more switch mode voltage converters coupled to the termi

nals of the capacitive energy storage device . Examples of
such capacitive energy storage devices are described and
incorporated in its entirety herein in U . S . patent application
Ser. No. 15 /043 ,315 , Published as U . S . Patent Application
Publication Number 20170237271 (attorney docket number
CSI -024 ) filed Feb . 12 , 2016 . Metacapacitors have greater
energy storage capacity than conventional ultracapacitors or
supercapacitors . The DC -voltage conversion device regu
lates the voltage on the capacitive energy storage device

during charging and discharging .
[0024 ] The individual metacapacitors are comprised of a

first electrode and a second electrode separated by a layer of

first reverse conducting 68 mm 10 -KV - IGCTs. On - state - ,

metadielectric material with a relative permittivity greater

diode samples are investigated experimentally . The experi

and 1044 22 cm . The metadielectric material can have a

mental results clearly show , that 10 -KV -RC - IGCTs are an
attractive power semiconductor for 6 -7 .2 kV Medium Volt

age Converters .
[0020 ] The physical characteristics of the dielectric mate
rial in the capacitor are the primary determining factors for
the performance of a capacitor. Accordingly , improvements

in one or more of the physical properties of the dielectric
material in a capacitor can result in corresponding perfor

mance improvements in the capacitor component , usually
resulting in performance and lifetime enhancements of the

electronics system or product in which it is embedded . Since
improvements in capacitor dielectric can directly influence

product size, product reliability , and product efficiency , there
is a high value associated with such improvements .

[0021 ] Compared to batteries, capacitors are able to store

energy with very high power density, e. g . charge/recharge
rates , have long shelf life with little degradation , and can be

charged and discharged (cycled ) hundreds of thousands or

millions of times. However, capacitors often do not store

energy in small volumeor weight as in case of a battery, or
tical for mass produced aerial vehicles. Accordingly, it may
be an advance in energy storage technology to provide
capacitors of higher volumetric and gravimetric energy

than or equal to 1000 and a resistivity between 10 ' 2 .cm
constant breakdown field (End ) strength between 0 .01 V /nm
and 8 . 0 V / nm . Additionally , capacitor energy storage
devices comprised of aforementioned metacapacitors in

some embodiments may have gravimetric energy densities

greater than or equal to 130 Wh/kg , 260 Wh/kg, 520 Wh/kg,

780 Wh/kg , 1300 Wh/kg, or 2 .6 kWh/kg .

[0025 ] Metadielectric layers maybe comprised of
so -called Sharp polymers (as described in U .S . patent appli
cation Ser. Nos . 15 /043, 247 and 14 /919, 337 ), YanLi Poly
mers ( as described in U . S . patent application Ser. Nos.

15 /449,587 and 15 /710 ,587 , Furuta polymers ( as described

in U . S . patent application Ser. No. 15 /043 , 186 ), para - Furuta
polymers (as described in U . S . patent application Ser. No .

15 /043 ,209), Non -Linear Static Dielectrics (as described in
U .S . patent application Ser. Nos. 15 /090 ,509 and 15 / 163,

595 ), Electro - Polarizable compounds (as described in U . S .
patent application Ser. No . 15 / 469 , 126 ), or any combination

thereof; which are incorporated herein by reference , and are

herein referred to as polarizable materials .
[0026 ] In some embodiments, the layer of metadielectric

at low energy storage cost, which makes capacitors imprac

material may be comprised of liquid crystal derived struc
tures , and said liquid crystal derived structures are com

storage density and lower cost.
SUMMARY
[ 0022] A need exists for a power supply system for

pounds . The liquid crystal derived structures may include
nematic type structures , chematic type structures, chiral

unmanned vehicles that incorporates advantages of capaci-

prised of supramolecular structures of polarizable com

nematic type structures , lyotropic type structures, or any

combination thereof. In some embodiments the lyotropic

type structures may be preferentially lamellar and micelle
structures.
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[0027] Said supramolecular structures of polarizable com pounds may be comprised of composite organic molecules
with one or more enhanced polarizable fragments , and

electrically resistive substituents that reduces the electrical

interaction of the enhanced polarizable fragments from other

supramolecular structures of polarizable compounds in said
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being comprised of a coolingmechanism in thermal contact
with the one or more CESD , a temperature sensor, and a
communication system .

[0032] In another aspect, a capacitor energy storage sys
tem includes one or more of the aforementioned capacitor

metadielectric material. Said polarization may include non

energy storage modules , an interconnection system and a
system control computer that monitors , processes , and con

electronic polarization , or any combination thereof. Further ,

trols all the values on the aforementioned communication
bus .

linear polarization , hyperpolarization , ionic polarization ,

said polarizable fragments demonstrating hyperpolarizablity
or non -linear effects may be non - centrosymmetric due to
positioning of one or more electrophilic groups ,one ormore
nucleophilic groups , conjugated rings systems (such as
phenyl groups , naphthyl groups, anthryl groups ), or any
combination thereof.
[0028 ] The present disclosure provides an unmanned
vehicle comprising a propulsion unit to be powered , a device
to be powered and a capacitor energy storage system

(CESS ). The capacitor energy storage system assembly is
comprised of one ormore capacitor energy storage modules
(CESM and modules herein ), wherein embodiments with a

plurality of CESM are networked in parallel. Further, the

capacitor energy storage system is comprised of an inter
connection system , a system controller , a system power

meter, and power switches connected to each module . Fur

ther still , the CESS is adapted to power the unmanned

[0033] In yet another aspect, the CESS adapted to power

an unmanned vehicle may be configured to discharge

through a connector interface to power a propulsion unit of

the unmanned vehicle . In some embodiments, the propulsion
unit may include one or more rotors with rotatable blades

and electric motors and drivers for speed control, and

wherein the CESS causes rotation of the rotors including the
blades via powering the electric motors , thereby generating

a lift for an unmanned aerial vehicle (UAV ) .

[0034 ]. Additionally , the CESS adapted to power an

unmanned vehicle may be configured to discharge through

the connector interface and voltage converter to power a

controller board , sensors, an external communication sys
combination thereof. The controller board may be linked to

tem , a navigation board , an inertialmeasurement unit, or any

and configured to receive performance data from the CESS

and send control commands to the CESS . Further, the
controller board in some embodiments may be linked to and

vehicle .
[ 0029 Each CESM is comprised of one ormore capacitor
energy storage cells (CESC and cells herein ). In one aspect,
a capacitor energy storage module may include one or more

more motor drivers, the external communication system , the

individual capacitor energy storage cells and one or more

power buses consisting of an interconnection system ,

ler board may be linked to and configured to receive data

wherein a power bus connects the power ports of the

processing and controlling the unmanned vehicle . The con

individual cells in parallel or series or any combination
thereof, to create common module power ports consisting of

common anode(s) and common cathode (s ) of the module .
The module may have additional sensors to monitor tem
perature ,module power, voltage and current of themodule ' s
interconnection system , and may include a communication
bus and /or communication bus protocol translator to convey
these sensor values as well as the values from the individual
cells .
[0030 ] Cells are comprised of a capacitor energy storage

device (CESD ) coupled with a DC -voltage control device . A

CESD is comprised of one or more metacapacitors con
nected in parallel, series, or any combination thereof. The
DC - voltage conversion device may have one or more switch

mode voltage converters . The CESD is configured to have a
power port ( consisting of a positive terminal and a negative

terminal, or anode and cathode ) to connect the capacitor- side

power port on the DC -voltage conversion device . The DC

voltage conversion device has one or more other power

configured to receive and send data from and to the one or
sensors , or any combination thereof for processing and

controlling the unmanned vehicle . Additionally , the control
from the navigation board and inertial measurement unit for
troller board may be electrically connected to an electronic

switch and an input device for controlling a power-on or a
power-off of the controller board and CESS .
[0035 ] The electronic switch may utilize solid state elec

tronics . In some implementations, the electronic switch does
not include any devices with moving parts. The electronic

switch may be based on silicon (Si) insulated - gate bipolar

transistors ( IGBTs ), silicon carbide (SiC ) metal oxide semi

conductor field effect transistors (MOSFETs ), gallium

nitride (GaN ) MOSFETs, Graphene or organic molecular
switches.
[0036 ] In some embodiments , the system may further

comprise a power meter in communication with an indica
tion device through the controller board , the power meter

being electrically connected to the one or more modules and
configured to calculate a level of charge of the system , and
the indication device being electrically connected to the

controller board and configured to indicate a percentage of
the remaining charge of the individualmodules and system

ports, which may interface to external circuitry . The power
ports are intended to convey power with associated current

as a whole . The power meter, in some embodiments , may
comprise a voltmeter measuring potential drop across the
one ormore modules and calculating additive totals for the

may include means to monitor and/or control parameters

based on the potential difference between the common

and voltage commiserate to the specification for the cell.
Each terminal in the port is a conductive interface . Each cell

system . The level of charge of the CESS may be calculated

such as voltage, current, temperature, and other important
aspects of the DC - voltage conversion device .
[0031 ] Further, the one or more cells may comprise a

measurement of a current collector measuring current over

temperature, and cooling the one or more cells. The TMS

may comprise a plurality of indicator lights and the number

thermal management system ( TMS ) capable of communi
cating with a module control node , monitoring each cell's

anodes and cathodes of the one or more modules . Alterna

tively, the level of charge of the CESS is calculated based on

time, and is electrically connected to the common anodes
and cathodes of the CESS . Optionally , the indication device
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of simultaneously -lit indicator lights may correspond to a
percentage of the level of charge of the CESS . Further, an
interface may be provided that is configured to provide
access to the level of charge of the CESS and voltage of the
CESS .

[0037] The level of the charge of the capacitor energy
storage system may be displayed with one or more LED

lights. Activation of a first LED light may indicate that the
CESS has between about 0 % and about 25 % power remain
ing. Activation of a second LED lightmay indicate that the
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input signal, the plurality of operation modes including at
least (i) activating display of a level of charge of the CESS

and ( ii ) turning on or turning off the CESS by turning on or

off of an electronic switch in electrical communication with

the CESS .
[0042] The capacitor energy storage system (CESS) may

be powered on or off without generating a spark . One or
more characteristics associated with the input signal may

include a length of time of the input signal. Selecting the

operational modes may optionally include comparing the

CESS has between about 25 % and about 50 % power

input signal with a predetermined signal pattern .

remaining . Activation of a third LED light may indicate that
the CESS has between about 50 % and about 75 % power
remaining. Activation of a fourth LED light may indicate

be connected to the CESS , wherein the CESS discharges

that the CESS has between about 75 % and about 100 %

power remaining.

[0038 ] The input device may include one of a button

switch , a mechanical switch , a potentiometer, or a sensor. In

some embodiments , the sensor includes at least a touch

sensor, photo sensor, or audio sensor.

(0039 ) In some embodiments , a ratio between a weight of

[0043] In some embodiments, a power supply circuit may
through the power supply circuit to power the unmanned
aircraft, wherein the power supply circuit comprises an
electronic switch , the electronic switch being electrically

connected to the CESS for controlling a power -on or a

power- off of the CESS .
[0044 ] In some embodiments, the power supply circuit

may further comprise a power indication device being
electrically connected to the power switch of the CESS and

the controller board and the weight of the CESS is less than

configured to indicate a percentage of the remaining charge

1 :11. In some embodiments , the CESS and controller board
combined may weigh less than about 400 g . Alternatively , in
some embodiments, the combined weight of all CESD in the

on a cell , a module , or CESS ; and may comprise a voltmeter ,

CESS may weigh less than 400 g . Alternatively still , in some

of the CESS . A power measurement device may be disposed

analog parameter bus, or digital parameter bus configured to
detect a voltage differential across the one ormore metaca

embodiments, the combined weight of all CESD in the

pacitors and calculate the level of charge of the cell . Option

about 500 mA . The CESS , in some embodiments , may

indicator lights and the number of simultaneously -lit indi
cator lights may correspond to a percentage of the level of
charge of the CESS . Furthermore, an interface may be

CESS may weigh more than 400 g , for example 10 kg , 100
kg or 1000 kg. The CESS may produce a current of at least
produce a current of at most 10000 A . The CESS , in some
embodiments may operate at a DC bus voltage of 5V to

1800V. Combined , this provides for a power range of 2 .5 W

to 18 MW which corresponds to providing vertical lift for a

wide range of vehicle gross weights . For example , a UAV
with a mass of 5300 kg would commonly utilize about 1 .4

MW of power. The UAV may be capable of flying for at least
about 10 mins without recharging the CESS .
[0040 ] Further, in some embodiments, the CESS assembly
may comprise a system controller capable of at least one of
(i) controlling discharge of the CESS , ( ii ) calculating the
level of charge of the CESS , ( iii ) protecting against a short
circuit of the CESS , ( iv ) protecting against over-charge of
the CESS , (vi) communicating information with an external
device , (vii) balancing level of charge amongst the one or
more modules. Further aspects of the disclosure may include

a UAV, comprising : at least one CESS ; a controller board , a
voltage converter , a navigation board , an inertial measure
ment unit, a state of charge indication device , and an input

device configured to receive a user input to switch between
a plurality of operational modes associated with the UAV ,
said operational modes including at least one of (i) activat
ing display of a level of charge of the CESS and ( ii) turning
on or turning off the CESS by turning on or off of an
electronic switch in electrical communication with the

CESS , ( iii )a flight mode, (iv ) a landing mode, (v ) a take-off
mode .

[0041] An aspect of the invention may include a method
for managing a CESS in accordance with another aspect of
the invention . The method may comprise : receiving an input
signal provided by a user of the CESS ; and in response to the
input signal, selecting an operationalmode from a plurality
of operational modes associated with the CESS based at

least in part one or more characteristics associated with the

ally, the indication device may comprise a plurality of

provided that is configured to provide access to the level of
charge of the cell , module, or CESS and voltage of the cell ,

module, or CESS .
[0045 ] The electronic switch may utilize solid state elec
tronics. In some implementations , the electronic switch does

not include any devices with moving parts . The electronic
switch may be based on silicon (Si) insulated - gate bipolar

transistors ( IGBTs ), silicon carbide (SiC ) metal oxide semi
conductor field effect transistors (MOSFETS ), gallium

nitride (GaN ) MOSFETs, Graphene or organic molecular
switches .
[0046 ] The level of the charge of the CESS may be

displayed with one or more LED lights. Activation of a first
LED light may indicate that the CESS has between 0 % and

about 25 % power remaining. Activation of a second LED

lightmay indicate that the CESS hasbetween about 25 % and
about 50 % power remaining. Activation of a third LED light
may indicate that the CESS has between about 50 % and 75 %

power remaining . Activation of a fourth LED light may

indicate that the CESS has between about 75 % and about

100 % power remaining.

[0047 ] The input device may include one of a button
switch , a mechanical switch , a potentiometer, or a sensor. In
some embodiments, the sensor includes at least a touch
sensor, photo sensor, or audio sensor.
[0048 ] In some embodiments , a ratio between a weight of
the power supply circuit and the weight of the CESS is less
than 1 : 11 . The CESS and power supply circuit combined

may weigh less than about 400 g . The CESS may produce

a current of at least about 500 mA . Alternatively , in some

embodiments , the weight of all the CESD in the CESS may
more than 10 kg, more than 100 kg, or more than 1000 kg .

The CESS may produce a current of at most about 10000 A .
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The UAV may be capable of flying for at least about 10 mins

without recharging. Existing lithium battery technology has
demonstrated specific energy density between about 100 and
250 Wh/kg (see https :// en .wikipedia .org /wiki/Lithium - ion _ _

battery # Performance and https ://na . industrial.panasonic .
com / sites/default /pidsa /files /downloads/ files/ panasonic _
overview _ information _ on _ li- ion _ batteries.pdf). A 400 g

lithium battery would therefore have a maximum energy
output of 100 Wh. By comparison , a 400 g metacapacitor

can have a specific energy density of 2 ,500 Wh/kg , which is
1000 Wh of stored energy .
[0049 ] Additional aspects and advantages of the present
disclosure will become readily apparent to those skilled in
this art from the following detailed description , wherein
only illustrative embodiments of the present disclosure are
shown and described . As will be realized , the present
disclosure is capable of other and different embodiments,
and its several details are capable ofmodifications in various
obvious respects , all without departing from the disclosure .
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[0064 ] FIG . 9C schematically shows a switch -mode volt
age converter implementing a standard inverting buck /boost
circuit .
[0065 ] FIG . 9D schematically shows a switch -mode volt
age converter implementing a standard non - inverting and
bi- directional buck /boost circuit .
[0066 ] FIG . 10A schematically shows a DC -voltage con
version device having two power ports and separate one or

more boost and one or more buck converters for charging a
meta -capacitor and separate one or more boost and one or

more buck converters for discharging the metacapacitor.
100671 FIG . 10B schematically shows an alternative DC

voltage conversion device having two power ports and a one

or more buck converters for charging a meta - capacitor and

one or more buck boost converter for the discharging the

meta -capacitor.
10068 ] FIG . 10C schematically shows another alternative
DC -voltage conversion device having two power ports and

Accordingly , the drawings and description are to be regarded
as illustrative in nature , and not as restrictive.

one or more boost converters for the charge and one or more
buck converters for discharging a meta - capacitor.

INCORPORATION BY REFERENCE
[ 0050 ] All publications, patents, and patent applications
mentioned in this specification are herein incorporated by

one or more buck / boost converters for charging a meta
capacitor and one or more buck /boost converters for dis

reference to the same extent as if each individual publica
tion , patent, or patent application was specifically and indi
vidually indicated to be incorporated by reference .

BRIEF DESCRIPTION OF THE DRAWING

[0051 ] FIG . 1 schematically shows the buck conversion
device based on the switched LC filter.
[0052] FIG . 2 schematically shows the non - synchronous
buck conversion device .

[0053 ] FIG . 3 schematically shows the synchronous buck

conversion device.
[0054 ] FIG . 4 demonstrates the signal treatment required

to generate a pair of signals with the required time delay
spacing .

[0055 ] FIG . 5 schematically shows a boost converter in an
[0056 ] FIG . 6 schematically shows a boost converter in an
" off state ” .
[0057 ] FIG . 7 schematically shows a battery and micro
controller unit of a moveable object .
[0058 ] FIG . 8A shows a capacitive energy storage device
containing a single capacitive element connected to a two
" on state ” .

terminal port.

[0059] FIG . 8B shows an alternative configuration of a
capacitive energy storage device containing multiple ele
ments connected to a two terminal port.
[0060 ] FIG . 8C shows an alternative configuration of a
capacitive energy storage device containing multiple ele

ments connected to a two terminal port .

[0061] FIG . 8D shows an alternative configuration of a

capacitive energy storage device containing multiple ele
ments connected to a two terminal port .

[0062 ] FIG . 9A schematically shows a switch -mode volt

age converter implementing a standard boost circuit.
[0063 ] FIG . 9B schematically shows a switch -mode volt

age converter implementing a standard buck circuit.

[0069 ] FIG . 10D schematically shows another alternative
DC -voltage conversion device having two power ports and
charging the meta -capacitor.

[0070 ] FIG . 10E schematically shows yet another DC

voltage conversion device having two power ports and one

or more bidirectional boost/buck converters for the charging

and discharging a meta -capacitor.

[0071 ] FIG . 10F schematically shows still another DC
voltage conversion device having three power ports and

separate one or more boost and one or more buck converters
for charging a meta - capacitor and separate one or more
boost and one or more buck converters for discharging the
meta -capacitor.

10072 ] FIG . 10G schematically shows another DC - voltage
conversion device having three power ports and a one or
more buck converters for charging a meta - capacitor and one
or more buck boost converter for discharging the meta
capacitor.

[0073] FIG . 10H schematically shows another DC -voltage
conversion device having three power ports and one or more

buck /boost converters for charging a meta - capacitor and one
or more buck /boost converters for discharging a meta
capacitor.

[0074] FIG . 101 schematically shows yet another DC
voltage conversion device having three power ports and one
or more bidirectional boost/buck converters for the charging
and discharging a meta -capacitor.

[0075 ] FIG . 11 schematically shows an energy storage cell
according to aspects of the present disclosure .
[0076 ] FIG . 12 schematically shows an energy storage cell
according to an alternative aspect of the present disclosure .
[0077 ] FIG . 13 schematically shows an energy storage cell
according to an alternative aspect of the present disclosure .

[0078] FIG . 14A shows a constant voltage Vi(t) feeding

the input of a converter and voltage Vc( t) on the capacitive
energy storage device during charge as the converter tran
sitions from buck to boost in accordance with aspects of the

present disclosure.

[0079 ] FIG . 14B shows a constant voltage Vo (t) extracted

from the output side of a converter and voltage Vc(t) on the

capacitive energy storage device during discharge as the
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converter transitions from buck to boost in accordance with

aspects of the present disclosure .
10080 ] FIG . 15A shows a constant voltage Vi(t ) feeding
the input of a converter and voltage Vc(t) on the capacitive

energy storage device during charge when Vmin ,op = Vi(t) in
accordance with aspects of the present disclosure .
[0081] FIG . 15B shows a constant voltage Vo(t) extracted
from the output side of a converter and voltage Vc(t ) on the
capacitive energy storage device during discharge when

Vmin ,op = Vi(t) in accordance with aspects of the present
disclosure .
10082] FIG . 16A shows an example of a single switch

buck -boost converter that may be implemented in a switch
mode voltage converter, which could be selected for use in
a DC voltage conversion device in an energy storage cell
according to aspects of the present disclosure .
[ 0083 ] FIG . 16B shows an example of a four switch
buck -boost converter that may be implemented in a switch

mode voltage converter, which could be selected for use in
a DC voltage conversion device in an energy storage cell
according to aspects of the present disclosure .

[0084] FIG . 17A shows an example of a capacitive energy
storage cells according to an alternative aspect of the present

storage module having two or more networked energy

disclosure .

[0085 ) FIG . 17B shows an example of a capacitive energy

storage module having one or more networked energy

storage cells according to an alternative aspect of the present

disclosure .
[ 0086 ] FIG . 18A shows an example of a capacitive energy

storage system having two or more energy storage net
worked modules according to an alternative aspect of the
present disclosure .
10087 ) FIG . 18B shows an example of a capacitive energy
storage system having one or more energy storage net
worked modules according to an alternative aspect of the
present disclosure .

[ 0088 ] FIG . 19A is a schematic diagram
disclosure .
[0089 ] FIG . 19B is a schematic diagram
disclosure with voltage detection.
[ 0090 ] FIG . 19C is a schematic diagram
disclosure with voltage detection .
[0091] FIG . 19D is a schematic diagram
disclosure with voltage detection .
[0092 ] FIG . 19E is a schematic diagram

of a vehicle of the
of a vehicle of the
of a vehicle of the
of a vehicle of the
of a vehicle of the

disclosure.

[ 0093 ]. FIG . 20A is a schematic circuit diagram of a

vehicle of the disclosure.

10094 ] FIG . 20B is a schematic circuit diagram of a
vehicle of the disclosure with a power generation unit

electrically connected to both the CESS and the device to be

powered .

[ 0095 ] FIG . 20C is a schematic circuit diagram of a

vehicle of the disclosure with a photovoltaic power genera

tion system electrically connected to both the CESS and a
power conversion unit which is connected to the device to be
powered .

[0096 ] FIG . 21 is a flow -chart showing the steps of a

method of the disclosure .

0097) FIG . 22 illustrates an unmanned aerial vehicle in
accordance with embodiments .
[0098 ] FIG . 23 illustrates a movable object including a

carrier and payload , in accordance with embodiments .

[0099] FIG . 24 is a schematic illustration by way ofblock
diagram of a system for controlling a movable object, in
accordance with embodiments.
DETAILED DESCRIPTION

[0100 ] While various embodiments of the disclosure have
been shown and described herein , it will be obvious to those
skilled in the art that such embodiments are provided by way
of example only. Numerous variations, changes, and substi
tutions may occur to those skilled in the art without depart
ing from the disclosure . It should be understood that various
alternatives to the embodiments of the invention described
herein may be employed .
10101 ] The systems, methods , and devices of the present
invention provide for an unmanned vehicle, a device to be

powered and a capacitor energy storage system (CESS ), as
a power supply, with a power supply control assembly
thereof. Further, said CESS includes at least one metaca
pacitor. The CESS may include one or more capacitor
energy storage modules ( CESM ), each of which may include
one or more capacitor energy storage cell (CESC ). Varia
tions and examples of CESS, CESM , and CESC are
described in U .S . patent application Ser. No. 15 /043,315
(attorney docket number CSI-024 ) filed Feb . 12, 2016 ;
which is incorporated by reference in its entirety herein . A
power supply control assembly may include a CESS elec
trically connected to and in communication with a controller
board , wherein the CESS is electrically connected to the
controller board via a voltage converter. The controller
board may overcome challenges related to the capacitor
based discharge control to power motor drivers and motors.

The controller board can be connected to the CESS. The
CESS can discharge through a connector interface . The
controller board can comprise an electronic switch and an
input device , with the electronic switch being electrically
connected to the controller board for controlling power on or
off of the controller board and CESS . The input device can
be electrically connected to the electronic switch for con
trolling the switched -on or switched -off state of the elec
tronic switch . Use of the electronic switch which may utilize
solid state electronics and may prevent sparking from occur
ring during charge , discharge , or replacement of the CESS .
For example, the electronic switch may include one of a
power MOSFET, a solid state relay , a power transistor, an
insulated gate bipolar transistor ( IGBT ), a GaN MOSFET, a
SiC MOSFET, or a JFET. The input device which may
communicate with the electronic switch . The input device
may include one or more of a button switches,mechanical
switches, potentiometers , sensors , or any combination

thereof.

[0102 ] The capacitor energy storage cell (CESC ), of the
present disclosure , is comprised of a capacitive energy
storage device and a DC -voltage conversion device . FIG . 11

schematically shows a capacitive energy storage cell 1
comprising a capacitive energy storage device 2 that
includes one or more metacapacitors 20 and a DC -voltage
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conversion device 3 , consisting of one more switch -mode
voltage converters 100, e.g . a buck converter , boost con
verter , buck /boost converter, bi-directional buck /boost

( split -pi) converter , cuk converter , SEPIC converter, invert

ing buck /boost converter, or four-switch buck /boost con

verter.

[0103] A metacapacitor is a capacitor comprising of a

dielectric film that is a metadielectric material , which is
disposed between a first electrode and second electrode. In
one embodiment, said electrodes are flat and planar and
positioned parallel to each other. In another embodiment, the
metacapacitor comprises two rolled metal electrodes posi
tioned parallel to each other. Further, the metadielectric
material may have a breakdown field (Ebd) between 0 .1
V /nm and 1 V /nm , a relative permittivity greater than 1000
at or above a critical voltage, and a resistivity greater than
1015 2 .cm , or greater than 1016 2 .cm .
[0104] Said metadielectric materials are comprised supra
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as the electrical polarization in external fields due to the
pliant interaction with the charge pairs of excitons, in which
the charges are molecularly separated and range over
molecularly limited domains.” (See Roger D . Hartman and
Herbert A . Pohl, “ Hyper-electronic Polarization in Macro
molecular Solids ” , Journal of Polymer Science: Part A - 1
Vol. 6 , pp . 1135 - 1152 ( 1968 )). Ionic type polarization can be

achieved by limited mobility of ionic parts of the core

molecular fragment.
[0108 ] An electro -polarizable compound has a general
structural formula:

RI

can be further selected from single chain moieties , branched

chain moieties, fused polycyclic moieties, or any combina
tion thereof. Additionally , the electrically resistive substitu
ents may be haloalkyl or haloaryl moieties . Fused perfluoro

polycyclic alkyl substituents of three cyclic groups long and
longer are alternative resistive substituents for improving
performance ofmetadielectric layer breakdown by provid
ing additional structural properties and reducing voids in the

layer.

[0106 ] The metadielectric layers used in such energy
storage devices may include compounds with rigid electro
polarizable organic units , composite organic polarizable
compounds, composite electro -polarizable organic com
pounds, composite non - linear electro -polarizable com
pounds, Sharp polymers, Furuta polymers , YanLi polymers ,

and any combination thereof.

[0107] Sharp polymers are composites of a polarizable
core inside an envelope of hydrocarbon (saturated and/or
unsaturated ), fluorocarbon , chlorocarbon , siloxane , and /or
polyethylene glycol as linear or branched chain oligomers
covalently bonded to the polarizable core that act to insulate
the polarizable cores from each other, which favorably
allows discrete polarization of the cores with limited or no
dissipation of the polarization moments in the cores . The
polarizable core has hyperelectronic , nonlinear, or ionic type
polarizability . “ Hyperelectronic polarization may be viewed

Core2

R4

mhe

supra -structures may form from liquid crystals in solution .
By way of example and not limitation , liquid crystal struc
tures types may include nematic , chematic , chiral nematic ,

enhanced cores forming a non -centrosymmetric polarizable
unit with substituents that are electrically resistive and may
aid solubility of said composite organic compounds in
common organic solvents. Said electrically resistive sub
stituents may be selected from alkyl and aryl moieties and

NLE
NLE

Cover Com ?). - 4).

Corel

structures formed from composite organic compounds. The

lyotropic lamellar, and lyotropic micelle .
[ 0105 ] In some embodiments said composite organic com
poundsmay be comprised of electrophilic and nucleophilic

1

R2

[0109 ] Where Corel is an aromatic polycyclic conjugated
molecule having two-dimensional flat form and self -assem

bling by pi-pi stacking in a column-like supramolecule , R1
is a dopant group connected to the aromatic polycyclic
conjugated molecule (Corel ), m is the number of dopant

groups R1 which is equal to 1, 2, 3 or 4 , R2 is a substituent
comprising one or more ionic groups from a class of ionic
compounds that are used in ionic liquids connected to the
aromatic polycyclic conjugated molecule (Corel ) directly or
via a connecting group , p is number of ionic groups R2
which is equal to 0 , 1, 2, 3 or 4 . The fragment marked NLE

containing the aromatic polycyclic conjugated molecule
with at least one dopant of group has nonlinear effect of
polarization . The Core2 is an electro - conductive oligomer
self -assembling by pi-pi stacking in a column- like supra
molecule, n is number of the electro - conductive oligomers
which is equal to 0 , 2 , or 4 , R3 is a substituent comprising
one or more ionic groups from a class of ionic compounds

that are used in ionic liquids connected to the electro
conductive oligomer ( Core2 ) directly or via a connecting
group , s is number of the ionic groups R3 which is equal to
0 , 1, 2 , 3 or 4. The R4 is a resistive substituent providing
solubility of the organic compound in a solvent and electri
cally insulating the column -like supramolecules from each
other, k is the number of R4 substituents, on said electro

polarizable compound , which is equal to 0 , 1 , 2 , 3 , 4 , 5 , 6 ,
7 or 8 .

[0110 ] In one embodiment of the present disclosure , the

aromatic polycyclic conjugated molecule (Corel) comprises
rylene fragments.
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EXAMPLE 1
10111 ]
HN

C12H250

OV

x0C12H25

OC12H25

C12H250

mododecane (2 .0 g, 1.9 mL , 7 .935 mmol) was added and
the reaction was placed in a preheated 100° C . oil bath and

Br

stirred overnight. The reaction was confirmed to be com

pleted after 18 hours by SiO , TLC using 1 : 1 Hexanes:

BB13

CH2Cl2
88 %

EtOAc. The reaction removed from the oil bath and
HO

V

OH

allowed to cool in air to room temperature . Excess K , CO ,

was quenched with 10 mL of aqueous HC1 ( 2 M ) and the
reaction was extracted with EtoAc (3x10 mL ). The

[0112 ] Synthesis of 3 ,5 -dihydroxybromobenzene: To a 50
mL reaction flask oven dried overnight at 90° C ., 3 ,5
dimethoxybromobenzene ( 1 .012 g , 4 .662 mmol) was dis

solved in anhydrous CH C12 (8 mL ) and placed in an ice
water bath to cool for 10 minutes . To this chilled solution ,
BBr , ( 10 .2 mmol, 10 . 2 mL , 1 M in CH , C1, ) was slowly
added over 5 minutes. Once this addition was complete ,

the reaction was removed from the ice water bath and
allowed to warm in in air to room temperature and

organic fractions were collected , washed with dionized
water ( 10 mL ) and dried with Na, So , before being
filtered . The solvent was removed under vacuum and the
product was purified by silica gel chromatography ( 100 %
Hexanes to 10 % EtOAc: 90 % Hexanes ) and isolated as a
colorless oil that slowly solidified into a white solid
( 0 . 929 g , 67 % ). H NMR ( 250 MHz, CDC12 ) d 6 .64 ( d ,
2H ), 6 .3 (m , 1H ), 3 .90 (t, 4H ), 1 .75 ( m , 4H ), 1.27 (s, 34H ),
0 . 89 (t, 6H ) ppm .

allowed to stir overnight. The reaction was confirmed to

be completed after 18 hours by SiO2 TLC using 1: 1

Hexanes : EtOAc . The reaction was placed back on an ice
water bath to cool for 10 minutes before 1 mL of methanol
was added to quench any unreacted BBrz still present .
This reaction mixture was washed with 10 mL of aqueous

HCI (2 M ) and extracted with EtOAC (3x10 mL ). The
organic fractions were collected and dried with Na2SO3
before being filtered . The crude reaction mixture was
concentrated under vacuum and precipitated into hexanes

to yield 3 ,5 - dihydroxybromobenzene (0 . 768 g , 88 % ) ' H .

Br

Pd (dppf)Cl2

C12H250

V

0C12H25

ACOK
Dioxane /90° C ./
30 min

76 %

NMR (250 MHz, CDC13 ) 8 6 .60 (d , 2H ), 6 .29 (m , 1H ),
4 . 96 (s, 2H ) ppm .
Br

Br

BrC12H25
K2CO3
DMF

HOVOH

HO

??

67 %

O

C12H25

C12H25

C12H250

COC12H25

A

[0113 ] Synthesis of A : To a 25 mL reaction flask oven
dried overnight at 90° C ., 3 ,5 - dihydroxybromobenzene
(0 . 502 g , 2 .66 mmol) and K2CO3 ( 1.097 g, 7 .937 mmol)
was dissolved in anhydrous DMF (11 mL ) and stirred at
room temperature for 10 minutes. To this mixture , bro

[0114 ] Synthesis of B : A (4 .711 g , 8 .962 mmol), bis

(pinacolato )diboron (3 .623 g, 14 . 26 mmol), potassium
acetate (2 .733 g , 27 .85 mmol), Pd( dppf)C12 (0 .211 g ,
0 .288 mmol) were evacuated inside a 100 mL round

bottom flask and backfilled with N2. In a separate flask , 32
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10
mL of dioxane was sparged with a N , flow for 15 min
before being added to the reaction flask via syringe. This
reaction solution was placed in a preheated oil bath set to
90° C . and monitored by TLC (9: 1 Hexanes :Hexanes).
When the reaction was complete, the reaction mixture was

-continued

washed with 25 mL of 2M HCl and extracted with ethyl

O2N

acetate (3x25 mL ). The organic fractions were collected
and dried using Na S04 and filtered before removing the
solvent under reduced pressure. The crude material was
redissolved in hexanes and filtered using a silica plug
using hexanes as the eluent. Hexane was removed under
reduced pressure to isolate a viscous oil (5 .852 g , 114 %
yield ). This crude mixture stirred for 1 h in 50 mL of
methanol to give a white solid precipitate that was col
lected by vacuum filtration . B was isolated as a white
solid (3 .941 g, 76 % ).

Y

NO2

NH2

Pd (PPhz) Cl2
K2CO3

Toluene/H20 (9 :1)
100° C .

58 %
C12H250

OC12H25

NO2

ON

NH2
12/

Ag2SO4
rt/ 18 h

02NY

NO2 93%
NH2

ON

Y

NO2

NH2

[0116 ] Synthesis of D : C (0 .702 g, 2. 24 mmol), B ( 1.418
g , 2.47 mmol), Pd(PPhz), C1, (0 .049 g , 0.070 mmol), and
K2CO3 (0 .628 g, 4 .50 mmol) were added to a 25 mL
round bottom flask before being evacuated and backfilled
with N , three times. In a separate flask , N2 was bubbled

through a 10 mL of toluene and 5 mL of H2O for 30 min
before adding 4 .7 mL of degassed toluene and 0 .53 mL of

[ 0115 ] Synthesis of C : 2 ,6 -dinitroaniline (1 .007 g , 5 .496
mmol), Ag2SO4 (2.34 g , 7 .502 mmol), and 12 (1. 965 g,
7 .743 mmol) were added to a 50 mL round bottom flask
at room temperature . To this mixture , 10 mL of ethanol
(0 .5 M of 2 ,6 -dinitroaniline ) was added and the reaction
was allowed to stir at room temperature for 18 hours. The
next morning a yellow precipitate had formed and TLC

degassed water to the reaction flask . This solution was
then placed in a preheated oil bath at 100° C . and stirred
for overnight. The reaction was monitored by TLC (7 :3
Hexanes:EtOAc). Once the reaction was complete , it was
removed from the oil bath and allowed to cool to room

sumption of the starting material. This reaction mixture

acidified with the addition of 2M HC1 (10 mL ) then

analysis ( 1 : 1 EtoAc:Hexanes ) had shown complete con

was filtered and the solid residue was washed with EtOAC
until the filtrate ran clear. The solvent was then removed
from the filtrate under vacuum and the crude solid was

redissolved in a minimum amount of CH ,C1, before being

precipitated into 100 mL ofhexanes . The mixture was set
aside for 30 minutes until no more solid precipitated and

the solid was isolated via vacuum filtration . C was iso
lated as an orange solid (1.578 g, 93 % ).
C12H250

0 C12H25

temperature in air for 30 min . The mixture was washed
with 5 mL of distilled water and excess base was carefully

extracted with EtoAc (3x10 mL ). The organic fractions
were collected and dried with NaSO4, filtered , and the
solvent was removed under vacuum distillation . The

crude product was dissolved in a minimum amount of
CH , C1, and precipitated into MeOH . The solid was fil
tered to give D as a yellow solid (0.818 g , 58 % ).

C12H250

0 C12H25
(NH4)2S
Butanol

80° C .

52 %
ON

Y
NH2

NO2
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- continued

OC12H25
C12H250

0C12H25

C12H250m
NO2

O?NY

NH2

ON

NH2

NH2
NH ,

Br

[0117 ] Synthesis of E : D (0 .489 g , 0 .773 mmol), was
added to a round bottom flask and dissolved into n -buta
nol (3 .2 mL ) at 80° C . To this solution was added a 20 wt
% aqueous solution of (NH4)2S (2 equiv , 0 .54 mL ). The

reaction was stirred for 1 hr and was monitored by TLC
(7: 3 Hexanes/ EtOAc ). When the reaction was complete,
the reaction mixture was washed with 5 mL of 2 M HCI
and extracted with ethyl acetate (3x5 mL ). The organic
fractions were collected and dried using Na S04 and
filtered before removing the solvent under reduced pres
sure . The crude material was redissolved in hexanes

purified using SiO2 column chromatography (7:3
Hexanes/ EtOAc ) to give E as a viscous red oil (0 .241 g ,
52 % ).

C12H250

F

[0118] Synthesis of F : E (0.050 g, 0.0836 mmol) and

4 -bromonaphthalic anhydride (0 .030 g, 0. 101 mmol), and

Zn (OAc)2 2H20 (0 .008 g, 0 .035 mmol) were added to a
round bottom flask before being evacuated and backfilled
with N2. In a separate flask , quinoline was sparged for 15
min under a flow of N , and added to the reaction mixture
(0 .7 mL). This suspension was heated to 170° C . and let

to stir overnight. When the reaction is complete (moni

tored by TLC ), the hot solution was poured into MeOH
(50 mL ) and the resulting solid was washed with 20 mL

of additional MeOH before being collected . Residual
MeOH was removed under reduced pressure. F was
collected (1 .038 g , 74 % ).

LOC12H25

OC12H25

ON

C12H250m

NHA

ON

NH2

NO2

Restorant
-

Zn(OAC)2 2H2O
Quinoline/
170 C .
30 %
Br

Br

F

Reducing Agent
80 C .
- -

- - - - - -

.
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- continued

- continued

OC12H25

OC12H25

C12H250

C12H250

NO2

NH2

Br

[ 0119 ] Synthesis of G : F ( 1 equivalent) was added to a
round bottom flask with butanol (0 .3 M ). This suspension

was heated to 80° C . and a reducing agent (SnCl2,
(NH4)2S , or HNaS ; 1 equivalent) was transferred to the
hot reaction mixture. The reaction was monitored by TLC
analysis and allowed to stir overnight. By TLC , SnCl, and
HNas had completely consumed the starting material,
however there is no observable product that could be

isolated from the reaction mixture . (NH4)2S revealed no
reaction and only starting material could be isolated .

OC12H25

[0120 ] Synthesis of H : F ( 1 equiv .), Pd(dppf)C1, (0 .05
equiv.), ACOK ( 2 equiv.), and B Pin2 ( 1.5 equiv.) were
added to 25 mL round bottom flask . This mixture was then

evacuated and backfilled with N2 3 times . In a separate
flask , dioxane (0 .3 M ) was bubbled with N2 for 30
minutes. This degassed solvent was then added to the
reaction flask under an N , atmosphere and placed into a
preheated 100° C . oil bath and allowed to stir overnight.
When the reaction was complete , it was removed from the
oil bath and allowed to cool to rt before being washed
with 2 HCl (~ 20 mL ) and extracted using EtOAC (2x30
mL ). The organic layers were collected , dried with
Na2SO4, filtered , and the solvent was removed under
reduced pressure . The crude product was purified by
column chromatography ( 100 % Hexanes -8 :2 Hexanes/
EtOAc). The solvent was removed to give H .

C12H250

OC12H25
NO2

B2Pin2

ACOK

Dioxane/90 C .

N.

Br

F

C12H250

Pd (dppf)Cl2
NO2
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- continued

PC12H25

OC12H25

C12H250
C12H250

NH ,

NH ,

NH2

Pd (PPh34

K2CO3
-------- >

- - - - -

H2O / Toluene /

EtOH
100 C .

K2CO3/N ( C2H4OH )3

- - - - - - - - - - - - - - - - - - -

BI
OC12H25

NO2

C12H250
C12H250 -

C12H250

OC12H25
I

OC12H25
C12H250
NH2

0NN
NH2
C12H250

OC12H25
'N
NO2

[0121 ] Synthesis of I: H (1 equiv.), Pd (PPhz)4 (0 .05
equiv ), K2CO3 (2 equiv .), and G (1 equiv .) were added to
a reaction flask . This mixture was then evacuated and
backfilled with N , 3 times. In a separate flask , a mixture

C12H250

OC12H25

of toluene, H , O (2: 1) was bubbled with N , for 10 minutes .
This degassed solvent was then added to the reaction flask
under an N2 atmosphere via syringe and placed into a

preheated 100° C . oil bath and allowed to stir overnight.
When completed , the reaction was removed from the oil
bath and allowed to cool to rt before being washed with
2M HCI ( 10 mL ) and extracted using EtOAC (2x10 mL ).
The organic layers were collected , dried with Na2SO4,
filtered , and the solvent was removed under reduced

pressure. The crude solid was dissolved in a minimum
amount of CH , C1, and precipitated into MeOH .

[0122 ] I ( 1 equivalent) was dispersed in triethanolamine
(0 .02 M ) and K2CO3 (25 equivalents ) was added . The
mixture was stirred at 130° C . for 24 hours under argon
atmosphere . Upon cooling to room temperature , the reac
tion mixture was diluted with dichloromethane and
washed with water . The organic layer was dried over
anhydrous sodium sulfate and purified by precipitation

into methanol or silica gel column chromatography to
yield J as dark purple solid .

US 2018 /0205242 A1
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[0123] A Sharp polymer has a general structural formula :
R3

R4
R4

Core

R2

chlorine (Cl). In still another embodiment of the composite
organic compound, the substitute providing solubility (R1)
of the composite organic compound is independently
selected from alkyl, aryl, substituted alkyl, substituted aryl,
fluorinated alkyl, chlorinated alkyl, branched and complex

R2 + (R1)n

alkyl, branched and complex fluorinated alkyl, branched and

complex chlorinated alkyl groups, and any combination
ethyl, propyl, butyl, iso -butyl and tent-butyl groups, and the
aryl group is selected from phenyl, benzyl and naphthyl
groups or siloxane, and/or polyethylene glycol as linear or
branched chains.
[0127] In some embodiments, at least one electrically
thereof , and wherein the alkyl group is selected from methyl,

R4

R3

[0124 ] Where Core is an aromatic polycyclic conjugated

molecule comprising rylene fragments. This molecule has
flat anisometric form and self -assembles by pi- pi stacking in
a column- like supramolecule . The substitute R1 provides

solubility of the organic compound in a solvent. The param

resistive substitute (R2) of the composite organic compound
is Cxb2x +1, where Xz1 and Q is hydrogen (H ), fluorine (F ),
or chlorine (Cl). In another embodiment of the composite

eter n is number of substitutes R1, which is equal to 0 , 1 , 2 ,

organic compound , at least one electrically resistive substi
tute (R2 ) is selected from the list comprising — (CH ).

substitute located in terminal positions, which provides

CH3, - CH ( CH2), CH3) 2) (where nz1 ), alkyl, aryl, substi
tuted alkyl, substituted aryl, branched alkyl, branched aryl,
and any combination thereof and wherein the alkyl group is
selected from methyl, ethyl, propyl, butyl, iso -butyl and
tert -butyl groups , and the aryl group is selected from phenyl,
benzyl and naphthyl groups. In yet another embodiment of
the composite organic compound
[0128 ] In some embodiments, the substitute R1 and / orR2
is connected to the aromatic polycyclic conjugated molecule
(Core ) via at least one connecting group . The at least one
connecting group may be selected from the list comprising
the following structures : ether, amine, ester, amide , substi
tuted amide, alkenyl, alkynyl, sulfonyl, sulfonate , sulfona

3 , 4 , 5 , 6 , 7 or 8 . The substitute R2 is an electrically resistive
resistivity to electric current and comprises hydrocarbon
( saturated and / or unsaturated ), fluorocarbon , siloxane , and /

or polyethyleneglycol as linear or branched chains. The

substitutes R3 and R4 are substitutes located on side ( lateral)

positions (terminal and /or bay positions) comprising one or
more ionic groups from a class of ionic compounds that are

used in ionic liquids connected to the aromatic polycyclic
conjugated molecule (Core ), either directly, e. g ., with direct
bound SP2 -SP3 carbons, or via a connecting group . The
parameter m is a number of the aromatic polycyclic conju
gated molecules in the column-like supramolecule , which is

in a range from 3 to 100 , 000 .
[0125 ] In another embodiment of the composite organic
compound , the aromatic polycyclic conjugated molecule
comprises an electro - conductive oligomer, such as a phe

nylene, thiophene, or polyacene quinine radical oligomer or

combinations of two or more of these . In yet another
embodiment of the composite organic compound , the elec

tro - conductive oligomer is selected from phenylene , thio
phene, or substituted and/ or unsubstituted polyacene quinine

radical oligomer of lengths ranging from 2 to 12 or combi

nation of two or more of these. Wherein the substitutions of

ring hydrogens by 0 , S or NR5 , and R5 is selected from the

group consisting of unsubstituted or substituted C - Cigalkyl,
unsubstituted or substituted C2-C1galkenyl, unsubstituted or
substituted C2 -C1galkynyl, and unsubstituted or substituted
C4-C18 aryl.
0126 ] In some embodiments , the substitute providing
solubility (R1) of the composite organic compound is
CgQ2x + 1,where Xz1 and Q is hydrogen (H ), fluorine (F ), or

mide, or substituted sulfonamide.
0129 ] In some embodiments , the substitute R3 and / or R4
may be connected to the aromatic polycyclic conjugated

molecule (Core ) via at least one connecting group . The at
least one connecting group may be selected from the list
comprising CH2, CF , SiR , O , CH ,CH , O , wherein R is

selected from the list comprising H , alkyl, and fluorine . In

another embodiment of the composite organic compound,
the one or more ionic groups include at least one ionic group
selected from the list comprising [NR ]*, [ PR ] * as cation
and [ / C02] , [ S03] , [ - SR5] , [ PO3R ]", [ PR ]
as anion , wherein R is selected from the list comprising H ,
alkyl, and fluorine.
[0130 . In some implementations, the aromatic polycyclic
conjugated molecule (Core ) comprises rylene fragments. In
another embodiment of the composite organic compound ,
the rylene fragments are selected from structures 1 to 13 as
given in Table 1.
TABLE 1

Examples of the polycyclic organic molecule (Core ) comprising rylene fragments

0948 totesto
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TABLE 1 - continued

09030
878186868
Examples of the polycyclic organic molecule ( Core ) comprising rylene fragments

10

3

Z

878181818
N

878421868

878181388
BUBB

NH

7

8
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TABLE 1 - continued

Examples of the polycyclic organic molecule (Core) comprising rylene fragments

HN

83181840

11

Jn

878884827

12

States
cao
13

-N

[ 0131] In other implementations, the aromatic polycyclic
conjugated molecule comprises an electro -conductive oli
gomer, such as a phenylene, thiophene , or polyacene quinine
radical oligomer or combinations of two or more of these . In

TABLE 2

Examples of the polycyclic organic molecule (Core )

comprising electro -conductive oligomer

yet another embodiment of the composite organic com
pound , the electro - conductive oligomer is selected from

structures 22 to 30 as given in Table 2 , wherein 1= 2 , 3 , 4 , 5 ,
6 , 7 , 8 , 9 , 10 , 11 or 12 , Z is = 0 , = S or NR5, and R5 is

selected from the group consisting of unsubstituted or sub

stituted

C , -C , alkyl, unsubstituted

or substituted

C2-Cigalkenyl, unsubstituted or substituted C2- Cigalkynyl,

and unsubstituted or substituted C4-Cigaryl:

In

NH
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organic compound , the substitute providing solubility (R1)
of the composite organic compound is independently
selected from alkyl, aryl, substituted alkyl, substituted aryl,

TABLE 2 - continued
Examples of the polycyclic organic molecule (Core )

comprising electro -conductive oligomer

to

23

21

faardt
OCH ;

24

[0133 ] In one embodiment of the composite organic com

pound , the solvent is selected from benzene, toluene,

xylenes, acetone , acetic acid ,methylethylketone , hydrocar

bons, chloroform , carbontetrachloride , methylenechloride ,

OCH3

1

dichlorethane, chlorobenzene, alcohols, nitromethan ,
25

IZ

forest
ten

26

to

acetonitrile , dimethylforamide , 1, 4 -dioxane, tetrahydrofuran
( THF), methylcyclohexane (MCH ), and any combination
thereof.
[0134 ] In some embodiments, at least one electrically
resistive substitute (R2) of the composite organic compound
is CxQ2x + 1, where iz1 and Q is hydrogen ( H ), fluorine (F ),
or chlorine (Cl). In another embodiment of the composite
organic compound, at least one electrically resistive substi
tute (R2 ) is selected from the list comprising – (CH ),

CH3, - CH ( CH2). CH3) 2) (where nzl) , alkyl, aryl, substi
and any combination thereof and wherein the alkyl group is
selected from methyl, ethyl, propyl, butyl, iso -butyl and

tuted alkyl, substituted aryl, branched alkyl, branched aryl.

tert -butyl groups, and the aryl group is selected from phenyl,

n

OCH3

fluorinated alkyl, chlorinated alkyl, branched and complex
alkyl, branched and complex fluorinated alkyl,branched and
complex chlorinated alkyl groups, and any combination
thereof, and wherein the alkyl group is selected from methyl,
ethyl, propyl, butyl, iso -butyl and tert -butyl groups, and the
aryl group is selected from phenyl, benzyl and naphthyl
groups or siloxane , and / or polyethyleneglycol as linear or
branched chains.

27

28

29

benzyl and naphthyl groups. In yet another embodiment of
the composite organic compound .

[0135 ] In some embodiments, at least one electrically
resistive substitute (R2) is selected from the group of alkyl,
aryl, substituted alkyl, substituted aryl, fluorinated alkyl,
chlorinated alkyl, branched and complex alkyl, branched
and complex fluorinated alkyl, branched and complex chlo
rinated alkyl groups , and any combination thereof, and
wherein the alkyl group is selected from methyl, ethyl,
propyl, n -butyl, iso -butyl and tert-butyl groups , and the aryl
group is selected from phenyl, benzyl and naphthyl groups
or siloxane , and / or polyethyleneglycol as linear or branched
chains.

[0136 ] In some embodiments, the substitute R1 and / orR2

is connected to the aromatic polycyclic conjugated molecule
( Core ) via at least one connecting group . The at least one
connecting group may be selected from the list comprising

30

the following structures : 31 -41 as given in Table 3, where W
is hydrogen (H ) or an alkyl group .
TABLE 3
Examples of the connecting group
- o

[0132] In some implementations, the substitute providing
solubility (R1) of the composite organic compound is
Cl2x + 1, where izl and Q is hydrogen (H ), fluorine (F ), or
chlorine (Cl). In still another embodiment of the composite
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molecular Solids” , Journal of Polymer Science: Part A - 1
Vol. 6 , pp . 1135 - 1152 (1968)).” Ionic type polarization can
be achieved by limited mobility of ionic parts of the teth
ered /partially immobilized ionic liquid or zwitterion ( Q ).

TABLE 3 -continued
Examples of the connecting group

wyt s

Additionally , other mechanisms of polarization such as
dipole polarization and monomers and polymers possessing

metal conductivity may be used independently or in com
bination with hyper- electronic and ionic polarization in

34

composite organic compound characterized by polarizability
35

36

38

39

OS

aspects of the present disclosure.
[0139 ] In some implementations, the metadielectric may
include one or more Sharp polymers in the form of a

40

SSO

and resistivity having the above general structural formula .
[0140 ] Further, characteristics ofmetadielectrics include a
relative permittivity greater than or equal to 1,000 and
resistivity greater than or equal to 1016 ohm . cm . Individu
ally , the Sharp Polymers in a metadielectric may form
column like supramolecular structures by pi-pi interaction .
Said supramolecules of Sharp polymers allow formation of
crystal structures of themetadielectric material. By way of
using Sharp polymers in a dielectric material, polarization
units are incorporated to provide the molecular material with
high dielectric permeability . There are several mechanisms
of polarization such as dipole polarization , ionic polariza
tion , and hyper-electronic polarization ofmolecules , mono
mers and polymers possessing metal conductivity. All polar
ization units with the listed types of polarization may be
used in aspects of the present disclosure. Further, Sharp
polymers are composite materials which incorporate an
envelope of insulating substituent groups that electrically
isolate the supramolecules from each other in the dielectric
crystal layer and provide high breakdown voltage of the
energy storage molecular material . Said insulating substitu
ent groups are resistive alkyl or fluro -alkyl chains covalently

bonded to a polarizable core, forming the resistive envelope .

O

[0141 ] In order that the invention may be more readily

41
-

[ 0137 ] In some embodiments, the substitute R3 and/or R4
may be connected to the aromatic polycyclic conjugated
molecule (Core ) via at least one connecting group . The at

least one connecting group may be selected from the list

understood , reference is made to the following examples,
which are intended to be illustrative of the invention , but are
not intended to be limiting the scope .

EXAMPLE 2

[0142 ] This Example describes synthesis of one type of
Sharp polymer according following structural scheme:

comprising CH2, CF2, SiR2O , CH2CH20 , wherein R is
selected from the list comprising H , alkyl, and fluorine . In
another embodiment of the composite organic compound ,
the one ormore ionic groups include at least one ionic group
selected from the list comprising [NR4] , [PR4] * as cation
and [ / CO2] , [ — S03] , [ SR ] , [ PO3R ] , 4PR
[ ;] as
anion , wherein R is selected from the list comprising H ,
alkyl, and fluorine .
[ 0138 ] Sharp polymers have hyperelectronic or ionic type
polarizability . “ Hyperelectronic polarization may be consid
ered due to the pliant interaction of charge pairs of excitons ,

localized temporarily on long, highly polarizable molecules ,
with an external electric field (Roger D . Hartman and

Herbert A . Pohl, “ Hyper -electronic Polarization in Macro

NH

C11H23

C1jH23

imidazole
160° C ., 3 h

180° C ., 3 h

03
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-continued

- continued
o

C11H23

C11H23

HO
HO

C11H23

C11H23
Br2
DCE ,

OV
C11H23 _ N
C11H23

80° C .
24 h

C11H23
0

OH

C11H23

3??

AB11405

K -085

0
Br

0
C11H23N

1

C11H23
C11H23

=

[0143] The process involved in the synthesis in this

Pd (PPh34,
Cul
TEA ,

90° C . 16 h

Br
Br

example may be understood in terms of the following five
steps.

a ) First Step :
[0144 ]

CjH23 0

NH2

CjH23
C11H23
C11H23

C11H23
2

imidazole

160° C ., 3 h

K2CO3
????,
CH2Cl22 h
6 h for
large scale

180° C ., 3 h
HN .

C11H23

C11H23

C11H23

N

C11H23

in

C11H23

CuH23 RuCl3,
H5106

C11H23
C11H23

CC14,
H20 , it,

CH3CN
4h

C11H23yY
T
C11H23

0

[0145 ] Anhydride 1 (60 .0 g, 0 . 15 mol, 1.0 eq ), amine 2
(114 .4 g , 0 .34 mol, 2 .2 eq ) and imidazole (686 .0 g, 10 .2 mol,
30 eq to 2) were mixed well into a 500 mL ofround -bottom
flask equipped with a bump- guarder. The mixture was
degassed three times, stirred at 160° C . for 3 hr, 180° C . for
3 hr, and cooled to rt. The reaction mixture was crushed into
water (1000 mL ) with stirring. Precipitate was collected
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with filtration , washed with water (2x500 mL), methanol
(2x300 mL ) and dried on high vacuum . The crude product
was purified by flash chromatography column (CH2C1_!

-continued

C11H23

C11H23

Br

hexane= 1 / 1) to give 77 .2 g (48 .7 % ) of the desired product 3
as an orange solid . ' H NMR (300 MHz, CDC13 ) 8 8.65 - 8.59
(m , 8H ), 5 .20 -5 . 16 ( m , 2H ), 2.29- 2.22 (m , 4H ), 1.88 - 1. 82

( m , 4H ), 1.40 -1. 13 (m , 64H ), 0.88 -0 .81 (t, 12H ). Rf = 0 .68
(CH C12 /hexane = 1 / 1 ).
C11H23

Br

b ) Second Step :
CuH23

[0146 ]
[0147] To a solution of the diimide 3 (30 .0 g , 29.0 mmol,

C11H23
'N

1 .0 eq ) in dichloroethane ( 1500 mL ) was added bromine

(312 .0 g , 1 . 95 mol, 67 .3 eq ) . The resulting mixture was

C11H23

stirred at 80° C . for 36 hr, cooled , washed with 10 % NaOH
( aq , 2x1000 mL ), water ( 100 ml), dried over Na ,so , ,
filtered and concentrated . The crude product was purified by

Br2
DCE,
80° C .

flash chromatography column (CH _ C12 /hexanes = 1/ 1) to
TH NMR (300 MHz, CDC13 ) 89.52 (d , 2H ), 8 .91 (bs, 2H ),

give 34 . 0 g ( 98 .2 % ) of the desired product 4 as a red solid .

24 h
C1

8 .68 (bs, 2H ), 5 . 21 -5 . 13 (m , 2H ), 2 . 31 -2 . 18 (m , 4H ) , 1 . 90
1 . 80 ( m , 4H ), 1 .40 - 1. 14 ( m , 64H ), 0 .88 - 0 . 81 (t, 12H ) .

CuH23

Rf= 0 .52 (CH C12/hexanes= 1/1 ).
c ) Third Step
[0148 ]
o

C11H23
N

Br

C11H23
Pd (PPhz)4, Cul

TEA , 90° C .
16 h

Cj?H23
C11H23

Br

©

C11H23

C11H23

C11H23
C11H23
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[0149 ] To a solution of the di-bromide 4 ( 2.0 g, 1.68

mmol, 1.0 eq) in triethylamine (84 .0 mL ) was added Cul
(9 .0 mg, 0 .048 mmol, 2 .8 mol % ) and (trimethylsilyl)
acetylene (80.49 g, 5 .0 mmol, 3.0 eq ). The mixture was

e) Fifth Step
[0152 ]

degassed three times. Catalyst Pd (PPh :) 4 ( 98 .0 mg, 0 .085

O

mmol, 5 . 0 mol % ) was added . The mixture was degassed
three times, stirred at 90° C . for 24 hr, cooled , passed

N

through a pad of Celite, and concentrated . The crude product
was purified by flash chromatography column (CH2C12
hexane = 1/ 1) to give 1. 8 g (87 . 2 % ) of the desired product 5
as a dark -red solid . ' H NMR (300 MHz, CDC13 ) 10 .24
10 . 19 (m , 2H ), 8 . 81 (bs, 2H ) , 8 .65 (bs , 2H ), 5 . 20 -5 . 16 ( m ,
2H ), 2 .31- 2 .23 (m , 4H ), 1. 90 - 1. 78 ( m , 4H ), 1 .40 - 1. 15 ( m ,

72H ), 0 .84 -0 .81 (t, 12H ), 0 .40 (s, 18H ). Rf= 0 .72 (CH _ C12

hexane = 1 / 1 ).

C11H23
C11H23

RuCl3,
H5106
CC14 ,
CH3CN
H20 , rt,

CH23 _ N
C11H23 0
a

4h

!

C11H23

d ) Fourth Step
HO

[0150]

C11H23
O

CuH23

N

C11H23

C11H23
K2CO3
MeOH ,

0

OH

C11H23

CH2Cl2

C11H23N

2h

AB11405
K -085

C11H23

0

CjH23
N

C11H23

[0153] To a suspension of alkyne 6 (1.4 g , 1.3 mmol, 1.0
eq ) in a mixture of CC1 /CH ,CN / H , O (6 mL /6 mL/ 12 mL )
was added periodic acid (2 .94 g , 12.9 mmol, 10 .0 eq ) and
RuCl2 ( 28 .0 mg, 0 . 13 mmol, 10 mol % ). The mixture was
stirred at room temperature under nitrogen for 4 hours,
diluted with DCM (50 mL ), washed with water, brine , dried

over Na SO4, filtered and concentrated . The crude product

was purified by flash chromatography column ( 10 % MeOH /
CH , C1 ,) to give 1. 0 g (68 . 5 % ) of the desired product 7 as a

dark -red solid . ' H NMR ( 300 MHz, CDC1z) 08. 90 - 8 .40 ( m ,
6H ), 5 . 17 -5 .00 (m , 2H ), 2 .22 - 2 . 10 (m , 4H ), 1. 84 - 1.60 (m ,

C11H23
C11H23

[ 0151] To a solution of diimide 5 (1.8 g , 1.5 mmol, 1.0 eq )
in a mixture ofMeOH /DCM (40 .0 mL / 40 .0 mL ) was added

K2CO3 (0 .81 g , 6 .0 mmol, 4 .0 eq ). The mixture was stirred

at room temperature for 1. 5 hr, diluted with DCM ( 40 .0 mL ),
washed with water, brine , dried over Na SO4, filtered and
concentrated . The crude product was purified by flash chro

matography column (CH _ C12) to give 1.4 g ( 86 .1 % ) of the
desired product 6 as a dark -red solid . ' H NMR ( 300 MHz,
CDC1z ) 8 10 .04 - 10 .00 (m , 2H ), 8.88 -8 .78 (m , 2H ), 8 . 72 -8 .60
( m , 2H ), 5 . 19 - 5 . 14 ( m , 2H ) , 3 .82 - 3 . 80 ( m , 2H ) , 2 .31- 2 . 23

( m , 4H ), 1. 90 - 1.78 ( m , 4H ), 1.40 - 1.05 (m , 72H ), 0 .85 - 0 .41
(t, 12H ). Rf= 0 .62 (CH ,C1,) .

4H ), 1.41-0 . 90 (m , 72H ), 0 .86 -0 .65 (t, 12H ). Rf= 0 .51 (10 %

MeOH /CH , C1, ) .
[0154] Furuta co -polymers and para - Furuta polymers
(herein referred to collectively as Furuta Polymers unless

otherwise specified ) are polymeric compounds with insulat
ing tails, and linked /tethered /partially immobilized polariz
able ionic groups. The insulating tails are hydrocarbon
( saturated and/ or unsaturated ), fluorocarbon , siloxane , and/
or polyethylene glycol linear or branched chains covalently
bonded to the co -polymer backbone. The tails act to insulate
the polarizable tethered /partially immobilized ionic molecu
lar components and ionic pairs from other ionic groups and
ionic group pairs on the same or parallel co -polymers, which
favorably allows discrete polarization of counter ionic liquid
pairs or counter Q groups ( i.e . polarization of cationic liquid

and anionic liquid tethered /partially immobilized to parallel
Furuta polymers ) with limited or no interaction of ionic

fields or polarization moments of other counter ionic group
pairs partially immobilized on the same or parallel co
polymer chains . Further, the insulating tails electrically
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insulate supra -structures of Furuta polymers from each
other . Parallel Furuta polymers may arrange or be arranged

such that counter ionic groups (i. e . tethered /partially immo

bilized ionic groups (Qs) of cation and anion types (some
times known as cationic Furuta polymers and anionic Furuta

polymers )) are aligned opposite from one another. In some
implementations, the metadielectric layer may include two

or more Furuta polymers, including a Furuta polymer having
an immobilized ion liquid group of a cationic or anionic
type .

[0155 ] A Furuta co -polymer has the following general
structural formula :

Tail

Tail

HPI HAPA

Jul. 19 , 2018
naphthalate (PEN ), oligomers of polycarbonate (PP ), poly
styrene (PS), and oligomers of polytetrafluoroethylene
(PTFE ). In another embodiment of the organic co -polymeric
compound , the resistive substitutes Tail are independently

selected from alkyl, aryl, substituted alkyl, substituted aryl,
fluorinated alkyl, chlorinated alkyl, branched and complex
alkyl, branched and complex fluorinated alkyl,branched and
complex chlorinated alkyl groups, and any combination
thereof, and wherein the alkyl group is selected from methyl,
ethyl, propyl, butyl, iso -butyl and tert- butyl groups, and the
aryl group is selected from phenyl, benzyl and naphthyl
groups . The resistive substitute Tail may be added after
polymerization .
[0157 ] In yet another aspect of the present disclosure , it is
preferable that the HOMO -LUMO gap is no less than 4 eV.
In still another aspect of the present disclosure , it is even

more preferable that the HOMO -LUMO gap is no less than

5 eV. The ionic functional group Q comprises one or more
ionic liquid ions from the class of ionic compounds that are
used in ionic liquids, zwitterions, or polymeric acids. The

e

energy of interaction between Q group ions on discrete P ,
structural units may be less than kT, where k is Boltzmann

constant and T is the temperature of environment. The

temperature of environment may be in range between - 60°

wherein backbone structure of the co - polymer comprises
structural units of first type P1 and structural units of second

C . of and 150° C . The preferable range of temperatures is
between - 40° C . and 100° C . Energy interaction of the ions

depends on the effective radius of ions. Therefore, by

type P2 both of which randomly repeat and are indepen

increasing the steric hindrance between ions it is possible to
reduce energy of interaction of ions. In one embodiment of
the present invention , at least one ionic liquid ion is selected

(CH3) 2 ), repeat units of polyethylene G [CH21 % ),
siloxane, or repeat units of polyethylene terephthalate

[ CO , 1 , ISO 1 , ASR , POZR ] , APR ]- as
anion , wherein R is selected from the list comprising H ,

the repeat unit may be expressed as _ CH , CHO

after or before polymerization . In another embodiment of the
present invention , the linker group L is oligomer selected

dently selected from the list comprising acrylic acid , meth
acrylate , repeat units of polypropylene ( [CH , CH

(sometimes written poly ( ethylene terephthalate )) for which

COCH . CO0

. Parameter n is the number of the

P1 structural units in the backbone structure which is in the
range from 3 to 100 ,000 and m is number ofthe P2 structural
units in the backbone structure which is in the range from 3
to 100 , 000 . Further, the first type structural unit (P1 ) has a
resistive substitute Tail which is oligomers of polymeric

from the list comprising [NR4] , [PR _ ]* as cation and

alkyl, and fluorine . The functional group Q may be charged
from structures 42 to 46 as given in Table 4 .

TABLE 4

|

Examples of the oligomer linker group

material with HOMO -LUMO gap no less than 2 eV. Addi
tionally, the second type of structural units (P2 ) has an ionic
functional group Q which is connected to P2 via a linker
group L . The parameter j is a number of functional groups

Q attached to the linker group L , which may range from 0
to 5 . Wherein the ionic functional group Q comprises one or
more ionic liquid ions (from the class of ionic compounds
that are used in ionic liquids ), zwitterions , or polymeric

acids . Further, an energy interaction of the ionic Q groups
may be less than kT, where k is Boltzmann constant and T
is the temperature of environment. Still further, parameter B
is a counter ion which is a molecule or molecules or

to

?

?

€

oligomers that can supply the opposite charge to balance the

charge of the co - polymer. Wherein , s is the number of the
counter ions.

[0156 ] The present disclosure provides an organic co
polymeric compound having the structure described above .
In one embodiment of the organic co - polymeric compound ,

the resistive substitute Tails are independently selected from
the list comprising oligomers of polypropylene (PP ), oli
gomers of polyethylene terephthalate (PET ), oligomers of
polyphenylene sulfide (PPS ), oligomers of polyethylene

Ã

Â
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[0158 ] In yet another embodiment of the present inven
tion , the linker group L is selected from structures 48 to 57
as given in Table 5 .
TABLE 5

ratogyled

Examples of the linker group

NH

form supra -structures via hydrophobic and ionic interac

tions . By way of example , but not limiting in scope, the

cation on a positively charged Furuta polymer replaces the

B counter ions of the anion on a negatively charged Furuta
and vice versa ; and the resistive Tails of neighboring Furuta
polymers further encourages stacking via van der Waals

polymer parallel to the positively charged Furuta polymer

forces, which increases ionic group isolation . Metadielec
trics comprising both cationic and anionic Furuta polymers

have a 1: 1 ratio of cationic and anionic Furuta polymers .
[0161] The Tails of hydrocarbon (saturated and /or unsatu
50

51

rated ), fluorocarbon , siloxane, and /or polyethylene glycol
linear or branched act to insulate linked / tethered /partially

immobilized polarizable ionic liquids, zwitterions, or poly
meric acids (ionic Q groups ). The Tails insulate the ionic Q

groups from other ionic groups on the same or parallel
Furuta polymer via steric hindrance of the ionic groups '
energy of interaction , which favorably allows discrete polar
ization of the ionic groups ( i.e . polarization of cationic

liquid and anionic liquid tethered / partially immobilized to
52

parallel Furuta polymers ). Further, the Tails insulate the
ionic groups of supra -structures from each other . Parallel
Furuta polymers may arrange or be arranged such that
counter ionic liquids (i.e . tethered /partially immobilized
ionic liquids (Qs ) of cation and anion types ) are aligned

53

54

55

56

opposite from one another (sometimes known as cationic

Furuta polymers and anionic Furuta polymers).
[0162 ] The Furuta polymers have hyperelectronic or ionic
type polarizability . “ Hyperelectronic polarization may be
considered due to the pliant interaction of charge pairs of
excitons, localized temporarily on long, highly polarizable

molecules, with an external electric field (Roger D . Hartman
and Herbert A . Pohl, “Hyper - electronic Polarization in Mac
romolecular Solids” , Journal of Polymer Science : Part A - 1
Vol. 6 , pp . 1135 - 1152 ( 1968 )).” Ionic type polarization can
be achieved by limited mobility of ionic parts of the teth
ered/partially immobilized ionic liquid or zwitterion (Q ).
Additionally , other mechanisms of polarization such as
dipole polarization and monomers and polymers possessing
metal conductivity may be used independently or in com

bination with hyper- electronic and ionic polarization in

57

aspects of the present disclosure .

[0163] Further, a metadielectric layer may be comprised of

one or more types of zwitterion Furuta polymer and /or
HN

[0159 ] In yet another embodiment of the present inven
tion , the linker group L may be selected from the list
comprising CH2, CF2, SiR20 , and CH2CH20 , wherein R is
selected from the list comprising H , alkyl, and fluorine . The
ionic functional group Q and the linker groups L may be
added after polymerization .
[ 0160 ] In another aspect, the present disclosure provides a
dielectric material (sometimes called a metadielectric ) com

prising of one or more of the class of Furuta polymers

comprising protected or hindered ions of zwitterion , cation ,
anion , or polymeric acid types described hereinabove . The

metadielectric material may be a mixture of zwitterion type
Furuta polymers, or positively charged (cation ) Furuta poly
mers and negatively charged (anion ) Furuta polymers , poly

meric acid Furuta polymers , or any combination thereof.
The mixture of Furuta polymers may form or be induced to

selected from the anionic Q * group types and cationic Q
group types and /or polymeric acids, having the general
configuration of Furuta polymers :

2010 2016

O

Tail

HH

Tail

[0164] In order that the invention may be more readily
understood , reference is made to the following examples of
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synthesis of Furuta co - polymers, which are intended to be
illustrative of the invention , but are not intended to be
limiting the scope .

EXAMPLE 3
[0165 ] Carboxylic acid co -polymer P002 . To a solution of
1 .02 g (11.81 mmol) ofmethacrylic acid and 4.00 g (11.81

mmol) of stearylmethacrylate in 2 . 0 g isopropanol was

added a solution of 0 .030 g 2 , 2'-azobis ( 2 -methylpropioni
trile ) (AIBN ) in 5 .0 g of toluene . The resulting solution was

heated to 80° C . for 20 hours in a sealed vial, after which it
became noticeably viscous. NMR shows < 2 % remaining
monomer. The solution was used without further purification
in film formulations and other mixtures .

EXAMPLE 4
[0166 ] Amine co -polymer P011 . To a solution of 2 .52 g
( 11.79 mmol) of 2 -(diisopropylamino )ethyl methacrylate
and 3 .00 g (11.79 mmol) of laurylmethacrylate in 2 .0 g
toluene was added a solution of 0 . 030 g 2 ,2 '-azobis( 2

methylpropionitrile ) ( AIBN ) in 4 .0 g of toluene . The result
ing solution was heated to 80° C . for 20 hours in a sealed

vial, after which it became noticeably viscous. NMR shows
< 2 % remaining monomer. The solution was used without
further purification in film formulations and other mixtures .

EXAMPLE 5

[0167 ] Carboxylic acid co -polymer and amine co -polymer

mixture . 1.50 g of a 42 wt % by solids solution of P002 was
added to 1 .24 g of a 56 wt % solution of P011 with 1 g of

isopropanol and mixed at 40° C . for 30 minutes. The
[0168 ] para- Furuta polymer has repeat units of the

solution was used without further purification .
following general structural formula :

Tail

HP

repeat units on the backbone P structural unit , and is in the
range from 3 to 100 ,000 . Further, the second type of repeat
units (-L - Q ) include an ionic functional group Q which is
connected to the structural backbone unit ( P ) via a linker
group L , and m is number of the - L - Q repeat units in the

backbone structure which is in the range from 3 to 100 ,000.
Additionally , the ionic functional group Q comprises one or
more ionic liquid ions ( from the class of ionic compounds
that are used in ionic liquids ), zwitterions, or polymeric
acids. An energy of interaction of the ionic Q groups may be
less than kT, where k is Boltzmann constant and T is the
temperature of environment. Still further, the parameter t is
average of para -Furuta polymer repeat units, ranging from 6
to 200,000 . Wherein B ’ s are counter ions which are mol
ecules or oligomers that can supply the opposite charge to
balance the charge of the co - polymer, s is the number of the
counter ions.
[0169 ] In some implementations , the resistive substitute

Tails are independently selected from the list comprising
polypropylene (PP), polyethylene terephthalate (PET),
polyphenylene sulfide (PPS), polyethylene naphthalate
(PEN ), polycarbonate (PP ), polystyrene (PS ), and poly
tetrafluoroethylene (PTFE ). In another embodiment of the
organic polymeric compound ,the resistive substitutes Tail
are independently selected from alkyl, aryl, substituted

alkyl, substituted aryl, fluorinated alkyl, chlorinated alkyl,
branched and complex alkyl , branched and complex fluo
rinated alkyl, branched and complex chlorinated alkyl
groups, and any combination thereof, and wherein the
alkyl group is selected from methyl, ethyl, propyl, butyl ,
iso -butyl and tert -butyl groups, and the aryl group is
selected from phenyl, benzyl and naphthyl groups. The
resistive substitute Tail may be added after polymeriza
tion . In yet another embodiment of the present disclosure,
it is preferable that the HOMO- LUMO gap is no less than
4 eV. In still another embodiment of the present disclo

sure , it is even more preferable that the HOMO- LUMO

gap is no less than 5 eV . The ionic functional group Q
comprises one ormore ionic liquid ions from the class of
ionic compounds that are used in ionic liquids, zwitteri
ons, or polymeric acids. Energy of interaction between Q

group ions on discrete P structural units may be less than
kT, where k is Boltzmann constant and T is the tempera
ture of environment. The temperature of environment
may be in range between - 60° C . and 150° C . The
wherein a structural unit P comprises a backbone of the
copolymer, which is independently selected from the list
comprising acrylic acid ,methacrylate , repeat units for poly
propylene (PP ) [CH2- CH (CH3) ] ), repeat units for
polyethylene (PE ) [CH ] ), siloxane, or repeat units of
polyethylene terephthalate (sometimes written poly (ethyl
ene terephthalate )) for which the repeat unit may be

expressed as CH - CH2- 0 C0C6H4- C00 — .

Wherein the first type of repeat unit ( Tail) is a resistive
substitute in the form of an oligomer of a polymeric mate

rial. The resistive substitute preferably has a HOMO -LUMO
gap no less than 2 eV. The parameter n is a number of Tail

preferable range of temperatures is between -40° C . and

100° C . Energy interaction of the ions depends on the
effective radius of ions. Therefore, by increasing the steric
hindrance between ions it is possible to reduce energy of
interaction of ions. In one embodiment of the present
invention , at least one ionic liquid ion is selected from the
list comprising [NR4] ", [ PR .]* as cation and [ C02] ,
[ S03] , [ SR3] , [ POZR ] , [ PR3] as anion,
wherein R is selected from the list comprising H , alkyl,
and fluorine . The functional group Q may be charged after
or before polymerization . In another embodiment of the
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present invention , the linker group L is oligomer selected
from structures 42 to 47 as given in Table 3 or structures
48 to 57 in Table 4 .
[ 0170 ] In some implementations, the linker group L is
selected from the list comprising CH2, CF2, SiR20 , and
CH2CH20 , wherein R is selected from the list comprising
H , alkyl, and fluorine. The ionic functional group Q and
the linker groups L may be added after polymerization .
[0171] In some implementations, the metadielectric

m
L.
P
Tail

m

L

P
Tail

includes one or more of the class of para - Furuta polymers
comprising protected or hindered ions of zwitterion , cat

ionic liquid ions , anionic liquid ions, or polymeric acid
types described hereinabove. The metadielectric material
may be a mixture of zwitterion type para -Furuta poly
mers, or positively charged ( cation ) para -Furuta polymers
and negatively charged (anion ) para - Furuta polymers ,
polymeric acid para - Furuta polymers , or any combination
thereof. The mixture of para -Furuta polymers may form
or be induced to form supra -structures via hydrophobic
and ionic interactions . By way of example , but not
limiting in scope , the cation (s) on a positively charged
para -Furuta polymer replaces the B counter ions of the
anion (s) on a negatively charged para -Furuta polymer
parallel to the positively charged para -Furuta polymer and
vice versa ; and the resistive Tails of neighboring para
Furuta polymers further encourages stacking via van der
Waals forces , which increases ionic group isolation .
Metadielectrics comprising both cationic and anionic
para -Furuta polymers preferably have a 1 : 1 ratio of cat
ionic and anionic para -Furuta polymers .

[0172 ] The Tails of hydrocarbon (saturated and /or unsatu

rated ), fluorocarbon , siloxane, and/or polyethylene glycol
linear or branched act to insulate linked /tethered /partially
immobilized polarizable ionic liquids, zwitterions, or poly

meric acids (ionic Q groups ). The Tails insulate the ionic Q
groups from other ionic Q groups on the same or parallel
para -Furuta polymer via steric hindrance of the ionice
groups ' energy of interaction , which favorably allows dis
crete polarization of the ionic groups (i.e . polarization of
cationic liquid and anionic liquid tethered /partially immo
bilized to parallel para -Furuta polymers ). Further, the Tails
insulate the ionic groups of supra - structures from each other.
Parallel para -Furuta polymers may arrange or be arranged
such that counter ionic liquids (i.e . tethered / partially immo

bilized ionic liquids (Qs ) of cation and anion types ) are
aligned opposite from one another ( sometimes known as

[0174 ] Further, a metadielectric layermay be comprised of
one or more types of zwitterion para -Furuta polymer and/ or
selected from the anionic group types and cationic Q
group types and/ or polymeric acids , which may have the

following general arrangement of para- Furuta polymers:

[0175 ] A metadielectric is defined here as a dielectric
polymeric materials (SPMs) having a relative permittivity
greater than or equal to 1000 and resistivity greater than or
equal to 1013 ohm . cm . Individually , the SPMs in a metadi
electric may form column like supramolecular structures by

material comprised of one or more types of structured

pi -pi interaction or hydrophilic and hydrophobic interac

tions. Said supramolecules of SPMsmay permit formation

of crystal structures of the metadielectric material. By way

ofusing SPMs in a dielectric material, polarization units are
incorporated to provide the molecular material with high

dielectric permeability . There are several mechanisms of

polarization such as dipole polarization , ionic polarization ,
and hyper -electronic polarization of molecules , monomers
and polymers possessing metal conductivity . All polariza
tion units with the listed types of polarization may be used
in aspects of the present disclosure . Further, SPMs are
composite materials which incorporate an envelope of insu

lating substituent groups that electrically isolate the supra

molecules from each other in the dielectric layer and provide
high breakdown voltage of the energy storage molecular
material. Said insulating substituent groups are hydrocarbon
( saturated and/ or unsaturated ), fluorocarbon , siloxane , and/
or polyethylene glycol linear or branched chains covalently

bonded to a polarizable core or co -polymer backbone ,
forming the resistive envelope .
[0176 ] In general, a YanLipolymer is a composite oligo

meric material comprised ofmonomers that have polarizable

cationic para- Furuta polymers and anionic para- Furuta poly
mers ) .
[ 0173 ] The para - Furuta polymers have hyperelectronic or
ionic type polarizability. “ Hyperelectronic polarization may
be considered due to the pliant interaction of charge pairs of
excitons, localized temporarily on long , highly polarizable

and insulating components . The monomers may include a
polarizable unit having a non - linear polarizable core that
includes a conjugated ring system and at least one dopant

Hartman and Herbert A . Pohl, “ Hyper -electronic Polariza
tion in Macromolecular Solids ” , Journal of Polymer Sci
ence : Part A - 1 Vol. 6 , pp . 1135 - 1152 (1968 )).” Ionic type

polymer may be a co -polymer wherein one monomer unit

zwitterion ( Q ). Additionally , other mechanisms of polariza
tion such as dipole polarization and monomers and polymers
possessing metal conductivity may be used independently or
in combination with hyper -electronic and ionic polarization
in aspects of the present disclosure .

may be partially or fully incorporated into the monomer
backbone. Additionally , the polarizable unit may be partially

molecules , with an external electric field [. ] (Roger D .

polarization can be achieved by limited mobility of ionic
parts of the tethered /partially immobilized ionic liquid or

group . Themonomers also include an insulating tail as a side

chain on the polarizable unit, on the handle linking a
polarizable unit to the monomer backbone , or directly

attached to the backbone . In some embodiments, a YanLi

includes an insulating tail and a second monomer unit

includes a polarizable unit having a non -linear polarizable

core that includes a conjugated ring system and at least one

dopant group . In some embodiments, the polarizable unit
or fully incorporated into the monomer backbone .
[0177 ] A metadielectric layer may be a film made from

composite polymers referred to herein as YanLimaterials. A
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particular subclass of YanLi materials are referred to herein
as YanLi dielectrics , which are materials of one or more
YanLi polymers , of one or more YanLi oligomer , or any

combination thereof . Such a composite polymeric material
is characterized by a chemical structure that includes a
repeating backbone unit , a polarizable unit , and a resistive

tail. The polarizable unit must possess a high degree of
conjugation . Herein , we define “ polarizable unit ” to mean

any multicyclic arrangementwhere electrons are delocalized
over the entire portion of the polarizable unit structure via
conjugated single and double bonds. Herein , anisometric is
defined as the condition of a molecule possessing charge or
partial charge asymmetry along an axis . Possible , non

limiting, forms of this conjugation are polycyclic fused
aromatic systems or a conjugated bridge where aromatic

systems are connected by alternating single and double
bonds.

[0178 ] YanLi materials include composite polymeric

materials of the following general formula :

[0181] In some implementations of composite polymeric

materials of the above general formula , Ria, R15 ,R3a, and
R36 may be insulating resistive tails are independently
selected from the group consisting of saturated hydrocar
bon , saturated halogenated hydrocarbon , partially halo
genated hydrocarbon , aryl chain , and cycloalkyl, and
X - RR 'R " ; wherein X is selected from C , O , N , and S ,
and R , R ', and R " are independently selected from H and
C5-50, wherein one or more of R , R ', and R " is C5-50 . As
used in the present disclosure , the notation C5-50 means a
chain of 5 to 50 carbon atoms. In such implementations a
chain may be monounsaturated or partially unsaturated ,
yet the unsaturated bonds are not conjugated . In such

implementations all insulating resistive tails may be

selected independently from the group consisting of non
aromatic carbocycles and non - aromatic heterocycles .

[0182] In some implementations of composite polymeric
materials of the above general formula , all insulating

resistive tails may be rigid .

R36 ]

t1
R3

Jn

p2a

R25

có

R4a

R46

R40

R4d

-

R 16

R20

R2d

R5d

[0183] In some implementations of composite polymeric

wherein D is
HN

materials of the above general formula, Q1, Q2, Q3, Q4
and Q5 may each be independently selected from — NO ,,
- NH3+ and — NRR 'R " + (quaternary nitrogen salts ) with
counterion Cl- or Br ", — CHO (aldehyde ), CRO (keto
group ), __ SO2H (sulfonic acids ), SOZR (sulfonates ),
SO , NH , (sulfonamides ), - COOH ( carboxylic acid ),
- COOR (esters, from carboxylic acid side ), — COCI

( carboxylic acid chlorides ), CONH , (amides , from car
boxylic acid side ), CF , CC12, CN , - 0 ( phenox

N , or a hydrocarbon chain , wherein Ria, R1b, R20 , R2b, R2c ,

R2d , R34 , R35, R4a, R45 , R4c, R4d , R54 , RS5, RS , R5d are
independently selected from — H , OH , - Ak, - Ak - Xj,
- OAK , or OAK - X ;; L , is a heteroatom bridge in conju

gation with the ring system containing R20, R25 , R2C, R20 ,
Q , Q , R , Q7,wherein R24, R20, R20, R20, Q1,Q Q , ,
Q are each independently selected from H and any
electron withdrawing or electron donating group ; wherein
Ak is alkyl, X is any halogen , n is 0 - 150 , m is 1 - 300 , 1 is
1 -51, o is 0 - 10 , p is 0 - 1 when o is less than or equal to one

and 1 when o is greater than 1, wherein Rla or R16 is an

insulating resistive tail or both Rla and R2a are insulating

resistive tails .

[0179 ] In some implementations of composite polymeric
materials of the above general formula , the value of n may
be equal to or greater than 1.
[0180] In some implementations of composite polymeric
materials of the above general formula, the value of n may
be equal to zero . In such implementations, Ria, R16 , R3a
or R3 may possesses at least 7 carbon atoms.

ides ) with counter ion Na + or K + , - NH2, — NHR ,

- NR2, — OH , OR ( ethers ), — NHCOR ( amides , from
amine side ), — OCOR ( esters , from alcohol side ), alkyls ,
- C6H5, vinyls, wherein R and R ' and R " are radicals
selected from the list comprising hydrogen , alkyl (methyl,
ethyl, isopropyl, tert-butyl, neopentyl, cyclohexyl etc .),
allyl ( CH2- CH = CH2), benzyl ( CH2C6H5) groups,
phenyl ( + substituted phenyl) and other aryl (aromatic )
groups . In some such implementations , one or more of Q ',

Q ?, Q , Q7, and Q may be — NO2.

[0184] In some implementations of composite polymeric
materials of the above general formula, D may be a

hydrocarbon chain that is interrupted by heteroatoms at
the point of backbone attachment and side chain attach
ment.
[0185 ] In some implementations of composite polymeric
materials of the above general formula , L2 may be an
azo - bridge or — N — N — , an alkene bridge or
- HC = CH — , and alkyne bridge or C = C — . In addi
tion , aspects of the present disclosure include composite
polymeric materials of the following general formula :
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[M1]
R2a

R16

R2

R4a

4h
D45

R 40

R4d
R4d

Red

R5a

R56

R50

R5d
Rosa

resistive tails may be selected independently from the
group consisting of non -aromatic carbocycles and non
aromatic heterocycles .

[0186 ] In the above general formula [M1] is :

[0191 ] In some implementations of composite polymeric
materials of the above general formula all insulating

RIQ
H,
HO

NH
Dla

OH , or

N
N

7

Im OH

[0187 ] Ria, R15, R20 , R26 , R2 , R20, R4a, R46, R4c, R4d,
RS4, RS5, RS , R5d are independently selected from - H ,
OH , - Ak , - Ak - X , OAk , or Ak -X1, L2 is a het
eroatom bridge in conjugation with the ring system con
taining R2a , R25 , R20, R2d , Q1, Q2, Q3, Q4, Q ; wherein
R24, R25, R2C, R20, Q1, Q2, 03, 04, Q are each indepen
dently selected from H and any electron withdrawing or

resistive tails may be rigid .

[0192 ] In some implementations of composite polymeric
materials of the above general formula , Q1, Q2, Q3, Q4
and Qs are each independently selected from — NO2,
- NH2+ and NRR 'R " + (quaternary nitrogen salts) with
counterion Cl- or Br”, - CHO (aldehyde ), CRO (keto
group ), SO3H (sulfonic acids), SO3R ( sulfonates),
SO2NH2 ( sulfonamides ), COOH (carboxylic acid ),
- COOR (esters, from carboxylic acid side ), — COCI
(carboxylic acid chlorides), CONH , (amides, from car
boxylic acid side ), CF3, CC13, CN , 0 - (phenox
ides ) with counter ion Na+ or K + , - NH2, — NHR ,
- NR2, OH , OR (ethers), - NHCOR (amides, from
amine side ), OCOR ( esters, from alcohol side), alkyls ,
- C6H5, vinyls , wherein R and R ' and R " are radicals
selected from the list comprising hydrogen , alkyl (methyl,
ethyl, isopropyl, tert-butyl, neopentyl, cyclohexyl etc .),
allyl ( CH2-CH = CH2), benzyl ( CH2C6H5) groups,
phenyl (+ substituted phenyl) and other aryl (aromatic )
groups. In some such implementations, one ormore of Q ',

Q ?, Q , Q7, and Q may be NO2.

1 is 1 -51, o is 0 - 10 , p is 0 - 1 when o is less than or equal

[0193] In some implementations of composite polymeric
materials of the above general formula, D may be a
hydrocarbon chain that is interrupted by heteroatoms at
the point of backbone attachment and side chain attach

insulating resistive tails .
[0188 ] In some implementations of composite polymeric

[0194 ] In some implementations of composite polymeric

electron donating group , wherein D is a hydrocarbon

chain , wherein Ak is alkyl, X is any halogen , m is 1 - 300 ,

to one and 1 when o is greater than 1, wherein Rla or R16
is an insulating resistive tail or both Rla and R16 are

materials of the above general formula , R14, R16 , R3a or
R3b may possess at least 7 carbon atoms.

[0189 ] In some implementations of composite polymeric
materials of the above general formula, Ria ,R16, R3a, and
R36 are insulating resistive tails are independently
selected from the group consisting of saturated hydrocar
bon , saturated halogenated hydrocarbon , partially halo
genated hydrocarbon , aryl chain , and cycloalkyl, and

X - RR 'R " ; wherein X is selected from C , O , N , and S ,

and R , R ', and R " are independently selected from H and
C5- 50 , wherein one or more of R , R ', and R " is C5 -50
0190 ] In some implementations of composite polymeric
materials of the above general formula , the insulating

ment.
materials of the above general formula , L , may be an

azo -bridge or — N — N — , an alkene bridge or
- HC = CH — , and alkyne bridge or C = C —
[0195 ] In some implementations of composite polymeric
materials of the above general formula , D may be a
hydrocarbon chain interrupted by heteroatomsat the point
of backbone attachment and side chain attachment.
[0196 ] In some implementations of composite polymeric
materials of the above general formula , L2 may be an
azo -bridge or — N — N — , an alkene bridge or
- HC = CH — , and alkyne bridge or C = C — .
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[0197] Furthermore, aspects of the present disclosure
include composite polymeric materials of the following

neralformulaitepolymericmfthe pre

general formula :

RIO
Rla

wherein X is selected from C , O , N , and S , and R , R ', and

R " are independently selected from H and C5-50, wherein
one or more of R , R ', and R " is C5-50 . In some such

implementations, the insulating resistive tails may be
selected independently from the group consisting of non
aromatic carbocycles and non -aromatic heterocycles .
[0201 ] In some implementations of composite polymeric
materials of the above general formula , all insulating
resistive tails may be rigid .
[0202 ] In some implementations of composite polymeric
materials of the above general formula , the composite
polymeric material may have structure 78 as shown
below :

NEN

NEN

- C18H37

NO2

[0198 ] In the foregoing general formula Rla and Rib are
independently selected from H , OH , - Ak , - Ak -X1,
OAk , and OAK - X?, Ak is alkyl, X is any halogen , m
is 1 -300 , 1 is 1 -51 , and wherein Rla or Rlb is an insulating
resistive tail or wherein Rla and Rib are both insulating
resistive tails
AIS..
[0199 ] In some implementations of composite polymeric
materials of the above general formula, Rla or R16 may

NEN

NEN

possesses at least 7 carbon atoms.

[0200 ] In some implementations of composite polymeric
materials of the above general formula , Rla and R16 may
be insulating resistive tails are independently selected

from the group consisting of saturated hydrocarbon , satu
rated halogenated hydrocarbon , partially halogenated
hydrocarbon , aryl chain , and cycloalkyl, and X - RR 'R " ;

R20

wherein m ranges from 1 - 300 .
[0203 ] Additional aspects of the present disclosure include
composite polymeric materials of the following general
formula :

BLEVET
R21

R4a

R4

R 50

Rze

R2d
Rld

R 4d

R5b7

TR?c Rd J. e

Q4
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[0204 ] In the foregoing general formula R ', R20, R26 , R2C
R20 , R40, R4b ,RC, R40 , R5a , R56, R50 , R5d are indepen
dently selected from — H , OH , -Ak, - Ak -X1, OAk , or
OAk- X , L2 is a heteroatom bridge in conjugation with
the ring system containing R20, R25 , R2C, R20 , Q1, Q2, Q3,
Q4, Q ;wherein R2a , R25, R2 , R20 , Q1, Q , Q , Q4, Q are
each independently selected from — H and any electron

[0208 ] In some implementations of composite polymeric

alkyl, X is any halogen , wherein o is 0 - 10 , p is 0 -1 when

materials of the above general formula , Q1, Q2, Q , Q4 and

withdrawing or electron donating group , wherein Ak is
o is less than or equal to one and 1 when o is greater than

1 , wherein Rl is an insulating resistive tail; wherein Z is
linkage , Y is any hydrocarbon chain which may be
interrupted by a hetero atom at the point of attachment.
[0205 ] In some implementations of composite polymeric
materials of the above general formula , the composite
polymeric material may have structure 79 as shown
substituted or unsubstituted hydrocarbon cyclic or chain

below :
OC12H25

79

materials of the above general formula , R ? may be a rigid

insulating resistive tail . In some such implementations,

the rigid insulating resistive tail may be selected from the
group consisting of non -aromatic carbocycles and non
aromatic heterocycles.
[0209] In some implementations of composite polymeric

Q may each be independently selected from — NO2,
- NH2+ and — NRR 'R " + ( quaternary nitrogen salts ) with
counterion Cl- or Br”, — CHO (aldehyde ), _ CRO (keto
group ), SO3H ( sulfonic acids), SOZR ( sulfonates),
SONH , (sulfonamides ), - COOH (carboxylic acid ),
COOR (esters, from carboxylic acid side ), COCl (car
boxylic acid chlorides ), CONH , (amides , from carboxylic
acid side ), CF3, - CC12 , CN , O (phenoxides) with
counter ion Na+ or K + , - NH2, — NHR , — NR2, - OH , OR
( ethers ), — NHCOR (amides, from amine side ), OCOR
( esters, from alcohol side ), alkyls , C6H5, vinyls, wherein
Rand R ' and R " are radicals selected from the list compris
ing hydrogen , alkyl (methyl, ethyl, isopropyl, tert -butyl,
neopentyl, cyclohexyl etc .), allyl ( CH2-CH = CH2), ben
zyl ( CH2C6H5) groups, phenyl ( + substituted phenyl) and
other aryl( aromatic ) groups. In some such implementations,

one or more of Q ', Q², Q , Q7, and Q® may be — NO2.

[0210 ] By way of example, and not by way of limitation ,

according to aspects of the present disclosure , a metadielec
tric film may include a polymer matrix and at least one
material of any of the four general formulae discussed above
or any specific implementations mentioned above or dis

cussed further below .

[0211] In some embodiments , the metadielectric layer may

be comprised of a mixture or YanLimaterials selected from
at least one YanLi material of the four general formulae
discussed above or a mixture of any specific implementa

NEN

tions mentioned above .
[0212 ] Alternatively , in some embodiments the metadi
electric layer may be comprised of the aforementioned
YanLi materials and the aforementioned oligomers , com

pounds , polymers, monomers or polymers of the backbone
units of said YanLi materials , one or more plasticizers
(phthalates or non - phthalates ), or any combination thereof.

Use of non - ionic plasticizers can improve the metadielectric

layer ' s resistivity through smoothing out electric field lines .
This phenomenon occurs when the plasticizers fill voids

and /or assists in supramolecular alignment. Additionally,
ties by reducing brittleness of the material during and post
processing .
plasticizers can improve the material' s mechanical proper

NO2

wherein m ranges from 1- 300 .
[ 0206 ] In some implementations of composite polymeric
materials of the above general formula , R ' may possess at
least 7 carbon atoms.
[ 0207 ] In some implementations of composite polymeric
materials of the above general formula , R may be an

insulating resistive tail selected from the group consisting
of saturated hydrocarbon , saturated halogenated hydro

carbon , partially halogenated hydrocarbon , aryl chain ,

and cycloalkyl, and X - RR'R " ; wherein X is selected
from C , O , N , and S , and R , R ', and R " are independently
selected from H and C5-50 , wherein one or more of R , R ',
and R " is C5-50

[0213] In one embodiment, the composite polymer com

prises more than one type of resistive tails. In another
embodiment, the composite polymer comprises more than
one type of ordered resistive tails. In yet another embodi

ment, the composite polymer comprises at least one resistive

tail or at least one type of ordered resistive tails .
[0214 ] In order that the invention may be more readily

understood, reference is made to the following examples ,

which are intended to be illustrative of the invention , but are
not intended to limit the scope .

[0215 ] In one embodiment, a liquid or solid composite
polymer is placed between the first and second electrodes. A
solid chromophore is, for example, pressed into a pellet and
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placed between the first electrode and the second electrode .
The chromophore can be ground into a powder before

[0219 ] In another embodiment, composite oligomers may
be embedded in matrices such as oxides, halides, salts and

[0216 ] In another embodiment, at least one type of YanLi

comprising the oxides ofaluminum , boron , silicon , titanium ,
vanadium and zirconium .
[0220 ] According to aspects of the present disclosure, the
polymers that make up a YanLi dielectric may be aligned ,
partially aligned or unaligned . The composite polymer is
preferably aligned for optimal geometric configuration of

pressing

polymer or YanLi oligomer may be dissolved or suspended
in a solvent. The resultant material can be spin coated ,
extruded via slot die, roll-to -roll coated , or pulled and dried
to form a dielectric film .

[0217] In another embodiment, a composite oligomermay
be dissolved or suspended in a polymer . This is termed a
" guest -host” system where the oligomer is the guest and the
polymer is the host. Polymer hosts include, but are not
limited to , poly(methylmethacrylate ), polyimides , polycar
bonates and poly (e - caprolactone ). These systems are cross
linked or non -cross- linked . In some instances, it may be
beneficial to use tailless composite oligomers .
[0218 ] In another embodiment, a composite oligomer may
be attached to a polymer. This is termed a “ side -chain
polymer ” system . This system has the advantages over
guest -host systems because high composite oligomer con

centrations are incorporated into the polymer with high
order and regularity and without phase separation or con
centration gradients. Side chain polymers include, but are
not limited to , poly [4 -(2,2 -dicyanovinyl)-N -bis(hydroxy
ethyl)aniline -alt-(4,4'-methylenebis(phenylisocyanate))]
urethane , poly[ 4 -(2,2 -dicyanovinyl)-N -bis(hydroxyethyl)
aniline -alt -(isophoronediisocyanate )]urethane, poly ( 9H
carbazole -9 -ethyl acrylate), poly (9H -carbazole- 9-ethyl
methacrylate ), poly (Disperse Orange 3 acrylamide ), poly
( Disperse Orange 3 methacrylamide ), poly (Disperse Red 1

acrylate ), poly (Disperse Red 13 acrylate ), poly (Disperse
Red 1 methacrylate ), poly (Disperse Red 13 methacrylate ),

poly [(Disperse Red 19)-alt -(1,4 -diphenylmethane ure

thane)], poly (Disperse Red 19-p -phenylene diacrylate), poly

(Disperse Yellow 7 acrylate ), poly (Disperse Yellow 7 meth

acrylate ), poly[(methyl methacrylate)-co -(9-H -carbazole-9

ethyl acrylate )], poly[(methyl methacrylate )-co -(9 -H
carbazole -9 -ethyl
methacrylate )],
poly [methyl

methacrylate- co -(Disperse Orange 3 acrylamide) ], poly [m
ethyl methacrylate -co -(Disperse Orange 3 methacrylam
ide)], poly [(methyl methacrylate )-co -(Disperse Red 1 acry
late )], poly[(methyl methacrylate )-co -(Disperse Red 1
methacrylate)], poly [(methyl methacrylate )-co -(Disperse

Red 13 acrylate )], poly [(methyl methacrylate )-co -(Disperse
Red 13 methacrylate )], poly [methyl methacrylate -co -(Dis
perse Yellow 7 acrylate )], poly [methyl methacrylate -co
(Disperse Yellow 7 methacrylate )], poly [[(S )- 1-(4 -nitrop
henyl)-2 -pyrrolidinemethyl]acrylate ], poly [((S )-( -) -1 -(4
nitrophenyl)- 2 -pyrrolidinemethyl)acrylate -co -methyl
methacrylate), poly [[(S )- 1 -(4 -nitrophenyl)-2 -pyrrolidinem
ethyl]methacrylate ) and poly [ ((S ) -( - ) - 1- (4 -nitrophenyl)- 2
pyrrolidinemethyl)methacrylate -co -methyl methacrylate ).
These systems are cross-linked or non -cross- linked .

organic glasses. An example of a matrix is inorganic glasses

polarizing units as this results in higher capacitance values

in the capacitor. One method of alignment is to apply a DC
electric field to the composite polymer at a temperature at
which the polarizable units can be oriented . This method is
termed “ poling.” Poling is generally performed near the
glass transition temperature of polymeric and glassy sys
tems. One possible method of poling is corona poling. Other

methods of alignment could be roll-to-roll, Meyer bar, dip ,

slot die , and air knife coating of solutions and liquid crystal
solutions of said side-chain polymers or composite oligom
ers .

[0221] In some instances, the side -chain polymer or com

posite oligomers may form liquid crystals in solution or
solvent and with or without external influence. Non - limiting
examples of liquid crystals include lyotropic and thermo
tropic liquid crystals . Non - limiting examples of external
influences include heat, electric field , mechanical distur
bances (e.g . vibration or sonication ), and electromagnetic
radiation . Said liquid crystals are supramolecular structures
comprised of said side-chain polymers or composite oli
gomer in solution or solvent and are ordered and aligned or
partially ordered or partially aligned . Such liquid crystal
materials may be coated onto a substrate, e.g., by roll - to -roll,
Meyer bar, dip , slot die, or air knife coating in a process that
includes mechanical ordering of the liquid crystals, and

drying of the liquid crystal solution or evaporation of the

solvent such that the liquid crystals form a crystalline or
semi-crystalline layer or film of metadielectric material.
Alternatively , such liquid crystalmaterials may be extruded
as a film such that the liquid crystals form a crystalline or
semi- crystalline film of metadielectric material. In some
instances, extrusion of such liquid crystal materials may be
coextruded as a multilayer film . Such multilayer films may

include alternating layers of conducting layers and insulat
ing layers , wherein the insulating layers may be the afore
mentioned crystalline or semi-crystalline layer of metadi
electric material.

[0222 ] Preferred polymer embodiments are polyester ,

polyalkylacrylate (preferably methacrylic and acrylic ), poly
amide, and polyaramid . This resistive tail may be attached to

the polarizable side chain or may be its own independent

side chain interspersed in any pattern or random assortment
with the polarizable side chains or a mixture thereof. These

species can be represented by one of the following formula .

.… ,
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[0223 ] Wherein , each instance of R is independently

R2

groups, phenyl (+ substituted phenyl ) and other aryl (aro

selected from - H , OH , -Ak, alkoxy, OAk- X ., or matic) groups. Nucleophilic groups (electron donors) are
selected from
(phenoxides, like ONa or OK ),
- H , OH , OAk, or OAk -X .; D is any hydrocarbon - NH2, NHR , NR2, - NRR', OH , OR ( ethers),

- Ak -X ., each instance of R² is independently selected from

chain which may be interrupted by hetero atoms at the point

of backbone attachment and side chain attachment, L2 is a

heteroatom bridge in conjugation with the ring system of the
side chain (e.g. azo -bridge, alkene bridge, and alkyne
bridge ), each instance of Q is independently selected from
any electron donating or electron withdrawing group or H ,

Z is substituted or unsubstituted hydrocarbon cyclic or chain
linkage , Y is any hydrocarbon chain which may be inter

rupted by a hetero atom at the pointof attachment to the side
chain , Ak is alkyl, X is any halogen , n is 0 - 150 , m is 1- 300 ,
o is 1 -51 , p is 0 - 10 , q is 0 - 4 , and r is 0 -4 , with the provisio
that at least one instance of R must be a resistive tail.

Preferred , but not limiting, embodiments of resistive tails
include hydrocarbon and halohydrocarbon chains, non -aro
matic hydrocarbocycles, and non - aromatic heterocycles . In
some embodiments, it may be preferable for the resistive

tails to be ridged . In such embodiments , rigid resistive tails
maybe non - aromatic carbocycles or non -aromatic hetero
cycles.
[ 0224 ] The conjugated aromatic ring system may bemade
further polarizable by adding a variety of functional groups
to various cyclic positions of the structure . Incorporating
electron donors and electron acceptors is one way to
enhance the polarizability. Electrophilic groups ( electron
acceptors) are selected from — NO2, NH3+ and - NR3+
( quaternary nitrogen salts ), counterion Cl- or Br® , CHO
(aldehyde ), CRO (keto group ), - SO3H (sulfonic acids),
- SO3R (sulfonates ), SO NH , (sulfonamides ), COOH
( carboxylic acid ), COOR ( esters , from carboxylic acid
side ), COC1 (carboxylic acid chlorides ), CONH ,
(amides, from carboxylic acid side), CF3, CC12 , CN ,
wherein R is radical selected from the list comprising alkyl
(methyl, ethyl, isopropyl, tert-butyl, neopentyl, cyclohexyl
etc .), allyl ( CH2CH = CH2), benzyl ( CH2CH )

- NHCOR (amides, from amine side ), OCOR ( esters,
from alcohol side ), alkyls , C6H5, vinyls , wherein R and R '
are radicals independently selected from the list comprising
alkyl (methyl, ethyl, isopropyl, tert -butyl, neopentyl, cyclo
hexyl etc .), allyl ( CH2-CH = CH2 ), benzyl
( CH2C6H5) groups, phenyl (+ substituted phenyl) and

other aryl (aromatic) groups. Preferred electron donors

include, but are not limited to , amino and phosphino groups
and combinations thereof. Preferred electron acceptors

include, but are not limited to , nitro , carbonyl, oxo, thioxo ,
sulfonyl, malononitrile , isoxazolone , cyano , dicyano , tri
cyano , tetracycano , nitrile , dicarbonitrile , tricarbonitrile ,
thioxodihydropyrimidinedione groups and combinations
thereof.More conjugated bridges include, but are not limited
to , 1,2 -diphenylethene, 1,2-diphenyldiazene, styrene, hexa
1 ,3, 5- trienylbenzene and 1,4 -di( thiophen - 2- yl)buta -1, 3 -di
ene , alkenes, dienes, trienes, polyenes , diazenes and com
binations thereof.
[0225 ] Existence of the electrophilic groups (acceptors)
and the nucleophilic groups (donors) in the aromatic poly

cyclic conjugated molecule promotes increase of electronic

polarizability of these molecules . Under the influence of

external electric field electrons are displaced across the
polarizable unit to compensate the electric field . The nucleo

philic groups (donors) and the electrophilic groups (accep
tors ) add to the electron density of the polarizable unit ,
which increases polarizability of such molecules and ability
to form compensating electric field counter in the presence
of an electric field . Thus a distribution of electronic density
in the molecules is non - uniform . The presence of the polar
izable units leads to increasing of polarization ability of the
disclosed material because of electronic conductivity of the
polarizable units.
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[0226 ] Increasing the number of phenyl rings 'p ' can
increase the linear polarizability ( a ) and the nonlinear
polarizability (R ) of the conjugated side chain , as seen in the
graphs ' a vs p ’ (depicted in FIG . 4A ) and B vs p ' (depicted
in FIG . 4B ), and corresponding Table 1 below , which lists

comparative values of a and B for chromophores having
different numbers of phenyl rings . However , increasing the
number of conjugated aromatic rings reduces the side chains
solubility . Addition of alkoxy groups to at least one of the
side chain rings can improve solubility of the choro
mophores while maintaining high non - linear polarization or
slightly improving it . One preferential embodiment is place
ment of two methoxy groups on a ring that is separated by
one conjugated bridge and ring from an electron donating
group .

TABLE 7

AaWuNO

more -or- less randomly . Di-block co -polymer embodiments
being less preferential to alternating monomers one-to -one
and random or near random arrangements .

[0228 ] In many embodiments the composite polymer may
include a repeating backbone linked to a polarizable unit in
the form ofone or more azo -dye chromophores. The azo -dye
chromophores may consist of phenyl groups in conjugated
and 16 . Side chains may be added to the final backbone
product or incorporated into individual monomers that are
then polymerized .

16067
71292
121801
148208

1699

are preferentially alternating more or less one -to - one , or

an azo -bridge ), such that there are “ n ” phenyl groups and
“ n - 1” conjugated bridges where n is an integer between 2

a
900
1343

described above) increase the electric strength of these

polarizable compounds and breakdown voltage of the
dielectric layers made on their basis. Co -polymer variants

connection via a conjugated bridge of two heteroatoms ( e. g .

Impact of number of rings on polarizability
427

of the compound 's electronic polarization in the presence of
an electric field . Additionally, an anisometric molecule or
polarizing unit can lead to a strong nonlinear response of the
compound' s electronic polarization in the presence of an
electric field . Resistive substituents ( e.g . resistive tails

closed YanLi material when zwitterionic groups are cova

[0229 ] These chromophores impart high polarizability due
to delocalization of electrons. This polarizability may be
enhanced by dopant groups. The composite polymer may
further include resistive tails that will provide insulation

units can be nonlinearly polarizable and may be comprised

within the material. In some embodiments, the resistive tails
are can be substituted or unsubstituted carbon chains (C Xn +

2103

161156

[0227 ] Ionic groups may increase polarization of the dis

lently attached to YanLipolymer sidechains . The polarizable

of an aromatic polycyclic conjugated molecule with at least
one dopant group , the polarizable units and are placed into
a resistive dielectric envelope formed by resistive substitu
ents. In some instances, the resistive substituents provide
solubility of the organic compound in a solvent and act to
electrically insulate supramolecular structures comprised of
YanLipolymers from neighboring supramolecular structures
of YanLi polymers. Additionally , said resistive substituents
may act to electrically insulate intra -polymer side chains
from one another. A non -centrosymmetric arrangement of
the dopant group (s ) can lead to a strong nonlinear response

1, where “ X ” represents hydrogen , fluorine , chlorine , or any

combination thereof). In some embodiments, the resistive

tails may be rigid fused polycyclic aryl groups in order to
limit the motion of the side chains, potential stabilizing van
der Waals interactions between side chains while simulta
neously making the material more stable by eliminating
voids . In some embodiments , the resistive tails may be rigid
in order to limit voids within the material . The synthetic
scheme for demonstrative , but not exclusive , species are
shown below and are expected to be adaptable to the claimed
variations.

W .yths with
to otcom
RI

172

AIBN

+

O

toluene

Meo

???

-N.

R =

or

OMe

ON

R2 = C H2n + 1, CF2n + 1
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NEN

N = N

H2N

O

NH2

H2N
H2N20

NEN

O-

ci

Mo ci

NH2

NEN

ON

UN

a = 2 ,3 ,4

a = 2 ,3 ,4

NON

NEN

Kongrer
Meo

- continued
n

are ad

CuH23

ZEZ

a = 2 ,3 , 4

OMe

AIBN
Toluene

C11H23
7
=
Z

OMe

=
Z

NO2

Me

Zz
NO2
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No technical complications are expected in adapting these
syntheses to monomers bearing both chromophore and resis
tive tail, as in structures 80 , 81 , 84 , 87 , 88 , 91, 92 , and 96

from Table 8 .

[0230] Examples of suitable chromophores include, but

are not limited to , Disperse Red - 1 , Black Hole Quencher- 1 ,

and Black Hole Quencher- 2. In many of the embodiments it
chromophore , and in some it may be desirable to possess
other side chains or sites within the repeating backbone that
impart other qualities to the material such as stability , ease
of purification , flexibility of finished film , etc .
[ 0231] For embodiments where the chromophores are
incorporated as side chains, the resistive tailsmay be added
before the side chains are attached to a finished polymer,
after side chains have been chemically added to a finished

may not be necessary for all monomer units to bear a

K Salt (2,5 - Dimethoxy -4 -(4 -nitrophenylazo )benzenedi

azonium chloride zinc double salt, Fast Black K Salt
(25 % , 30 g ) was dissolved in 250 mL acetonitrile and 250
ml NaOAc buffer solution (pH = 4 ) and the resulting
solution was stirred for 1 hour and then sonicated for 15
min , followed by vacuum filtration . The filtrate was
dropwise added to a solution of 2 -( ethyl(phenyl)amino )
ethan - 1 -ol ( 4 . 1 g in 65 mL acetonitrile ) at 0° C . The
resultant solution was stirred at room temperature for 16

hours and the precipitate was filtered out and washed with

yoikien

mix solvent of acetonitrile/water ( 1: 1) and dried under
vacuum . The product was obtained as a black powder.
??

polymer, or incorporated into the polymer during synthesis
by incorporation into monomer units .

[0232 ] For embodiments where the chromophore is part of
the backbone the tails may be attached to the finished
composite polymer or incorporated into monomer units and
added during composite synthesis .

[0233 ] Non - limiting examples of suitable tails are alkyl,
haloalkyl, cycloakyl, cyclohaloalkyl, and polyether.
[0234 ] Syntheses of eight different YanLi polymers
described herein will be further explained below .
EXAMPLE 6
Synthesis of Polymer 1
[ 0235 ]

20
N

1/2 ZnCl4
Meo .

OMe

ON

JOH

CH3CN /H2O

Fast Black K salt

OH

NEN

MeO

- OMe

THF/ Et2N

NEN

yorqin
N = N

MeO

- OMe

NEN

ON

N

N = N
Meo

OMe

N = N

[0237 ] 2-((4 -((E )-(2,5 -dimethoxy -4 -((E )-(4 -nitrophenyl)

diazenyl)phenyl)diazenyl)phenyl)( ethyl) amino)ethyl
methacrylate (Compound 2) is then synthesized from
compound 1. To the solution of compound 1 ( 5 .0 g ) and
triethylamine (4 .4 mL ) in 70 mL THF (anhydrous ) at 0°
C ., was dropwise added a solution of methacryloyl chlo
ride ( 3 . 1 mL ) in THF (anhydrous , 10 mL ). The resulting

solution was warmed up to room temperature and was

stirred overnight at room temperature . The reaction solu
tion was filtered and THF was used to wash the insoluble ;

[ 0236 ] First compound 1-2 -((4 -((E )-(2 ,5 -dimethoxy -4
((E )-(4 -nitrophenyl) diazenyl)phenyl) diazenyl) phenyl)
(ethyl) amino )ethan - 1 -ol was synthesized from Fast Black

the filtrate was concentrated under vacuum and diluted in
dichloromethane. The diluted solution was washed with

water and the solvent was removed under vacuum . The
crude product was purified with column chromatography

and 3 .2 g pure product was isolated as a black powder .

Jul19,2018
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N = N

C18H37

AIBN
toluene

OMe
ON

???

Me0
Z
=

[0240 ] Polymer 2 was synthesized using (E )-2 -( ethyl(4
((4 -nitrophenyl)diazenyl )phenyl)amino )ethyl methacry

late (compound 3 ). Compound 3 was synthesized from

NO

Disperse Red -1 (2 -[N -ethyl-4- [(4 -nitrophenyl)diazenyl]
anilino )ethanol or C16H12N203) and methacryloyl chlo

2

ride using preparation procedure of compound 2 .

Meo

C18H37

C18H37

-N

NO2

Polymer 1

OMe

[0238 ] Polymer 1 was then formed from compound 2 as
follows. Compound 2 (2 .0 g ), stearylmethacrylate (1 .2 g )
and AIBN ( 160 mg ) were dissolved in anhydrous toluene

( 12 mL ) in a sealed flask and the resulting solution was

heated to 85° C . for 18 hours and then cooled to room
temperature . The polymer was obtained by precipitating
in isopropanol.

EXAMPLE 7

Synthesis of Polymer 2

mgrana
AIBN

NO2

toluene

Wat

[ 0239]
OH

C18H37
- NO2

NEN

THF/ Et3N

Polymer 2

[0241] Polymer 2 . Polymer 2 was synthesized from com
Desperse Red -1

pound 3 and stearylmethacrylate using preparation pro
cedure of polymer 1.
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EXAMPLE 8

Synthesis of Polymer 3

moticon
- C18H37

[0242]
OH

N = N

MeO

N = N

OMe

NEN

C18H37
OMe

MeO

BBr3
CH2Cl2

ci

THF/ Et3N

N = N

ON

4

C18H37

NEN

- C18H37
HO

OH

NEN

NEN
MeO

-OMe

N = N

[0244 ] Compound 4 was then used to synthesize 2 -(( 4
( ( E ) - ( 2 , 5 - dimethoxy -4 - ( ( E ) - ( 4 -nitrophenyl)diazenyl )phe

nyl)diazenyl) phenyl) (ethyl) amino Jethyl nonadecanoate
ON

( compound 5 ). Specifically, compound 4 ( 1. 0 g ) was
dissolved in dichloromethane ( 30 mL ) and cooled to - 78°
C .; BBrz (0 .72 g ) was slowly added into the solution . The

resulting reaction mixture was slowly warmed to room
temperature and was kept at room temperature with
stirring for 12 hours . Sodium bicarbonate aqueous solu
tion was injected in the reaction mixture at 0° C . and

diluted with dichloromethane. The solution was washed
with water and brine , and then concentrated under

[0243] Polymer 3 was synthesized using 2-((4 -((E )-(2,5
dimethoxy-4 - ((E ) -(4 -nitrophenyl) diazenyl)phenyl) diaz

vacuum . The product was purified via flash column chro

matography.

C18H37

enyl)phenyl) (ethyl)amino) ethyl nonadecanoate (com
pound 4 ), which was synthesized from compound 1
described above: To a solution of compound 1 (0 .5 g ) and
triethylamine (0 .46 mL) in 15 mL THF at 0° C ., was

NHBoc

dropwise added a solution of stearoyl chloride (1. 12 mL )
in THF. The resulting solution was warmed up to room
temperature and was stirred overnight at room tempera
ture. The reaction solution was filtered and THF was used
to wash the insoluble ; the filtrate was concentrated under

N = N

H
N =N

vacuum and residue was taken in dichloromethane . The

crude product solution was washed with water and the
solvent was removed under vacuum . The crude product
was purified with column chromatography .

OH

O2N

2 . TFA
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- continued

C18H37

[0245) Compound 5 was then used to synthesize com
pound 6 (2 - ([4 - (( E )-( 2 ,5 - bis (2 -aminoethoxy )- 4 - ((E )- (4
nitrophenyl)diazenyl) phenyl)diazenyl) phenyl) ( ethyl) am
ino )ethyl nonadecanoate ). Compound 5 ( 0 .73 g ), K2CO3
( 1. 38 g ) and tert-butyl (2 -bromoethyl)carbamate (0 .44 g )
were added to dimethylformamide (DMF) ( 15 mL ), and
the resulting mixture was stirred at 65° C . overnight. H , O
(400 mL ) was added to the reaction mixture and the

aqueous layer was extracted with EtoAc ( 200 mLx2 ).
The combined organic layer was washed with H , O ( 100

NON

1.N _VOLONH

H?N

NH2

NON

mLx2) and brine (50 mL), dried over Na2SO4, filtered ,
and concentrated under reduced pressure . The crude prod

uct was purified by silica column chromatography. The

pure product was dissolved in dichloromethane ( 10 mL )
and TFA ( trifluoroacetic acid ) (3 mL ) and the solution was

stirred at room temperature for 2 hours . Then excess

reagent and solvent were removed under vacuum . The

resulting crude product was neutralized by NaHCO ,
solution , extracted with CH ,C1, (3x50 mL ), dried over
MgSO4 and evaporated . The crude product (compound 6 )
was purified by silica column chromatography .

Iroda

- C18H37

NAN
HN

NH ,

- C18H37

te stelyt
NN

ON

Polymer 3
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[0246 ] Polymer 3 . To the solution of compound 6 (4 . 1 g )
in CH , C1 , ( 15 mL), was slowly added adipoyl dichloride
(0 . 9 g) at 0° C . After the addition , the solution was

C10H21

allowed to warm to room temperature and stir for 2 hours .

42ZnCl4

The resulting solution was concentrated and dropwise
added into isopropanol to precipitate the polymer 3 .

Meo

NET

EXAMPLE 9

Synthesis of Polymer 4

OH

CH3CN /H2O

OMe

ON

C10H21

[0247 ]

OH

10H21
HN
=

CHIO
?
Gu HCI/NaBH4

Meo

water

OMe

1
[0248] The synthesis ofpolymer 4 begins by synthesizing

N -decylaniline (compound 7 ).

[0249] To a solution containing GuHC1( 10 mg, 5 mol % )
in H2O (4 mL), was added decanal (2 mmol) and aniline

(2 .2 mmol) and the mixture vigorously stirred for 15 min
at room temperature . After , NaBH4 (20 mg, 2. 1 mmol)
was added , the mixture was stirred for additional 10 min .
The reaction mixture was extracted with CH2Cl2 , dried
over Na2SO4, concentrated under vacuum and the crude
mixture was purified by column chromatography on silica
gel to afford the pure products .

HO

HO .

HNC10H2,

C C10H21
10H21

N'

Br

- OH

[0252 ] 2 -(Decyl(4-((E )-(2,5-dimethoxy -4 -((E )-(4 -nitrop

henyl)diazenyl)phenyl)diazenyl) phenyl) amino )ethan - 1
ol ( compound 9 ) was then synthesized from Fast Black K

Salt and compound 8 .
[0253 ] Fast Black K Salt (25 % , 30 g ) was dissolved in 250
mL acetonitrile and 250 ml NaOAc buffer solution

(pH = 4 ) and the resulting solution was stirred for 1 hour
and then sonicated for 15 min , followed by vacuum
filtration. The filtrate was dropwise added to a solution of

compound 8 (6 .8 g in 65 mL acetonitrile ) at 0° C . The
resultant solution was stirred at room temperature for 16
hours and the precipitate was filtered out and washed with
mix solvent of acetonitrile/water ( 1 : 1) and dried under

vacuum . The product was obtained as a black powder.

EtzN

C10H21- N

-OH

[0250] 2 -(Decyl(phenyl)amino )ethan -1-ol (compound 8 )
is then synthesized from compound 7 .

[0251] To a solution of 7 (470 mg, 2 .00 mmol) in toluene
(5 ml) was added triethylamine (405 mg, 4 .00 mmol) and
2 -bromoethanol (501 mg, 4 .01 mmol), and the mixture
was refluxed for 2 h . The resulting mixture was diluted
with saturated NH _C1 and extracted with ethyl acetate.
The extract was washed with brine, dried over anhydrous
MgSO4 , filtered , and concentrated in vacuo. The crude

product was purified by silica gel chromatography to give

THF/Et3N

MeO

VEN

- OMe

She10
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- continued

-continued

w

C10H21

AA

Me0

C10H21

OM

MeO

- OMe

OMe

N=

Meo

NO2

10

Polymer 4

2 -(decyl(4 -((E )-(2 ,5 -dimethoxy -4 -((E )-(4 -nitrophe
nyl)diazenyl)phenyl)diazenyl) phenyl) amino ) ethyl
methacrylate (Compound 10 )

[0254 ] To the solution of compound 9 (5 .0 g) and trieth

ylamine (3 .5 mL ) in 70 mL THF (anhydrous) at 0° C ., was

dropwise added a solution of methacryloyl chloride (2.5
mL) in THF (anhydrous, 10 mL ). The resulting solution was
warmed up to room temperature and was stirred overnight at
room temperature . The reaction solution was filtered and
THF was used to wash the insoluble ; the filtrate was

[0255 ] Poly 2 -(decyl(4 -( (E )-(2 ,5 - dimethoxy -4 -( ( E )-(4 - ni
trophenyl)diazenyl) phenyl)diazenyl) phenyl) amino )ethyl
methacrylate (4 ) (Polymer 4 ) was then synthesized from
compound 10 .
[0256 ] Compound 10 (2 .0 g ) and AIBN (40 mg) were
dissolved in anhydrous toluene (6 mL ) in a sealed flask
and the resulting solution was heated to 85° C . for 18
hours and then cooled to room temperature. The polymer
(1.4 g ) was obtained by precipitating and washing in
2 - isopropanol.
[0257 ] Certain preferred implementationsmeet one of the
following formulae .

concentrated under vacuum and diluted in dichloromethane.
The diluted solution was washed with water and the solvent
was removed under vacuum . The crude product was purified
with column chromatography and 3 .3 g pure product (com
pound 10 ) was isolated as a black powder.

AIBN ,
toluene

C10H21
OMe

Meo

NO2
10

R2

12
R

dp R2

R?

[0258 ] Wherein , each instance of Rl is independently
selected from — H , OH , - Ak , — OAK, OAK - X ., or
- Ak - X ., or alkoxy ; each instance of R2 is independently
selected from H , OH , OAK, OAk - X ., or Ak; L2 is a
heteroatom bridge in conjugation with the ring system of the
side chain ( e.g. azo -bridge or N = N — , alkene bridge or
- HC = CH - , and alkyne or C = C — bridge ), each
instance of Q is independently selected from any electron
withdrawing group or H , Ak is alkyl or branched alkyl or
aryl, X is any halogen , n is 0 - 150 , m is 1 - 300 , o is 1 -51, p
is 0 - 10 , with the provisio that at least one instance of R must
be a resistive tail. Preferred , but not limiting, embodiments
of resistive tails include hydrocarbon and halohydrocarbon
chains, non -aromatic hydrocarbocycles, and non -aromatic
heterocycles . In some embodiments, it may be preferable for
the resistive tails to be ridged . In such embodiments, rigid
resistive tails maybe non -aromatic carbocycles or non -aro
matic heterocycles.

US 2018 /0205242 A1
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[ 0259 ] Other embodiments of the invention possess a
polyester backbone where resistive tail and Polarizable Unit

-continued

are each simultaneously side chains to the same monomer.

OC12H25

) ???

A sample scheme for polyester embodiments is depicted
below .
EXAMPLE 10

Synthesis of Polymer 5
[0260]

NEN

HO

LOH

=
Fast Black K Salt

NO2
Polymer 5

N - Phenyldiethanolamine

NO2

HO
=H

[0261] This scheme should be widely adaptable to accom
modate a variety of backbones and polarizable units. Such
species would meet the following formula.

HO

Hey
OH

C12H25

C12H25Br

R4

R2
HO

OH

C12H25

R2

p R2

R2

?

o

Where each instance of Rl is independently selected from
any alkyl group , each instance of R² is independently
selected from — H , OH , OAk , or — OAk - X , L2 is a
heteroatom bridge in conjugation with the ring system of the
side chain ( e . g . azo -bridge or — N — N — , alkene bridge or

- HC = CH - , and alkyne or

C = C — bridge ), each

instance of Q is independently selected from any electron
donating or electron withdrawing group , Z is substituted or
unsubstituted hydrocarbon cyclic or chain linkage , Y is any

hydrocarbon chain which may be interrupted by a hetero

atom at the point of attachment, m is 1 - 300 , o is 1 -51, p is
0 - 10 . Preferred embodiments include m between 60 and

270 , and p between 1 and 4 .
[0262] Other embodiments of the invention possess alter
native backbones where resistive tail and Polarizable Unit
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are each simultaneously side chains to the samemonomer.

A sample scheme for polyaramid embodiments is depicted

C10H21

C10H21

below .

Pd/ C

H2
-

EXAMPLE 11

ON

Synthesis of Polymer 6

V

- -

- - -

NO2

NH

V

NH2
13

13

[0263]

NIS .

[

NIS

ON

V

ON

NO2

V

NO2

12
12

[0267 ] Synthesis of 14 : Add 3 (1 equiv ) to reaction flask
with palladium on carbon (0 .1 equiv ). Evacuate and
backfill with N , before adding ethanol (0 . 1 M ). Fill a
balloon and needle with H2 gas and connect to reaction
vessel and heat to 80° C . When the reaction is completed ,
filter through celite making sure the palladium on carbon
does not dry . Remove solvent under reduced pressure and

recrystallize to purify product 14 .

[ 0264 ] Synthesis of 12 : Add 1, 3 -dinitrobenzene ( 11 ) in a

round bottom flask with concentrated sulfuric acid ( 0 . 5M )

with 1. 1 equiv. of Iz. Connect to reflux condenser and

place reaction vessel in an oil bath heated to 150° C .
When the reaction is complete , pour mixture onto ice and
filter product . Wash solid with sodium bicarbonate until

neutralized and dissolve in dichloromethane until dis
solved . Wash with aqueous sodium thiosulfate ( 10 % )

solution to remove I, and organic solution with magne
sium sulfate before filtering. Remove organic solvent

NO2

TEO

OH

HO

TEA
OH

1

- OH

under vacuum , recrystallize, and filter to isolate 12 .
C10H21 - B (OH )2
Pd (PPh3)2Cl2
K2CO3

N

- - - - - - - - - - - - - - - - -

O2N

V

NO2

12

N

C10H21
y

NO2

13

NO2

[0265 ] Synthesis of 13 : Add 12 (1 equiv.), dodecane
boronic acid ( 1.2 equiv ), Pd (PPhz)2C12 (0 .05 equiv ), and
potassium carbonate ( 2 equiv .) into a reaction vessel.
Evacuate and backfill with N2 three times . Add a degassed
mixture of toluene and water (10 : 1) and heat to 80° C .
When the reaction is complete , slowly add 1 M aqueous
solution of HCl until the aqueous layer is acidic . Extract
with dichloromethane (3x ) and dry organic fractions with

[0268] Synthesis of 16 : Add 15 ( 1 equiv.) into a round

[0266 ] Concentrate the crude reaction mixture and filter

times ). Dry organic fractions with MgSO4, filter, and

MgSO4 before filtering.

through celite before recrystallizing. Filter to isolate prod

uct 13 .

16

bottom flask and dissolve in solution of dichloromethanel

triethylamine (5 : 1 , 0 .1 M ). Add a solution of 10 (1 . 1
equiv, 0 .5 M ) in dichloromethane to the solution of 15 .

When the reaction is complete, wash with 1M aqueous
HC1 until acidic and extract with dichloromethane (3
concentrate under vacuum . Purify through crystallization

or SiO2 column chromatography to isolate 16 .

US20180205242A
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-continued

OOH

ZSZ

( COCI) 2

- - - - - - - -

??

THETEA
- - - - - - - - - - >

L

-NO2

16

NEN

NO2
17

N

C10H21
7=7
HO

NH

LH

m

NO ,

17

W=

[0269 ] Synthesis of 17 : Dissolve 16 (1 equiv.) in dichlo
romethane (0 . 1 M ) and add oxalyl chloride (2 . 1 equiv )
with a drop of dimethylformamide as catalyst. Let reac
tion stir at room temperature until bubbling stops.

A

Remove solvent under vacuum to isolate 7 .
NO2
Polymer 6
18

C10H21

H?N

a
14

NH,

[0270 ] Synthesis of 18 : Add 14 ( 1.0 equiv .) and 17 (1.0
equiv .) to a reaction vessel before adding a mixture of
anhydrous tetrahydrofuran and triethylamine (5 :1, 0 .1 M ).
When the reaction is complete, concentrate under reduced
pressure and precipitate to isolate 18 .
[0271] The scheme for Polymer 6 should be widely adapt
able to accommodate a variety of backbones and polarizable

units . Such species would meet the following formula .
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-continued

ANOTF

N

HO

R2

RI- D

NEN

= Tfo — Azo

| R R2
WS
I?
R2
,

NO2

20
[ 0272 ] Where each instance of R is independently

selected from any alkyl or alkoxyl group or - H , each
instance ofR² is independently selected from H , OH ,
OAk , or OAk - X ., L , is a heteroatom bridge in
conjugation with the ring system of the side chain (e .g .
azo -bridge or — N — N — , alkene bridge or

[0274] Synthesis of 20 : Dissolve 1 ( 1 equiv .) in a solution

of CH C12 (0 .1 M ) and triethyl amine (1 equiv .) and let stir
for 10 min . Add trifluoromethanesulfonic anhydride (1 . 1

equiv .) slowly and let stir for 30 min . Wash reaction

mixture with aqueous HC1 (1M ), extract with dichlo
romethane, and dry with MgSO4. Remove solvent to
isolate 20 .

- HC = CH — , and alkyne or C = C — bridge ), Q is

selected from any electron withdrawing group , D is any
hydrocarbon chain which may be interrupted by hetero
atoms at the point ofbackbone attachment and side chain
attachment, m is 1 -300 , o is 1-51, p is 0 - 10 . Preferred
embodiments include m between 60 and 270 , and p
between 1 and 4 .

2 mol % Pd (OAC )2
C .

BF3K
BF3K

R

Y

+

Y

OH

HN

4 mol % RuPhos
3 equiv K2CO3
Toluene /H20
80° C .

EXAMPLES 2 & 12b

OH

Synthesis of Polymers 7a & 7b

HON
HN

21
R = C12H25; 21a

[0273]

R = C18H37; 216

OH

[0275 ] Synthesis of 21a- 21b : Add 4 -amino -5 -chloro -2
methoxybenzoic acid , alkyl potassium trifluoroborate salt,
Pd (OAC)2 (0 .02 equiv.), RuPhos ( 0 .04 equiv .), and K ,CO ,
O (SO2CF3)2

-- - - - - - - - - - >

TEA

(3 equiv .) to a reaction flask . Evacuate this flask and

backfill with N , three times. In a separate flask , combine

toluene and water (0 . 3 M ; 10 : 1 ) and sparge with N , for 60
minutes . Transfer this solution mixture to the reaction
flask and place this into a preheated oil bath at 80° C .

When the reaction is complete , it should cool to room
V=

temperature before carefully adding 1M HCl until the

aqueous layer has been acidified. Extract this with
CH2Cl2 and dry the organic fractions with MgSO4 before

filtering. Remove the organic solvent under reduced pres
sure and isolate the product by silica gel chromatography
NO2

to isolate 21a or 21b .

[0276 ] The procedure below is adapted from : Molander G
A , Sandrock D L . “ Potassium trifluoroborate salts as
convenient, stable reagents for difficult alkyl transfers ” ,

Jul. 19 , 2018

US 2018 /0205242 A1
Current Opinion In Drug Discovery & Development
2009 ; 12 (6 ): pages 811-823 ;
HO

Toluene/ 110° C .

- - - - - - -

??

NH2

BBr3

CH2Cl2

Azo

HN

R = C12H25 ; 23a
R = C18H37; 23b
OH
HO

H N

V

OH
OH

R = C12H25; 22a
R = C18H37; 22b

Azo

R = C12H25; 24a

R = C13H37; 246

[ 0277 ] Synthesis of 22a - 22b : Dissolve 21a or 21b in
anhydrous CH ,C1, (0 . 3M ) in an oven dried round bottom

Polymers 7a & 7b

flask . Cool this solution to 0° C . in an ice bath and add

boron tribromide (1M in CH ,C1,) slowly. Once addition
of BBrz is complete , remove the ice bath and let the

[0279) Synthesis of 24a -24b : Dissolve monomers 23b or

12 hours . When the reaction is completed , cool it back to

reaction and stir at 110° C . in a preheated oil bath . When
the reaction is complete , purify the polymer through

23b in toluene (0 .4 M ) in a round bottom flask equipped
with a Dean Stark trap to remove water formed during the

reaction mixture to warm up to ambient temperature for

0° C . and slowly add methanol to quench any excess BBrz

present. Wash this reaction with distilled water and collect
the organic fraction . Dry with MgSO3, filter, then remove
solvent under vacuum . Purify by either recrystallization
or silica gel chromatography to isolate 22a or 22b

precipitation and isolate through filtration or centrifuga
tion .

[0280 ] The scheme for Polymers 7a and 7b should be
widely adaptable to accommodate a variety of backbones
and polarizable units. Such species would meet the follow
ing formula .

TfO . Azo

OH

K2CO3
- - - - - - - - - - -

H?N

-

DMF/100° C .
OH
OH

??

H

N
??
OH

- 111

TR2

R - DL
HN
Azo

R = C12H25 ; 23a
R = C18H37 ; 23b

[0278 ] Synthesis of 23a-23b : Add either 22a or 22b ( 1

equiv .) and K2CO3 (2 equiv ) into a round bottom flask and

dissolve in solution of anhydrous DMF ( 0 . 1 M ). Dissolve
20 ( 1. 1 equiv , 0 .5 M ) in DMF and add this to the previous

reaction mixture . Place the reaction mixture in a preheated

100° C . oil bath and stir until the reaction is completed .
When the reaction is complete , wash with 1M aqueous
HC1 until acidic and extract with CH C12 (3 times ). Dry

organic fractions with MgSO4, filter, and concentrate
under vacuum . Purify through crystallization or SiO2
column chromatography to isolate 23a or 23b .

[0281 ] Where each instance of R1 is independently
selected from — H or any alkyl or alkoxyl group , each
instance of R2 is independently selected from H , OH ,
- OAK , or — OAK - X , L , is a heteroatom bridge in
conjugation with the ring system of the side chain ( e.g .
azo -bridge or — N — N — , alkene bridge or
- HC = CH - , and alkyne orC = C — bridge ), Q is
selected from any electron withdrawing group, D is any

hydrocarbon chain which may be interrupted by hetero
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atoms at the point of backbone attachment and side chain
attachment, m is 1 - 300 , o is 1 -51, p is 0 - 10 . Preferred
embodiments include m between 60 and 270 , and p

between 1 and 4 .

[0284 ] Synthesis of 20 : Dissolve 1 (1 equiv.) in a solution
of dichloromethane (0 .1 M ) and triethyl amine (1 equiv .)
and let stir for 10 min . Add trifluoromethanesulfonic

anhydride ( 1.1 equiv .) slowly and let stir for 30 min . Wash

reaction mixture with aqueous HCI ( 1M ), extract with
dichloromethane , and dry with MgSO4. Remove solvent
to isolate 20 .

EXAMPLE 13

Synthesis of Polymer 8
[ 0282 ]
??

NH2

NH2

Fast Black K
- - - - - - - - - - - -

NBS

Br
25

HO

ZEZ
NO2

[0285 ] Synthesis of 25 : Add 1 - iodo- 2 -aminobenzene to a
round bottom flask dissolved in dichloromethane (0 . 1 M )
with 1. 1 equiv . of N -bromosuccinimide. Let the reaction
stir at room temperature for one hour. When the reaction
is complete , wash with aqueous HCl (1 M ) and extract
with dichloromethane . Dry using MgSO4, filter, and
remove organic solvent under reduced pressure to isolate
25 .

[0283] Synthesis of 1: Dissolve Fast Black K Salt in

acetonitrile and NaOAc buffer solution (pH = 4 ) and stir
the resulting solution for 1 hour, followed by vacuum
filtration. Add the filtrate dropwise to a solution of
2 -(ethyl(phenyl)amino )ethan -1 -ol at 0 - 5° C . Stir the solu
tion at room temperature for 16 hours before filtering the
precipitate and wash with a mixture of acetonitrile/water
( 1: 1 ) and dried under vacuum .
HO .

TE

NH2

NO2

TEA

V=

NO2

_ C10H21

K2CO3

25

NEN

NH2

Pd (PPh3)2Cl2

Br

(OTA)

C10H21 — B (OH )2

Br

26

[0286 ] Synthesis of 26 : Add 25 (1 equiv.), dodecane
boronic acid (1. 2 equiv ), Pd (PPhz), C1 , (0 .05 equiv ), and
potassium carbonate (2 equiv .) into a reaction vessel.
Evacuate and backfill with N , three times. Add a degassed
mixture of toluene and water ( 10 : 1) and heat to 80° C .
When the reaction is complete, slowly add 1 M aqueous
solution of HCl until the aqueous layer is acidic. Extract
with dichloromethane ( 3x ) and dry organic fractions with
MgSO4 before filtering. Concentrate the crude reaction
mixture and filter through celite before recrystallizing .
Filter to isolate product 26 .

.
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-continued

OOH
20

OH

K2CO3

- -

- -

-

OOH

- -

DMF

Br

OH

O'

v= t

ZEZ
Br

ZEZ
NO2

[ 0287] Synthesis of 27 : Add 4 -bromosalicylic acid (1
equiv.) into a round bottom flask with potassium carbon
ate ( 1.5 equiv .) and dissolve in solution of dimethylfor
mamide (0 . 1 M ) and heat the reaction to 100° C . for 2
hours . When the reaction is complete, wash with 1M
aqueous HC1 until acidic and extract with dichlorometh
ane (3 times). Dry organic fractions with MgSO4, filter,
and concentrate under vacuum . Purify through crystalli
zation or SiO2 column chromatography to isolate 27 .

NO2

[0288 ] Synthesis of 28 : Add 27 (1 equiv .), bispinacolbo
rane (1. 5 equiv ), Pd (PPhz) 2C1, (0 . 05 equiv ), and potas
sium carbonate ( 2 equiv.) into a reaction vessel. Evacuate

and backfill with N , three times. Add a degassed mixture
of toluene and water (10 : 1) and heat to 80° C . When the
reaction is complete , slowly add 1 M aqueous solution of
HC1 until the aqueous layer is acidic . Extract with dichlo

romethane (3x ) and dry organic fractions with MgSO4
Br

(BPin )2
v=

Pd(PPhz)2Cl2
K2CO3
-

before filtering. Concentrate the crude reaction mixture

and filter through celite before recrystallizing. Filter to
isolate product 28 .

- - -

v= t

C10H21
NO2
27

Br
26
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O

OH

- continued

C10H21
HN

Pd (PPhy)4
K2CO3

v=

Toluene /

Heat
- - - - - - - -

o

NO2

29
m OH

OH

C10H21

N

HN

02N
29

[0289 ] Synthesis of 29 : Add 28 (1 equiv .), 26 (1 equiv),
Pd (PPhz )4 (0 .05 equiv ), and potassium carbonate (2
equiv.) into a reaction vessel. Evacuate and backfill with
N , three times. Add a degassed mixture of toluene and

water (10 :1) and heat to 80° C . When the reaction is
complete, slowly add 1 M aqueous solution of HCl until
the aqueous layer is acidic . Extract with dichloromethane

(3x ) and dry organic fractions with MgSO4 before filter
ing. Concentrate the crude reaction mixture and filter
through celite before recrystallizing. Filter to isolate prod
uct 29 .

30

Polymer 8

[0290 ] Synthesis of 30 : Add 29 (1.0 equiv.) to a reaction
vessel before adding toluene and (0 . 1 M ). Connect the
reaction vessel to a and dean -stark apparatus and reflux
condenser and heat to 150° C . When the reaction is
complete , concentrate the crude reaction mixture under
reduced pressure and precipitate polymer into hexane to
isolate 30 .
[0291 ] The scheme for Polymer 8 should be widely adapt
able to accommodate a variety of backbones and polarizable
units. Such species would meet the following formula .
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matic rings, fused ring systems of at least one six

??
m

membered aromatic ring, and fused ring systems of at
least one five -membered heteroaromatic ring having
one heteroatom selected from the group consisting of
O , N , S and Se,

[0295 ] B comprises a conjugated functional group , the
value of i for each B is an integer between zero and
three, inclusively, and j is from one to nine , inclusive;
and

[ 0296 ] R , D , A , and B may independently be attached to
a member of a heteroaromatic ring alpha to a heteroa
tom , and when Q is an aromatic ring, B is attached to
a member of said aromatic ring para to R or another B ,
and

[0297 ] D and A can independently be ortho , meta , or
para to B on Q .
[0298 ] D comprises an electron donating group capable

[0292] Where each instance of Riis independently
selected from - H or any alkyl or alkoxyl group , each
instance of R2 is independently selected from — H , OH ,

OAk, or - Ak -X ., L2 is a heteroatom bridge in conju

gation with the ring system of the side chain ( e . g . azo -bridge
or — N — N — , alkene bridge or — HC = CH — and alkyne

or - C = C — bridge ), Q is selected from any electron

withdrawing group , D is any hydrocarbon chain which may

be interrupted by hetero atoms at the point of backbone
attachment and side chain attachment, m is 1 -300 , o is 1 -51,
p is 0 - 10 . Preferred embodiments include m between about
60 and 270 , and p between 1 and 4 . composite organic
compound characterized by polarizability and resistivity has

a general structural formula :

of releasing electrons into said conjugated aromatic

system ; 1 is an integer between zero and three , inclu

sively ,

0299 ) Acomprises an electron accepting group capable

of pulling electrons from said conjugated aromatic
system ; m is an integer between zero and three , inclu
sively ,

[0300 ] R is selected from the group consisting of
straight-chained or branched alkyl, alkoxy, alkylthio ,
alkylamino , and fluoro - alkyl group containing from

one to thirty carbon atoms attached to said composite
organic compound wherein R may independently be

attached to C and P by an alkyl moiety or connecting
group , k is the number of R groups attached to the
composite organic compound wherein R may indepen

dently be attached to C and P by an alkyl moiety or a

connecting group, the value of k is an integer between
- NLE

Pn

O and 15 , inclusively ,

[ 0301] S comprises a heteroaromatic substituent

selected from the group consisting of five -membered
from the group consisting of O , N , S and Se , fused ring
systems containing at least one five -membered het

heteroaromatic rings having one heteroatom selected
eroaromatic ring having one heteroatom selected from

the group consisting of O , S and Se, fused ring systems
containing at least one five -membered heteroaromatic

ring having two to four N heteroatoms, fused ring

[0293] C is a chromophore fragment comprising an aro
matic substituent independently selected from the group
consisting of six -membered aromatic rings, five-membered
heteroaromatic rings, fused ring systems containing at least
one six -membered aromatic ring , and fused ring systems
containing at least one five -membered heteroaromatic ring

having one heteroatom selected from the group consisting of

O , N , S and Se, C has the general structure:

systems containing all five -membered heteroaromatic

rings having one heteroatom selected from the group

consisting of O , N , S and Se , pyrimidine and purine , so
that S is tricyanovinylated at a ring position alpha to a

heteroatom ;

[0302 ] P is a polycyclic conjugated molecular fragments

having two- dimensional flat form and self -assembling by
pi-pi stacking in a column-like supramolecule , n is the
number of the polycyclic conjugated molecular fragments
which is equal to 0 , 2 , or 4 .
EXAMPLE 14

[0303]
OH

DIAD , PPh3

[0294 ] each Q comprises an aromatic substituent inde
pendently selected from the group consisting of six
membered aromatic rings , five -membered heteroaro

OH

C12H25

C10H21
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-continued

) – NH,

ON

– NH,

ON

C12H25

C12H25

C10H21

C10H21

C10H21

[0304 ] 2 -decyl- 1-tetradecanol (1 equiv .), PPhz (2 equiv .),

and DIAD (2.3 equiv.) were dissolved in THF and stirred
in an ice bath . Then , 2 - amino -5 -nitrophenol was added
and the reaction was allowed to warm to ambient tem
perature and stirred for 24 h . The reaction mixture was
diluted with hexanes and filtered through diatomaceous
earth . The filtrate was concentrated and purified on silica
gel to give 1.

HCI

C21H25 NaNO2

gary

ON

L

C10H21

=

C21H25

C12H25 C10H21
3

OTS

OH

Ts20

[0307] Compound 1 ( 20 mmol) was dissolved in a solution
of 35 % hydrochloric acid and the mixture was stirred in an
ice bath . Subsequently , a water solution of sodium nitrite ( 20

mmol) was added slowly and the resulting solution was

stirred in the ice bath for 30 min , a solution of 2 ( 24 mmol)
in distilled ethanol was added dropwise and stirred for 1 h .
After pH of the resulting solution was adjusted to 7 . 0 with

potassium carbonate , the reaction was stirred for another 30

[0305] 2-(N -ethylanilino )ethanol (1 equiv .), NaH (2
equiv .), and tosyl chloride ( 1.2 equiv.) were dissolved in
DMF and stirred at room temperature for 18 h . The
solution was processed through an aqueous workup . The
organics were dried over MgSO4 and the solvents were
removed en vacuo .

min . The red solution was diluted with CH , C1, and washed
with brine and deionized water. The crude product was

purified by recrystallization .

[0308 ] While preferable embodiments of the present
obvious to those skilled in the art that such embodiments are
invention have been shown and described herein , it will be

provided by way of example only . Numerous variations,
changes, and substitutions will now occur to those skilled in
the art without departing from the invention . It should be

understood that various alternatives to the embodiments of

the invention described herein can be employed in practicing

OH

the invention . Any feature , whether preferred or not,may be
combined with any other feature . It is to be understood that

OTS

C12H25

the above described embodiment of the invention is illus

C10H21

trative only and that modifications thereof may occur to

those skilled in the art. Accordingly, this invention is not to

-C10H21
C21H25

be regarded as limited to the embodiment disclosed herein ,
but is to be limited only as defined by the appended claims.

[0309) Alternatively , a metadielectric may be defined as a
dielectric material comprised of one or more types of
structured polymeric materials (SPMs). Individually, the
SPMs in a metadielectric may be column like supramolecu
lar structures formed by pi- pi interaction or hydrophilic and

[0306 ] 2 -decyl- 1-tetradecanol (1 equiv .), NaH (2 equiv .),
and tosylated 2 -(N -ethylanilino )ethanol ( 1 equiv .) were
dissolved in THF and stirred at room temperature for 18
h . The solution was processed through an aqueous
workup . The organics were dried over MgSO4 and the
solvents were removed en vacuo to give 2 .

hydrophobic interactions . Said supramolecules of SPMs

may be previously listed liquid crystal derived structures .
Use of SPMs or supramolecular structures incorporates
polarization units to provide the molecular material with
high dielectric permitivity , and therefore permits formation

of highly ordered dielectric films that may be considered

crystalline . Formation of such films can be achieved using

Cascade Crystallization ; a method of thin crystal film (or
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thin crystal layer) manufacturing known as the Optiva Process , and described in U . S . Pat. Nos. 5, 739 , 296 and
6 ,049,428 ; and P . Lazarev et al., “ X -ray Diffraction by Large
Area Organic Crystalline Nano - films” , Molecular Materials,
14 (4 ), 303-311 ( 2001); and Bobrov, “ Spectral Properties of

Thin Crystal Film Polarizers” , Molecular Materials, 14 ( 3 ),
191 - 203 (2001). There are severalmechanisms of polariza
tion such as dipole polarization , ionic polarization , and
hyper -electronic polarization of molecules , oligomers and
polymers possessing metal conductivity, and non -linear
polarization .
[ 0310 ] " Hyperelectronic polarization may be considered
due to the pliant interaction of charge pairs of excitons,
localized temporarily on long, highly polarizable molecules ,
with an external electric field (Roger D . Hartman and

Herbert A . Pohl, “Hyper - electronic Polarization in Macro

molecular Solids ” , Journal of Polymer Science : Part A - 1
Vol. 6 , pp . 1135 - 1152 ( 1968 ))." Ionic type polarization can

be achieved by limited mobility of ionic parts of the core
molecular fragment.
[0311 ] All polarization units with the listed types of polar
ization may be used in aspects of the present disclosure .
Further , SPMs and supramolecular structures consist of
composite materials which incorporate an envelope of insu
lating substituent groups that electrically isolate the supra
molecules from each other in the dielectric layer and provide

high breakdown voltage and resistivity of the dielectric
hereinabove chains covalently bonded directly to or via a
connecting group to a polarizable core or co - polymer back
bone , forming the resistive envelope .
[0312] FIG . 11 depicts one embodiment of an energy

material. Said insulating substituent groups are described

(0315 ] The electrodes 21, 22 may have the same shape as
each other, the same dimensions , and the same area A . By
way of example, and not by way of limitation , the area A of
each electrode 21 , 22 may range from about 0 .01 m² to about
10,000 m². By way of example and not by way of limitation ,
for rolled metacapacitors , electrodes up to , for example
10 , 000 m long and 1 m wide .
[0316 ] These ranges are non -limiting. Other ranges of the
electrode spacing d and area A are within the scope of the
aspects of the present disclosure .
[0317 ] If the spacing d is small compared to the charac
teristic linear dimensions of electrodes (e. g., length and/or
width ), the capacitance C of the metacapacitor may be
approximated by the formula :
C = ke A /d,
(V )
where ? , is the permittivity of free space (8 .85x10 - 12 Cou
lombs / (Newton -meter ? )) and K is the dielectric constant of
the metadielectric layer. The energy storage capacity U of
the capacitor may be approximated as :
(VI)
U = 1/2CVba ?
which may be rewritten using equations (2 ) and ( 3 ) as :
U = 1/ 2K€ AdEba
(VII )
Or the volumetric energy density for the metadielectric
material can be written as:
(VIII)
U /Ad = 1/2K€ Eba?
[0318 ] The energy storage capacity U is determined by the
metadielectric constant K , the area A , and the breakdown
field Ebd. By appropriate engineering, a metacapacitor may
be designed to have any desired energy storage capacity U .

storage cell 1 , each of the one or more metacapacitors 20
comprises a first electrode 21 , a second electrode 22, and a

By way of example, and not by way of limitation , given the

metadielectric material layer 23 disposed between said first

parameters in Table 1 may have an energy storage capacity

of a metal, such as copper, zinc, or aluminum or other

U ranging from about 4 .4 Joules to about 8 .5x10 Joules.

and second electrodes . The electrodes 21 , 22 may be made

above ranges for the dielectric constant K , electrode area A ,
and breakdown field End a metacapacitor in accordance with

conductive material and are generally planar in shape . In one

TABLE 1

implementation , the electrodes and metadielectric material
layer 23 are in the form of long strips of material that are

sandwiched together and wound into a coil along with an
insulating material, e. g ., a plastic film such as polypropylene
or polyester to prevent electrical shorting between the elec
trodes 21 , 22 . Non -limiting examples of such coiled capaci
tor energy storage devices are described in detail in com

monly -assigned U .S . patent application Ser. No . 14 /752,600 ,
filed Jun . 26 , 2015 , the entire contents of which are incor
porated herein by reference .
0313] A characteristic electric field known as the break
down strength Ebd, is an electric field in which the dielectric
layer in a capacitor becomes conductive . The voltage at

which this occurs is called the breakdown voltage of the
device , and is given by the product of dielectric strength and

separation between the electrodes,
(IV )
Vba = Ebond
[0314 ] In another aspect, by way of example and not by
way of limitation , a spacing d between the electrodes 21 , 22
which may correspond to the thickness of the metadielectric
film layer 23 beign at least 3 nm . As noted in Equation (4 )
above , the maximum voltage Vbd between the electrodes 21 ,
22 is approximately the product of the breakdown field and
the electrode spacing d .

Example calculated energy storage of bulk metadielectric material

Parameter
o

Area ( m )

Thickness (m )
Ebd (v /nm )
Ebd (v /m )
U ( Joules )

Lower Value
8 .85 x 10 - 12
0 .01
1 .00 x 10 - 4

100
0 .1

100 000 000
4 .43

8 . 85 x 10 - 12
10 000

3.00 x 10 -9
1000 000

0 .5
500 000 000
3.32 x 107

[0319 ] Although a single metacapacitor 20 is shown for
convenience in FIG . 11 , aspects of the present disclosure are

not limited to such implementations . As illustrated in FIGS .
8A , 8B , 8C , 8D , those skilled in the art will recognize that
the capacitive energy storage device 2 may include multiple

metacapacitors 20 connected in parallel, as in FIG . 8B , to

provide a desired amount of energy storage capacity that

scales roughly with the number of metacapacitors in paral

lel. Alternatively, the capacitive energy storage device 2 may

include two or more metacapacitors connected in series to
accommodate a desired voltage level, as in FIG . 8C . In
addition , the capacitive energy storage device 2 may include
combinations of three or more metacapacitors in a capacitor

network involving various series and parallel combinations,

US 2018 /0205242 A1

Jul. 19 , 2018
53

as in FIG . 8D . For example , there may be three capacitor

combinations connected in parallel with each other with

each combination having two capacitors connected in series .

[ 0320 ] In still another implementation, the capacitive
energy storage cell may further comprise a cooling mecha
nism 30 . In some implementations, the cooling can be
passive, e . g ., using radiative cooling fins on the capacitive

energy storage device 2 and DC - voltage conversion device
3 . Alternatively , a fluid such as air , water or ethylene glycol
can be used as a coolant in an active cooling system . By way

of example , and not by way of limitation , the cooling system

30 may include conduits in thermal contact with the capaci

tive energy storage device 2 and DC -voltage conversion
device 3 . The conduits are filled with a heat exchange

outputs , a bi-directional boost/buck regulator , or a split-pi
converter and the control board 4 may be configured to
maintain a constant output voltage Vou from the DC - voltage
conversion device during discharge , and /or charge the
capacitor at a more -or- less constant current from an AC or

DC charger while maintaining a stable input voltage .

[0324 ] By way of example , and not by way of limitation ,
bidirectional buck /boost converter. In such a configuration ,

the control board 4 may be based on a controller for a

the control board 4 stabilizes the output voltage of the

DC -voltage conversion device according to the following

algorithm forming the control loop 90 :

[03251 a ) determining a target output voltage level for
the energy storage system ,

implementations, the coolingmechanism may include a heat

[0326 ] b ) measuring the voltage of a capacitive energy
storage device ,
[0327 ] c ) configuring a bidirectional buck /boost con

30 may include conduits in the form of cooling fins on the
capacitive energy storage device 2 and DC -voltage conver

output direction if the voltage on the capacitive energy

medium , which may be a solid , liquid or gas . In some
exchanger configured to extract heat from the heat exchange
medium . In other implementations, the cooling mechanism
sion device 3 and the heat exchange medium is air that is

blown over the cooling fins, e .g ., by a fan . In another

embodiment of the present invention , the heat exchanger 32

verter to buck down the voltage and direct current in the

storage device is higher than the desired output voltage
[0328 ] d ) configuring a bidirectional buck / boost con
and the desired outcome is to discharge the device ,

verter to boost up the voltage and direct current in the

may include a phase - change heat pipe configured to carry
out cooling. The cooling carried out by the phase - change
heat pipe may involve a solid to liquid phase change ( e . g .,

output direction IF the voltage on the capacitive energy
storage device is lower than the desired output voltage

using melting of ice or other solid ) or liquid to gas phase

[0329 ] e ) configuring a bidirectional buck /boost con
verter to buck down the voltage and direct current in the
input direction IF the voltage on the capacitive energy

change ( e . g ., by evaporation of water or alcohol) of a phase
change material. In yet another implementation , the conduits

or heat exchanger 32 may include a reservoir containing a
solid to liquid phase change material, such as paraffin wax .

[ 0321 ] In some embodiments the capacitor energy storage

devices have specific energy densities ranging from less than
or equal to about 250 Wh/kg to less than or equal to about
1250 Wh /kg . In some embodiments said capacitor energy

storage devices may have an specific energy density greater
than 1250 Wh/kg.
0322] In addition to a CESD , a CESC is comprised of a

and the desired outcome is to discharge the device ,

storage device is lower than the desired input voltage

and the desired outcome is to charge the device ,
[0330 ] f) configuring a bidirectional buck /boost con

verter to boost up the voltage and direct current in the

input direction IF the voltage on the capacitive energy

storage device is higher than the desired output voltage
and the desired outcome is to charge the device ,
[0331] g ) configuring a bidirectional buck /boost con
verter to stop outputting power if the voltage on the

capacitive energy storage device falls below a prede

DC - voltage conversion device . Referring again to FIGS. 11 ,
12 and 13 the DC - voltage conversion device 3 may include
a buck converter for applications in which V < V in , a boost

[0332 ] h ) configuring a bidirectional buck /boost con

tions .

capacitive energy storage device exceeds a predeter
mined level ,
[0333 ] i) repeating steps (a ) through (f) as necessary.

converter for applications in which Vow > Vin , or a bidirec
tional buck /boost converter for applications in which
Vout < V in in certain situations and Vou > Vin in other situa

[0323] In still another embodiment of the energy storage

cell (see, FIG . 12 ) the DC -voltage conversion device 3 may
be connected to a control board 4 containing suitable logic
circuitry , e .g., microprocessor, microcontroller, application
specific integrated circuit (ASIC ), field programmable gate
array (FPGA), a complex programmable logic device
(CPLD ), capable of implementing closed loop control pro
cesses 90 and (optionally ) a communication interface 5 , as

well as an analog to digital converter coupled to sensors on
the DC - voltage conversion device 3 , e. g ., voltage sensors V

for the input voltage Vin and the output voltage Vout, current
storage device 2 and /or current Ive to / from the DC -voltage

sensors A for current Iss to / from the capacitive energy

conversion device 3 , temperature sensors T on the capacitive

energy storage device and /or DC -voltage conversion device .
In some implementations, the control board 4 may be
integrated into the DC - voltage conversion device 3 . The
conversion device 3 may contain a buck regulator, a boost

regulator, buck and boost regulators with separate input/

termined level,
verter to stop inputting power if the voltage on the

[0334 ] The specifics of operation of the control board 4 are
somewhat dependent on the type of buck /boost converter( s )

used in the DC - voltage conversion device 3 . For example , a
buck /boost convertermay be a single switch converter of the
type shown in FIG . 16A . This type of converter includes a

high - side switch SW having an input side coupled to the
input voltage Vin and an output side coupled to one side of

an inductor L , the other side of which is connected to the
ground or common voltage (- ). A capacitor C is coupled
across the output voltage Vout. A pulsed switching signal S
turns the switch on and off. The output voltage depends on
the duty cycle of the switching signal S . By way of example ,
the switches may be implanted as gated switch devices, e .g.,
MOSFET devices , stacked MOSFET devices , IGCT
devices, high drain -source voltage SiC MOSFET devices,
and the like depending on the voltage and /or current require

ments of the DC - voltage converter for the energy storage
cell. In the case of gated switching devices , the controlboard

provides the signals to the gate terminals of the switching
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devices. The control board 4 can configure this type of

buck /boost converter to buck or boost by adjusting the duty
cycle of the switching signal S .
[0335 ] By way of example and not by limitation , the
DC - voltage conversion device 3 as depicted in FIGS . 10A ,
10B , 10C , 10D , 10E , 10F, 10G , 10H , 101 may include one
or more switch -mode voltage converters 100 , arranged to
boost/or buck the input/output voltages as necessary to

achieve the charge and discharge modalities depicted in

FIGS. 14A , 14B , 15A and 15B corresponding to the voltage
labels vc (t), vi (t ) and vo (t) on the capacitive energy storage
cell 3 of FIGS. 12 and 13 . As shown in FIGS. 10F, 10G ,

10H , 101, the input/output port may be split into a separate

input and output. These separate inputs and outputs may
have different bus voltages. For example , there may be an

input DC bus from a solar inverter which is at a different
voltage than an output DC bus meant to transmit power or

feed a DC to AC converter. The switch -mode voltage

converters 100 may have circuitry selected from the follow
ing list: a buck converter (as show in FIG . 9B ), boost
converter (as show in FIG . 9A ), buck /boost converter,
bi-directional buck /boost ( split -pi) converter (as show in
FIG . 9D ), Cuk converter, single -ended primary inductor

[0338 ] In still another implementation of the energy stor

age cell , wherein the output voltage is made constant by the
DC - voltage conversion device selected from the list com
prising a buck regulator, a boost regulator, buck and boost
regulators with separate input/ outputs, bi- directional boost/
buck regulator, split-pi converter.

[0339 ] In some implementations, the cell 1 includes cir

cuitry configured to enable observation of parameters
selected from the following list: the voltage on the metaca
pacitor, the current going into or out of the metacapacitor,
the current flowing into or out of the DC -voltage conversion
device , the output voltage of the DC -voltage conversion

device , the temperature at one or more points within the

metacapacitor, the temperature at one or more points within

the DC - voltage conversion device . In another implementa

tion , the energy storage cell further comprises an AC

inverter to create AC output voltage , wherein the DC output

voltage of the DC - voltage conversion device is the input

voltage of the AC -inverter. In yet another implementation ,

energy storage cell further comprises power electronics
sistors ( IGBTs), SIC MOSFETs, GaN MOSFETs, Graphene
or comprising organic molecular switches. In one embodi
switches which are based on Si insulated - gate bipolar tran

converter (SEPIC ), inverting buck /boost converter (as show

ment of the energy storage cell , the power electronics
switches comprise multiple switch elements stacked in

[ 0336 ] In FIGS. 10A , 10B , 10C , 10D , 10E , 10F, 10G ,
10H , 101, the switch mode voltage converters 100 are

breakdown voltage of individual switch components .

in FIG . 9C ), or four- switch buck /boost converters .

connected to power ports 101, by an interconnect system

102 . The power ports 101 include a positive terminal and
negative terminal intended to work together to transmit

power in either direction . A power port can be an input,
output or bidirectional. A control interface 104 is connected

to all of the control interfaces on the switch mode voltage

converters 100 through a control network 103. The control
network may carry target voltages , target currents , observed
voltages, observed currents, temperatures and other param
eters necessary to control the system . The control network

103 , control interfaces 104 , control board 4 , and control
loops 90 may or may not be combined in a single discrete

physical package . For example, one implementation may
have all aforementioned elements distributed throughout a
system and another implementation may contain all ele
ments in a single microprocessor unit.

[0337] In one implementation the control board 4 may

control the DC - voltage converter 3 in a way that maintains
the output voltage of the energy storage cell , e .g ., the output
voltage of the DC - voltage converter Vout, at a constant level

during a discharge of the metacapacitor (s ) (see , FIGS. 14B
and 15B ) from an initial charge state ((Vc(t)) to a minimum
charge state (Vc(t) = Vmin , op ), wherein the minimum charge
state (Vmin , op ), is defined by a voltage on themetacapacitor
(s) which corresponds to the residual energy equal to from
0 % to 20 % of the initial reserved energy, where the reserved
energy of the metacapacitor (s ) can be calculated by E = 1 /
2CV2 where E is energy, C is capacitance , and V is voltage .
In implementations where the control board 4 is a program
mable device , the constant output voltage of the energy
storage cell can be a programmable value . In some embodi
ments, the control board 4 is also configurable to match the
variable power output demands of a movable object.
Examples of variable power output demands of a CESS
(FIG . 18A and FIG . 18B ) includes propulsion and accelera
tion of a movable object (e.g . a UAV ).

series to enable switching of voltages higher than the

[0340 ] In another aspect of the present disclosure , a
capacitor energy storage module 40, e.g ., as illustrated in
FIG . 17A . In the illustrated example , the energy storage

module 40 includes one ormore energy storage cells 1 of the
type described above . Each energy storage cell includes a
capacitive energy storage device 2 having one or more
metacapacitors 20 and a DC - voltage converter 3 , which may
be a buck converter, boost converter, or buck /boost con
verter. In addition , each module may include a control board

4 of the type described above with respect to FIGS. 11, 12,

13 and an (optional) cooling mechanism (not shown ). The

module 40 may further include an interconnection system
that connects the anodes and cathodes of the one or more
individual energy storage cells to create a common anode
and common cathode of the capacitor energy storage mod
ule .

[0341] In yet another aspect, some implementations, the
interconnection system of a module includes a parameter

bus 42 and power switches PSW as seen in FIG . 17A . Each
energy storage cell 1 in the module 40 may be coupled to the
parameter bus 42 via the power switches PSW . These

switches allow two or more modules to be selectively
coupled in parallel or in series via two or more rails that can
serve as the common anode and common cathode . The
power switches can also allow one or more energy storage

cells to be disconnected from the module , e.g ., to allow for

redundancy and /ormaintenance of cells without interrupting

operation of the module . The power switches PSW may be
based on solid state power switching technology or may be

implemented by electromechanical switches ( e .g ., relays ) or

some combination of the two.

10342 ]. In some implementations, the energy storage mod
ule further comprises a power meter 44 to monitor power
input or output to the module , as seen in FIG . 17A . In some
implementations, the energy storage module further com

prises a networked control node 46 configured to control
power output from and power input to the module . The
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networked controlnode 46 allows each module to talk with
a system control computer over a high speed network . The
networked control node 46 includes voltage control logic

circuitry 50 configured to selectively control the operation of

each of voltage controller 3 in each of the energy storage
cells 2 , e . g ., via their respective control boards 4 . The control
node 46 may also include switch control logic circuitry 52

energy storage module through the network interface 74 , the
system data bus 68 , the module network interface 54 of the
controlnode 46 for the specific module , the module data bus
48 , and the control board 4 of the individual cell 1 .

[0345 ] By way of example, and not by way of limitation ,

the system controller 66 may be a deterministic controller,
an asynchronous controller, or a controller having distrib
uted clock . In one particular embodiment of the capacitive

configured to control operation of the power switches PSW .
The control boards 4 and power switches PSW may be
connected to the control node 46 via a data bus 48 . The
voltage control and switching logic circuitry in the net

energy storage system 60, the system controller 66 may
include a distributed clock configured to synchronize several

worked control node 46 may be implemented by one or more

capacitive energy storage cells of one or more of the

microprocessors , microcontrollers , application specific inte
grated circuits (ASICs), field programmable gate arrays

(FPGAS ), or complex programmable logic devices

(CPLDs). The control node 46 may include a network

interface 54 to facilitate transfer of signals between the

voltage control logic circuitry 50 and the control boards 4 on

the individual energy storage cells 2 and also to transfer

signals between the switching logic circuitry 52 and the

power switches PSW , e. g ., via the data bus 48.

[ 0343] According to yet another aspect of the present

disclosure a capacitor energy storage system may include

one or a plurality of networked capacitor energy storage
modules, e .g., of the type shown in FIG . 17A and FIG . 17B .
One embodiment of such a capacitive energy storage system
60 is shown in FIG . 18A and FIG . 18B . The system 60
includes one or more energy storage modules 40 of the type

independent voltage conversion devices in one or more

capacitive energy storage modules 40 .

[0346 ] In the case of UAVs, current can be relatively high .
The current from the power supply as described in U . S .
patent application Ser. No . 14 / 262, 478 filed on Apr. 25 , 2014
is between 10 mA and 40 A at minimum , and a maximum
current between 100 mA and 100 A . It is an advance to
reduce the maximum current applied while maintaining high
power output by using a higher voltage power source such
as a capacitor energy storage system (CESS ). By way of
example and not of limitation , a 1000 V rated CESD and a
maximum allowed current of 40 A , the power output can
have a maximum of 40 kW .

[0347 ] In accordance with an aspect of the invention , the

CESS configuration can prevent the formation of a spark
upon power - on or power -off of the device . In the case of
UAVs commonly using a battery pack , current from the
battery pack can be greater than or equal to about 10 mA, 50

shown in FIG . 17A and FIG . 17B . Each capacitive energy
storage module 40 includes one or more capacitive energy

mA , 75 mA , 100 mA , 150 mA , 200 mA, 300 mA , 500 mA ,

connected by an interconnection system 42 and controlled

maximum current supplied from such a battery pack may be

may also include a module power meter 44 . Although it is

less than or equal to about 20 mA , 100 mA , 150 mA , 200
mA , 300 mA , 500 mA , 750 mA, 1 A , 2 A , 5 A , 10 A , 15 A ,

storage cells 1, e .g ., of the type shown in FIGS. 11, 12 , 13 ,

by a control node 46 . Each capacitive energy storage module
not shown in FIG . 17A or FIG . 17B , each control node 46

may include voltage control logic circuitry 50 to control

750 mA, 1 A , 2 A , 5 A , 10 A , 15 A , 20 A , 30 A . The

20 A , 30 A , 40 A . However, the CESS may be configured to
supplying current having a maximum or minimum value

voltage controllers within the individual capacitive energy
storage cells 1 and switching logic circuitry 52 to control

having any of the values described hereinabove, or falling

internal power switches with the module , as described
above. In addition , each control node 46 includes an internal
data bus 48 and a network interface 54 , which may be

hereinabove . The current from the CESS used to power a

within a range defined by any of the values described
movable object such as a UAV , may be greater than or equal

to a current used to power another electronic device , such as

62 via system power switches SPSW , which may be based

a personal computer or laptop .
[0348 ] The capacitor energy storage system can have a
number of useful features, or can interact with or be part of

mented by electromechanical switches ( e .g ., relays ) or some

ments, connectors can make plugging the CESS into another

connected as described above . Power to and from capacitive

energy storage modules 40 is coupled to a system power bus
on solid state power switching technology or may be imple

combination of the two . In some implementations, there may
be an inverter (not shown ) coupled between each capacitive

energy storage module 40 and the system power bus 62 to
convert DC power from the module to AC power or vice
versa .

[0344 ] The system 60 includes a system controller 66
connected to a system data bus 68 . The system controller
may include switching control logic 70 , voltage control
logic 72 , and system network interface 74 . The voltage

control logic 70 may be configured to control the operation
of individual DC -voltage controllers within individual cells

1 of individual modules 40 . The switching control logic 72
may be configured to control operation of the system power
switches SPSW and also the power switches PSW within
individual capacitive energy storage modules 40 . Voltage

control signals may be sent from the voltage control logic 72
to a specific DC - voltage control device 3 within a specific
capacitive energy storage cell 1 of a specific capacitive

a UAV having a number of useful features. In some embodi
power source easy (e. g ., as depicted in FIG . 19B . For

example , a CESS may be connected to an external power
supply that may charge the CESS . In some cases , a CESS
state of charge or level of charge checker is integrated in the
device . The CESS state of charge checker can display the
CESS charge level whenever the user desires , without the
need of a multimeter or separate CESS level detector device .
For example, a visual indicator may be provided that shows
the CESS level of charge upon request or continuously . The

CESS may include short protection and protection against
high current levels , which can be both integrated into the
system controller 66 ( FIG . 18A ) .

[0349] In some embodiments , the voltage control logic in
the computer of the CESS may be programmed to modulate
power output of the CESS to accelerate the UAV or provide

sufficient power to the UAV to cause lift of the UAV. For

example, in someheavy embodiments, this may be achieved
by controlling switches of at least one reserve CESM for
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specifically take- off power and acceleration , and that the at
least one reserve CESM consists of CESD configured to

include a plurality of metacapacitors connected in parallel
with voltage ratings of at least 400 V , 500 V , 600 V , 700 V ,

800 V , 900 V, 1000 V , or 1500 V . In yet another example , at
metacapacitors connected in parallel or parallel and series
least one reserve CESC consisting of CESD having multiple

are switched to discharge mode via the voltage control logic

communicating with the at least one reserve CESC control
board .

[ 0350 ] In some embodiments , the power supply control
assembly can achieve precise estimation of the amount of
remaining charge in the CESS when a device to be powered
is in operation , such as when a UAV is flying, there can be
a large voltage drop when the motors are spinning and the
measurement based on voltage can be inaccurate . In con
trast, the power supply system disclosed herein may deter
mine the remaining CESS charge level by monitoring the

total energy that is consumed , which results in a more

precise CESS charge level indication . In some embodi
ments, the power supply control assembly may calculate the
re
remaining energy level based on measurements by power
meters 44 and 64 as seen in FIGS . 17B and 18A respectively .
[ 0351] In some cases, the present power supply control
assembly may be faster to recharge than battery designs .
Optionally , all of the balancing circuits and protection
circuits are integrated inside the CESS assembly . The power
supply control assembly, including the balancing circuits
and protection circuits , may be packaged with a CESS. For
example, a housing may partially or completely enclose the

CESS and CESS control assembly , such that a user can
connect the charger to a CESS package which may include

the CESS and power supply control assembly.
[0352] Optionally , the CESS described hereinabove has a
slower charge leakage rate than existing battery technology
due to energy stored as an electric field rather than in

electrochemical form . A low voltage protection circuit inside
the CESS package turns the CESS and device off once the

charge is lower than a certain threshold .
[0353] UAV powered by the CESS and power supply

control assembly may be able to fly for a long period of time
and may be capable of flying a long distance . In some cases ,
the UAV can fly for at least 5 minutes , at least 10 minutes ,

at least 15 minutes, at least 20 minutes, at least 25 minutes,
at least 30 minutes , at least 35 minutes, at least 45 minutes ,
at least 60 minutes, at least 90 minutes , at least 120 minutes ,
at least 150 minutes , at least 180 minutes , at least 200

minutes, or at least 250 minutes. Such times the UAV may
be capable of flying may include a period of time of
continuous flight with a fully charged CESS. In some cases ,
the UAV can fly a distance of at least 0 . 5 km , at least 1 km ,

at least 2 km , at least 3 km , at least 4 km , at least 5 km , at

least 6 km , at least 7 km , at least 8 km , at least 9 km , at least

capacity of the CESS 60 . The indication device 19223 can
be electrically connected to the controller board 19222 and

configured to indicate a percentage of the remaining charge
of the CESS 60 .

[0355 ] In some cases , the system power meter 64 as

depicted in FIG . 18A comprises a power measurement
device and indication device . The power measurement
device can be electrically connected to the one or more
CESM 40 and configured to calculate the total remaining

capacity of the CESS 60. The indication device can be
electrically connected to the system power meter 64 and
configured to indicate a percentage of the remaining charge
of the CESS 60 .
[0356 ] The power measurement device may comprise a
current sampling device . The current sampling device can be

configured to collect current data during discharge of the
CESS 60 . The level of charge measurement device can be
configured to collect the current collected by the current

sampling device and measure voltage via a voltage detector

(such as a voltage regulator ), and perform calculations of the

current collected by the current sampling device and voltage
measured by the voltage detector to obtain the remaining

capacity of the CESS 60 . Alternatively , level of charge of the

CESS 60 can be determined by the system power meter 64
and system controller 66 .
[0357] Alternatively, the level of charge of the CESS 60

can be determined by the voltage on each CESD , and
computed by a pre -calibrated voltage vs charge curve.
Equation VI:

U = 1/2CVba

(VI)

when rewritten , gives
U = 1/2012

( IX )

which can be used to accurately calculate the charge of the

CESS 60 .

[0358 ] The indication device 19223 ( FIG . 19A ) may com

prise a plurality of indicator lights. The controller board
19222 can be configured to divide the remaining capacity of
the CESS 60 by the total capacity of the CESS 60 to obtain

a percentage of the remaining capacity . In some embodi

ments, the number of simultaneously lit indicator lights

corresponds to the percentage of the remaining capacity of

the CESS 60 . Unlit indicator lights may correspond to a
percentage capacity of the CESS 60 that has been used or
discharged .

[0359] A CESS 60 pack may include an interface config

ured to provide access to the remaining charge information
and voltage information of the CESS 60.

[0360 ] A control device may be provided as part of a
power control system , where the control device is electri

cally connected to the CESS 60, electronic switch , input

device and indication device.
[0361] Aspects of the invention may include a movable

10 km , at least 12 km , at least 14 km , at least 16 km , at least
18 km , at least 20 km , at least 30 km , at least 40 km , at least
50 km , at least 75 km , at least 100 km , or at least 150 km .
Such distance the UAV may be capable of flying may
include a distance of continuous flight with a fully charge

powered equipment is electrically connected to the CESS

CESS .

switches to control power , thereby avoiding the generation

[0354] In some cases , the CESS 60 further comprises a

object, such as an aircraft ( e .g . UAV ) , comprising equipment

to -be -powered ( e .g . aircraft ) and a CESS , wherein the to -be

and houses the CESS .

[0362 ] The CESS , as described herein can use electronic
of sparks during power -on , allowing for the normal use of

system power meter 64 (FIG . 18A ) in communication with

the CESS and safety of the aircraft.

an indication device 19223 (FIG . 19A ). The system power
meter 64 can be electrically connected to the one or more
CESM 40 and configured to calculate the total remaining

[0363 ] With reference to FIG . 19 , an object to bepowered

such as a movable object 19100 (e . g . a vehicle such as a

UAV ) may be provided in accordance with an embodiment
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of the invention. An example of a capacitor energy storage
system of the disclosure is depicted in FIG . 18A , FIG . 18B .

sparking which can cause damage to the CESD and movable
object. The electronic switch may be used to control charge

[ 0364 ] The movable objects and CESS of the disclosure

and discharge of the CESS .

19 A is a block diagram of the movable object and a CESS
pack having various parts including a CESS 60 , a controller
board 19222 , a voltage converter 199 , a button 19225 , four
LED power indicator lights 19223 , a microcontroller unit

the electronic switch . Any type of input device may be used

can have CESS power indication and discharge control. FIG .

(MCU ) 18222b , and a CESS connector interface 1910.
[ 0365 ] A CESS may be provided to power the movable
object or a portion of the movable object . The CESS may
power one or more propulsion units of the movable object.
For example , the CESS may power one or more motor
drivers 1930 and motors 1931 attached to rotors of a UAV
that may provide lift to the UAV and enable it to fly . The

CESS may power one or more communication systems ( e . g .

communication system with a remote control) or the mov

able object. The CESS may power a carrier that may be part
of the movable object or coupled to the movable object. The
CESS may include a configuration of at least one metaca
pacitor integrated in a capacitor energy storage device

(CESD ) 20 of a CESC in FIG . 11 . Wherein , one such CESC
is a CESC 1 of a CESM in FIG . 17A and FIG . 17B . And ,
wherein CESM 40 of FIG . 17A and FIG . 17B can be 40 in

FIG . 18A and FIG . 18B . The metacapacitor having any
metadielectric chemistry known or later developed in the art

may be used . A plurality of CESCs may be connected in

series, in parallel, or any combination thereof. The plurality
of CESCs may be packaged together as a single unit or
multiple units.
0366 ] In some embodiments , a MOSFET power element
is used as a power switch (PSW ) for controlling the output
of the capacitor energy storage system 60 . In alternative
embodiments, any electronic switch may be provided for
controlling output of the CESS . An electronic switch may
utilize solid state electronics to control charge and discharge

of the CESS . In some instances, an electronic switch has no

moving parts and does not utilize an electromechanical

device ( e.g . traditional relays or switches with moving
parts ) . In some instances , electrons or other charge carriers

of the electronic switch are confined to a solid device . The
electronic switch may optionally have a binary state (e .g .
switched -on or switched -off ). The use of an electronic
switch may help prevent sparking which can cause damage
to the CESS and movable object. The electronic switch may

be used to control charge and discharge of the CESS .
[0367] In some embodiments, a DC voltage converter (e.g .
3 in FIGS. 11, 12 , 13 , 17A , 17B ) and control board ( e.g . 4
in FIGS . 11 , 12 , 13 , 17A , 17B ) are used as devices for
controlling the output power and voltage in coordination

with module control node (e .g . 46 FIGS. 17A , 17B , 18A ,

18B ) and system controller (e .g . 66 FIGS . 18A and 18B ) of

the CESS 60. A DC voltage converter may utilize solid state

10368 ] The button 19225 may be used to control a state of

in place of a button . The input device may be button switch ,

mechanical switch , potentiometer, or sensor. The input

device may have a binary state ( e.g . on or off), or may have

three or more states ( e . g . on , off, or standby ) . The input

device may accept an input directly from a user. For
example , a user may manually interact with the input device

(e. g. pressing a button , flipping a switch , turning a knob or

dial, touching a touch interface such as a touchscreen ,
speaking to a microphone ). Alternatively, the input device
may receive a signal indicative of a user input. For example ,
a user may interact with a remote control that may relay a
signal ( e. g . wired or wireless signal) to the input device ,
which may in turn control a state of the electronic switch .
For example , the input device may be in communication

with the electronic switch to control a switched - on or

switched -off state of the electronic switch . In some
instances , an input device may function as an interface

between a user input and control of the electronic switch
which may selectively cause discharge of the CESS .
0369 . A controller board 19222 can be the control unit for
achieving the overall functionality . It can connect to the
input device (e.g . button input 19225 ) to determine if the

user intends to turn on or off the CESS 60 . The on or off of
the CESS 60 can be controlled by the signals from the
controller board 19222 . In some embodiments, the controller
board 19222may receive an input from the input device , and

may use the input from the input device to generate a signal

to control the state of the controller board .

[0370 ] Referring to FIGS. 18A and 18B , the system power

meter 64, there can be a current sampling resistor (e .g ., about
0 .0192 ) to capture the current during the charge and dis

charge process . The system controller 66 can capture the
current signal at a high frequency and use an integration
process to calculate the CESS 60 capacity . When the system

power meter 64 current sampling frequency is low , the
accuracy of the calculated CESS 60 capacity may be
reduced . When the system power meter 64 current sampling

frequency is high , the accuracy of the calculated CESS
system power meter 64 current sampling frequency may be
capacity may be increased . In some implementations , the

about 0 . 3 Hz - 100 kHz. For example , the system power meter

64 current sampling frequency may be greater than or equal
to about 0 .3 Hz, 0 . 5 Hz, 1 Hz, 2 Hz, 3 Hz, 5 Hz, 7 Hz, 10

Hz, 15 Hz, 20 Hz, 25 Hz, 30 Hz, 40 Hz, 50 Hz, 75 Hz, 100
Hz, 200 Hz, 500 Hz, 1 kHz, 2 kHz, 3 kHz, 5 kHz, 10 kHz,

20 kHz, 50 kHz, 75 kHz, or 100 kHz. The system power
meter 64 current sampling frequency may be less than or
equal to about 10 Hz, 15 Hz, 20 Hz, 25 Hz, 30 Hz, 40 Hz,
50 Hz, 75 Hz, 100 Hz, 200 Hz, 500 Hz, 1 kHz, 2 kHz, 3 kHz,
5 kHz, 10 kHz, 20 kHz, 50 kHz, 75 kHz, 100 kHz, or 200

electronics to control charge and discharge of the CESS with

kHz.

voltage profiles similar to FIG . 15A and FIG . 15B . In some
instances, an electronic switch has no moving parts and does
not utilize an electromechanical device (e. g . traditional
relays or switches with moving parts ). In some instances ,
electrons or other charge carriers of the electronic switch are

[0371 ] In some embodiments, a level of a CESS may be

dividing the capacity of the power capacity that remains by
the total CESS capacity . In other embodiments, the CESS

off ). The use of an electronic switch may help prevent

can continue discharging at its discharge rate ). The discharge

confined to a solid device . The electronic switch may
optionally have a binary state ( e. g . switched -on or switched

determined as a percentage of the CESS capacity . The
percentage of the CESS capacity can be calculated by
capacity may be expressed in other terms, such as continu
ous-time-of use remaining (e . g . the length of time the CESS
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rate may be the current rate of discharge, a previous rate of
discharge , an average rate ofdischarge over a period of time,
or any other rate of discharge .
[0372 ] A power level indication device may be provided .
For example , a plurality of indicator lights may be provided ,

where the number of lit lights may correspond to a percent
age of the CESS charge that remains. The number of unlit

lights may correspond to a percentage of the CESS charge
that has been used or discharged . Any number of indicator
lights may be provided , which may determine the precision

of the percentage ranges that can be established . For
example , the use of four power indicator lights may provide
indication of the remaining level charge within the 25 %
range . The use of 5 power indicator lights may provide
indication of the remaining level of charge within the 20 %
range. The use of N power indicator lights may provide

indication of the remaining level of charge within the 100 /N
percent range . In some embodiments, four LED power
indicator lights 19223 indicates the approximate percentage
of CESS charge remaining. For example , four lit lights can

[0375 ] The device can also be equipped with a data

communication interface. Other electronic devices can

obtain , through the interface , the current CESS level of
charge information , voltage information and other informa

tion . Such information can be used to provide CESS opera

tional and protection functionalities .

[0376 ] With reference to FIGS. 19A , 19B , 19C , 19D , and

19E the movable object 19100 includes a device 1910 to be

powered and a CESS 60 . The device to be powered 1910 and

the CESS 60 can be electrically connected . In some embodi
ments , the CESS 60 can be configured as seen in FIG . 18A

or FIG . 18B . In some embodiments, the device 1910 to be
powered may include an input interface 1911 . The CESS 60
may be electrically connected to the input interface 1911 to
supply power to the device 1910 , the controller board 19222 ,
and associated systems ( e . g . inertial measurement unit,
navigation board , external communication , sensors . In this
embodiment, the movable object 19100 may be an aircraft,

such as an UAV.

10377] The CESS 60 can comprise any combined configu

ration ofmetacapacitors , CESD , CESC , and CESM . In some

represent that the CESS has 75 - 100 % charge remaining,
three lit lights can represent 50 - 75 % of the CESS charge
remaining , two lit lights can represent 25 - 50 % of the CESS

different configurations of capacitor energy storagemodules

CESS charge remaining. As such , the user can approximate
the CESS charge at a present moment in time. In other

voltage operation of the device to be powered 1910 . A
second configuration of CESM may be for high power

charge remaining , and one lit light can represent 0 -25 % of

embodiments , other types of power level indicators may be
provided . For example , an outputmay be provided showing
a numerical value indicative of the charge level. For

example , the charge level indication device may say 83 % ,
when 83 % of the charge level remains, or may provide a
range ( e . g . 80 - 90 % , when 83 % of the charge level remains) .

embodiments , the CESS 60 may comprise two or more
(CESM ). One configuration of CESM may be for low power
output to be used primarily for energy storage and constant

output, and primarily for acceleration vertically and hori
zontally . For example , a CESM or a plurality of CESC may
be configured such that the plurality of CESC may be

electrically connected in parallel to form common electrodes
in electrical contact with a DC voltage converter with an

Other graphical indicators, such as colors , bars, levels , line

ampere rating between 20 mA and 10000 A , or an ampere
rating greater than 10000 A .

charge level.

obtain signals of the currently remaining charge or voltage

graphs , icons ay be used to provide a visual indication of the

[0373] Positioning the CESS indicator LED lights through

a light guide member passing to the outside of the CESS

pack can result in user- friendly operation . The CESS indi

cator LED lights can be numbered in order. Light can be
provided outside the CESS via a light guide member to
facilitate user observation .
[ 0374 ] The charge level may be displayed continuously, so
the user may be able to view the charge level at any moment
in time. Alternatively , the user may be able to view the
charge level in response to a signal to show the charge level
( e .g . the user presses a button that causes the charge level to
light up , the user provides a voice command that causes the

charge level to be displayed , a motion sensor detects the
presence of a user and causes the charge level to be
displayed ). The charge levelmay be displayed on an external
surface of a CESS , or on an object to be powered by the
CESS . For example, a user may be able to view an external
portion of a UAV and see the charge level remaining for the
CESS for the UAV. The user may be able to view the charge
level without requiring the use of any other external device .
The user may be able to view the charge level without taking

apart any portion of the UAV. The charge level indicator may
be self-contained within a capacitor based charge supply
pack . The charge level may be displayed on the CESS pack
when the CESS pack is connected or installed on the UAV.
In some embodiments, the charge level may be displayed on
the CESS pack even when the CESS pack is not connected
to or installed on the UAV .

[0378 ] The connector interface 19224 can be used to
drop of the CESS. In the present embodiment, the interface

19224 is connected in parallel between the electrode 1 and
the electrode 2 of the CESS 60 . Other electronic devices can

obtain , via the connector interfaces 19224 , the current

charge information , voltage information .
[0379 ] The connector interface 19224 may be in electrical

communication with the input interface 1911 . This may
provide electrical connection and communication with a

device 1910 to be powered . In some embodiments, a CESS

may be a self - contained package that may be inserted into

( or attached to ) a movable object or removed from the

movable object. Different CESS may be swapped . Inserting
the CESS into the movable object (or attaching the CESS to
the movable object) may automatically cause the electrical
connections to come into contact with one another so that the
CESS can power a device to be powered on the movable
object.
10380 ] A power electronic switch (PSW ) can be electri
cally connected to the CESM 40 . In the present embodiment,

the PSW can be selected from any insulated gate bipolar
transistor ( IGBT), power GaN MOSFET, power SiC MOS
FET, JFET, or a solid state relay , a power transistor. Spe
cifically , the PSW is connected in series between the elec
trodes 62 of the CESS 60 and the CESM 40 . The PSW is in

series with the system controller 66 . The gate of the PSW is
controlled by the system controller 66 . The system controller

66 may be controlled by the controller board 19222 . The
input interface 1911 of the to - be -powered device 1910 is
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electrically connected to the CESS 60 via the interface

CESS 60 coupled to a controller board 2020 . The controller

19224. In some embodiments , the PSW can also use otherb oard 2020 may be directly or indirectly controlled by the
forms of mechanical relay or non -mechanical contact input device 2022 .
switch .
[0387 ] Referring to FIG . 20B , a movable object 2000,

[0381 ] The system power meter 64 is electrically con

such as a vehicle ( e . g . UAV ), is provided in accordance with

nected to the system controller 66 , for calculating the charge
of the CESS 60 . The system power meter 64 may include a

another embodiment of the invention . The movable object
2000 may be similar to the movable object 19100 of other

detection . The current sampling device may be configured to

may be directly connected between a power generation unit

current sampling device and voltage regulator and voltage

embodiments. Optionally , the to - be -powered device 2010

measure the current during discharge of the CESS 60 , the

2030 and coupled to the controller board 2020 , both of

system power meter 64 is used to obtain the current mea

which may be directly connected to the CESS 60 . The

sured by the current sampling device , calculate the current

controller board 2020 may be directly or indirectly con

measured by the current sampling device using integration ,

trolled by the input device 2022 . In some embodiments the

to obtain the present remaining charge of the CESS 60 .

power generation unit 2030 may be physically part of the

Specifically , the current sampling device can be a 0 .01 Ohm

movable object 2000 . In another embodiment, the power

( 12 ) resistor, but not limited to 0 .01 ohm . The current

generation unit 2030 may be separate and detachable from

sampling device may be connected in series between the

the movable object 1900 .

PSW and the connector interface 19224 .

[0388 ] Referring to FIG . 20C , a movable object 2000 ,

[ 0382] Alternatively , level of charge may be determined
by sampling module power management devices (e. g . refer

ring to FIGS. 17A and 17 B power meter 44 , the DC voltage
converter 3 , controlboard 4 , and module control node 46 ) to

calculate individual CESC and CESM level of charge , and
from which the system power meter 64 and system control

ler 66 may integrate calculated values to determine CESS 60
level of charge .
[0383] Alternatively, level of charge may be determined
by measuring the voltage and referencing to a pre - calibrated
look -up table . Although in standard capacitors energy is
determined according to equation 9 , metacapacitors often
have non -linearities that would make it advantageous to

have a calibrated look -up table .
[0384 ] The indication device 19223 is electrically con

nected to the controller board 19222 to indicate a percentage
of the currently remaining charge of the CESS 60 . The
indication device 19223 includes a plurality of indicator
lights ( not shown ). The system controller 66 is also used to
divide the currently remaining charge of the CESS 60 by a
total charge capacity of the CESS 60 to obtain a percentage

such as a vehicle (e . g . UAV ) , is provided in accordance

with another embodiment of the invention . The movable
object 2000 may be similar to the movable object 19100

of other embodiments . Optionally , the to - be- powered

device 2010 may be directly connected between a power

conversion unit 2031 and coupled to the controller board
2020 . The power conversion unit 2031 being electrically
connected to photovoltaic (PV ) panel system 2030 which

is also electrically connected to and capable of charging

the CESS 60. The controller board 2020 may be directly

or indirectly connected to the CESS 60 and directly or
indirectly controlled by the input device 2022 . In some

embodiments the PV panel system 2030 and power con
version unit 2031 may be physically part of the movable
object 2000 . In another embodiment, the PV panel system
2030 and power conversion unit 2031 may be separate

and detachable from the movable object 2000 .
[03891 Without limitation , the controller board 19222 can

be used to achieve any one or more of the following nine
functions : ( a ) motor driver control, (b ) navigation control,
( c ) indication of charge percentage , (d ) charge control, ( e )

discharge control, (f) sensor control, (g ) core voltage bal

of the currently remain charge . The number of simultane

ously - lit indicator lights correspond to the percentage of the

ancing, (h ) communication with other devices, and ( i) charg

currently remaining charge of the CESS 66 . Specifically , in

ing temperature protection . In some instances , the controller

this embodiment , the indicating device 19223 includes four

board may include an MCU that may be capable of per

level of charge indicators , which are LED lights . One lit

light indicates that the percentage of the remaining charge is

some instances, theMCU may be capable of performing two

25 % . When all four of the power indicator lights are on , it

more, seven or more, eight or more, or all nine of the
functions described . The MCU may be able to effect any
combination of the nine function , such as but not limited to :

means that the CESS 60 has 75 -100 % remaining charge.
Three lit indicator lights means that the CESS 60 has

50 -75 % remaining charge . Two lit indicator lights means

that the CESS 60 has 25 -50 % remaining charge. One lit

forming one or more of the nine functions described . In

or more, three or more , four or more, five or more , six or

(a ) motor driver control, (b ) navigation control, (c ) indica
tion of charge percentage, (d ) charge control, ( e ) discharge

indicator lightmeans that the CESS 60 has 0 - 25 % remaining
charge . This allows users to roughly understand how much

control, (f) sensor control, (g ) core voltage balancing, (h )
communication with other devices, and (i) charging tem
perature protection ., or any other combination of the func
tions.

display device for indicating the current percentage of
remaining charge.

[0390 The electronic device for DC - conversion installed
with the CESD comprising a CESC (as shown in FIG . 11 )
can use an electronic switch , such as a power MOSFET, as

remaining charge the CESS has .
[0385 ] In other embodiments of the present invention , the
indication device 19223 includes an LCD monitor or other

[ 0386 ] Referring to FIG . 20 , a movable object 2000 , such
as a vehicle (e . g. UAV ), is provided in accordance with
another embodiment of the invention . The movable object
2000 may be similar to the movable object 19100 of other
embodiments. Optionally , the to -be-powered device 2010
may be directly connected between an electrode 2001 of the

the control element for CESD discharge ( e .g . the equivalent
of a solid state relay ). Since solid state relays are non - contact
relays, no spark is generated during the on -off state switch
ing process . The electronic device is also equipped with
buttons and other input elements , and computer processor. A
user can input operation information via the buttons. The

