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LOW PRESSURE PROCESS FOR SYNTHESIS OF PT{PF}, INVOLVING A SOLUBLE
INTERMEDIATE AND STORATE OF OBTAINED PT{PF:)

Cross Reference to Related Applications
[0001] This application claims the benefit of priority under 35 U.B.C. § 119 (a) and (b} to US
Fatent Application No. 17/546,169, filed December 9, 2021, the entire contents of which are
incorporated herein by reference.

Technical Field
[G002] The present invention relates to synthesis and siorage of PY{FFa used as a
precursor in film forming compositions. P{(PFs3)e is synthesized from a platinum compound
selected from PiHal), (Hal =F, Cl, Bror ) or Pi{Hallo(PFy (Hal = F Cl Brorhx=1,2), a
metal powder and PFs at low pressure in an anhydrous solvent capable of dissolving
FtHal{PFi)«, a reaction intermediate, wherein Fi(Hal{(PFs)x may be formed from RFt(Hal), and
FFs. The obtained FPY{PFa)4 is then stored under air and meisture free conditions at room
temperature in apparatus and ampoules fabricated from metal such as stainless steel and

preferably having a passivated or electro-polished inner surface,

Background

[0003] Chemical vapor deposition (CVD) and atomic layer deposition (ALD) methods are
gaining significant attentions for fabrication of catalysts and batteries at industrial scales. A
proper precursor for a high throughout-put industrial process should have a high vapor pressure
at ideally room temperature, o ensure a maximum dosage in the shortest time and at
temperatures that do not compromise the precursor stability. Platinum is widely emploved as
catalyst and a wide variely of materials containing platinum on support are available © the dats.
Nonetheless, the processes applying deposition of platinum from the vapor phase are rare due
o lack of proper platinum precursors.

[0004] For instance, platinum hexafluoride (PtFs, CAS # 13803-05-5), a solid at room
temperature, although being volatile at room temperature, is rarely applied as deposition
precurser due to very strong oxidizing nature and correspondingly very strong etching
properties. A widely cited for deposition processes (MeCp)PitMe: (CAS # D4442-22-5) has 1
Torr vapor pressure at 68°C, but start gradually decomposing at 50°C (Journal of Vacuum
Science & Technology, B Microelectronics and Nanometer Structures (1880), 8(8), 1826-9),
preciuding ulilization of the given compound for the high throughout-put process.

[00058] Complex PH{PFa): (CAS # 18529-53-4) is a volatile liquid at room temperature with the
vapor pressure 36 Torr at room temperature (R.D. Sanner et al., Report (1089), (UCRL-53837;
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Order No. DEQOO00802)Y), almost ideal potential precursor for Pt deposition from the vapor
phase. However, the compound has a very imited commercial availability. The reason for non-
scalability may be technical difficullies associated with the synthesis of PY{PF:)s, almost ideal
potential precursor for Pt deposition from the vapor phase. However, the compound has a very
limited commercial availability {only from one supplier in Japan [Japan Advanced Chemicals, in
gram scalie) and so far no suitable ALD process has been reported using this chemical. The
reason for non-scaiability may be technical difficulties associated with the synthesis of PH{PF3)4
at gram scale level and even more difficult in manners that could be scaled up indusirially with
acceptabie vield and realistic operating conditions.
[0008] The original synthesis of PY{PF:)4 in gram scale and yisld 70-80% was performed by
reaction (1) at 100-150 atm. FF: and 100°C applying “fine and oxide free copper powder”
{Angew. Chem. inl. Ed. 1965, 4, 521). The synthesis recipe is only one sentence in reference
and later references applying the same method, without any details on reaction and equipment.
This reaction requires applying PF; gas onto a mibdure of two solids (PtCl: and Cu powder) at
high pressure and is barely scalable for the skilled-in-the-art chemists.

PICL + 20u + PFy (excess) — PHPFa)e + 2CuCl (1)
Notable that the reaction of PIClz and PF; (2) at 80-80°C and under the undisclosed pressure
afforded PI{PF3); only in 1% yield (Inorg. Nucl. Chem. Letters, Vol. 4, pp. 275-278, 1988). Such
fow yield makes this approach impossible to implement for industrial applications.

PICl; + PF; {excess) — PUPF3)4 + other products  (2)

The flow reaction (3} from the same starting compounds under the undisclosed pressure
produced only donor — acceptor adducts {Inorg. Nucl. Chem. Letters, Vol. 4, pp. 275-278, 1068).
3PIChH + PFy (excess) — PICL{PFs), + [PICIL(PFa)] (3)

[0007] Compounds PICL{PF3)2 and [PICL{PF:)], were synthesized from solid PICl; and PF;
gas (J. Chatt, A A Williams, J. Chem. Soc. {London] 1951, 3081). Solid compounds may react
with FFa under the undisciosed “higher” pressure forming PH{PF ), according to one sentence
on page 200 of Zeitschrift fur Anorganische und Allgemeine Chemie, Band 364, 1969, p192-
208. One may assume that the "higher pressure” is 40-150 atm since this range is reported in
Zsitschrift fur Ancorganische und Aligemeine Chemie, Band 384, 1989, p192-208 for synthesis
of PH{PF3).. Compound PICL{FF:): is soluble in a polar solvent CDC; and ifs NMR was reported
by J. Chem. Res., Syn., 1881, 2, 38. Solubility of PICIL{PFs) in benzene was reported 1o be
“low” and the molar concentrations were 0.005 — 0.01M and melting point of PICI{PF;): is
118.3°C by J. Chem. Soc. {London] 1851, 3061. FTIR spectra of FtCL{PF3), is disclosed in

Journal of Chemical Research, Synopses (1981), (2}, 37.
[0008] Alternatively, preparation of Pi{FFa)s achieved in a rarely available rotating autoclave

in gram scale by reaction {4) under 40 aim of PF; with the 95% vield (Zeitschrift fur
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Anorganische und Allgemeine Chemie. Band 364, 1989, 192-208).
PICls + 4Cu + 4PF3 — PHPF3)4 + 4CuCH (4

PICl + 6FFs — PH{PF3)s + 2PFsCh (5)
[0008]  itis notable that the reaction without copper (5) produces PFiCly, which complicates
purification of P{PF3)4 due to comparable volatility (Zeitschrift fur Anorganische und Aligemeine
Chemie. Band 364. 1989, 182-208). Although addition of copper reduces amount of PF;Cly, this
implies that reactions (4) and (5) may afford impure PH{PF3)4, which does not meet the quality
standards for CVD and ALD precursors. Noteworthy, reaction (4) also requires mixing two solids
and contacting them with PF; gas, raising already mentioned scalability concerns. The reaction
of PtCl, with excess PF; makes the scale-up even less realistic.
[0010] RU 2478576C2 discloses a two-step process under 2-8.3 MPa (19.7-62.2 atm) of PR3
{8a and 6b), where CuQ is reduced in the same autoclave prior to introduciion of KuFtCls and
PFs.

CuC+ Hy — Cu+ H0 {Ba)

KoPICls + 4Cu+ PR3 {(excess) — PH{PFa)s + 4CuCH + 2KCH  (Bb)
[0011] RU 2201463C1, US 7044908582, Terekhov et al. (Terekhov et al, International
Symposium on Recycling of Metals and Engineered Materials, Proceedings, 4th, Oct. 22-25,
2000, pp. 487-491) and Koviun et al. (Publications of the Australasian Institute of Mining and
Metaliurgy (2002}, 2/2002, 367-372) disciose a platinum extraction from ore by interaction of
“‘PGM matie” or “raw material” with PF; gas forming a volatile PH{PF2)a. The raw materials were
assumed to contain Pt metal and interact with PF; by (7d). However, Pt and PF; afforded
platinum compound FsPP as first reported in 1891 (H. Moissan, Bull. Soc. Chim. France §, 454
{1891)) and this compound was considered {0 be analogous to (FCLYPICL.
3Pt + 4HNQO; + 18HCH — 3HPCEs + 4NQ + 8H0  (7a)
HaPtCls + 2NH3 — (NH4)PICls (7o)
{NH4)PtClg + Hy = 2NH,Cl + 4HCI + Pt {(under ultrasonic irradiation) {7¢)
Pt + PFy (excess) — PHPFa, (7d)

{0012} In addition, according to Chem. Ber. 101, 138 -142 (1988), Pt metal does not react
with PF3 at any conditions. US 7044085 B2 discloses that finely dispersed Pt metal (platinum
black, particles sizes < 20 pm) does not react with PRy and only “activated” Pt metal obtained
by the mulli-step procedure (7a-7¢) and applying the reduction with hydrogen under the
ultrasonic irradiation in step {7¢) could react with PFa.
[0013] Solvent effect may be negative for reaction starting from PICl;, because according to
Zhumat Neorganichesked Khimii (19703, 15(8), 2445-8, in contrast o the neat reaction of PiCh
+ = POkl reaction of these reagenis in organic solvents gave various products but not
PiCh. Several classes of solvents react with PFy, PICL, and reduced Pt specias, and hanee

may nob be usad for synthesis of PUPFe Thase classes of the sobvents include primary
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amines, sines they react with PFa producing RNHPF;, (RNHPFH, and (RNHRPF (See J.
Cheam. Sec. A (1870}, (11), 1935-8). Tertiary aminas, ¢.g. NMe;, NEG are forming adducts with
PF; (See Inorganic Chemistry (1983), 2, 384-8). Alcohols and PFa form organic phosphites {(See
Transactions of the Hlincis Slate Academy of Sclence (1838), 28 (No. &), 28-81). General
patterns of reactivity of P(Hal: (Hal = Cl, Br) toward alcohals are well documeantad. Dienes,
olefinsg, unsaturated aldehydes, Kelanes reacis with PF; forming addition compounds as was
shown for PO and PBrs in {See Uspekhi Khimil (1988}, 37(8), 745-77). Acelone reacts with
PR, and P compounds (See Zhurnal Ohshehet Khimi (1875), 45(3), 51218, norganics
Chimica Acta (19897}, 20401-2), 207-2Q0). Halncarbons may react with Pt compounds under
reaction conditions wia oxidative addifion as was shown in selscled sxamples
Organometallics (2018}, 38(10), 2273, Organometallics 2009, 28, 1358-1388;, and
Crpanomelallics (1887), 6012), 2848}, oxidative addition of alkod and any! halides o platinum
complaxas is well documentad reaction.

[0014]  In conclusion, the existing synthesis approaches for PI{PF3)s strongly depend on the
reaction conditions, while changing in conditions may significantly reduce the vield of P{PF3)4
or afford different products indicating a lack of robustness of the process, and no synthesis
process has been reported so far requiring a PR pressure inferior to 3 MPa (28.6 atm, 420 psig)
as claimed in RU 2478576C2. Most of syntheses require special equipment or conditions not
commonly available for scaling of processes to large scale, such as high pressure autoclaves.
in particular, the existing methods are lacking of technical details and a purity of Pi{PF3)4 has
not been reported in any references. Further, all the disclosed methods are essentially dry
approaches which also present significant challenges for scale-up o industrial scale.

[G018] Numeral references for catalytic transformation of hydrocarbons by platinum
compounds exist, such as, Journal of the American Chemical Society (2002), 124(42), 12550-
12858, A catalytic activity of Pt compounds was illustrated for model systems P(PFs)s -
saturated and aromatic cyclic hydrocarbons in Jackson et al., J. Am. Chem. Soc. 1897, 118,
7567-7572. Namely small platinum clusters generated from Pu{PF;3)s react with a varnety of
saturated and aromailic cyclic hydrocarbons (cyclohexane, benzene, toluene). Jackson et al.
dluminate a cafalytic and dehydrogenation behavior of platinum. Hence one may assume that
introduction of a hydrocarbon solvent in the reaction system foliowad by heating could lead ©
a mixture of products due {o various catalvlic reactions and may be considered as not favorabie
idea for selective synthesis of PH{PF3)s. Owing to these reasons, PY{FF:)s was never synthesized
and operated in organic solvents and only anhydrous HF and 802 were applied as solvents to
study PH{PF3}s chemistry (Drews et al., Chem. Eur. J. 2008, 14, 4280 - 4288).

(00181 1t would be a significant advancement to provide a method capable of a scale up
production of PH{PFz) in a high vield, since up to date a potentially ideal P{PF3)4 precursor has

not applied only due to absence of scalable method.
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[0017]

Summary
Disclosed is a method for synthesizing PYPF:)s (CAS # 19528-83-4), the methad

comprising the steps of.

&

&

dissolving a platinum compound having a general formula, Pi{Halz(PF3)x in an
anhydrous solvent forming a Pi{Hal)(PFs), solution, wherein Hal=F, Cl, Bror |, x =
1, 2

adding 2 metal powder and excess amount of PFa info the Pt{Hal).(FPFa). solution; and

forming PIFF.)4 through a reaction between Pi{Hal){(PF:). FFi and the metal powder
under a reaction condition. The disclosed methods may include one or more of the
following aspects:

the reaction condition including a reaction femperature ranging from approximately -120-

200°C;

the reaction condition including a reaction temperature ranging from approximately 30-

200°C;

the reaction condition including a reaction temperature ranging from room temperature

to approximately 180°C;

the reaction condition including a reaction temperature ranging from room temperature

to approximately 130°C;

the reaction condition including a reaction temperature ranging from approximately 80-

130°C;

the reaction condition including a reaction pressure ranging from approximately 10 psig

to approximately 3000 psig;

the reaction condition including a reaction pressure ranging from approximately 20 psig

to approximately 1000 psig;

the reaction condition including a reaction pressure ranging from approximately 20 t©

approximately 300 psig;

the reaction condition including a reaction pressure below approximately 300 psig;

the anhydrous solvent having a hoiling point higher than 150°C;

the anhydrous solvent having a bolling point higher than 200°C;

the metal powder being a copper, zinc or aluminum powder;

the metal powder being a copper powder;

the metal powder being a zinc powder;

the metal powder being an aluminum powder;

the metal powder having an electrode potential lower than that of Pt

the metal powder not inferacting with PFa and not forming complexes with PFa under the

reaction conditions;
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®

the metal powder having a proper particle size range allowing it to stay in a powder form

during the reaction process;

®

&

the metal powder having a particle size ranging from 200 — 900 microns;
the metal powder having a particle size ranging from 300 —~ 500 microns,;
further comprising the step of
synthesizing the platinum compound Pi{Hal) (PR« (Hal = F, Cl, Brorl, x =1, 2) that
includes the steps of:
dispersing a platinum precursor having a general formula, Ft(Hal),, into the
anhydrous solvent forming a suspension of Pi(Hal),, wherein Hal = F, CI, Bror §;
introducing PF; into the suspension of Pi{Hal)z; and
forming the solution of the platinum compound PH{Hall(PFa)« (Hal= F, Ci, Bror
I, x=1, 2} in the anhydrous solvent therefrom through a reaction of PF 3 and Pt{Hal);
the platinum precursor Pi{Hal): being anhydrous;
the platinum precursor Pi{Hal), being PtCly;
the platinum precursor Pi{Hal); being anhydrous PICl;
the platinum compound PH{Hal{PF3)x (Hal = F, Cl, Bror i, x = 1, 2) being anhydrous;
the platinum compound PH{Hal{PFa)x (Hal = F, Cl, Brori x =1, 2) being PIClL{PF3)z;
the platinum compound Pi{Hall«(PF.)x (Hal = F, G, Bror |, x = 1, 2) being anhydrous
PIOL{FFa) s
further comprising the steps of:
purifying PI{PFa)s in a trap made of metal under air and moisture fres conditions; and

storing the purified PH{PF3)s under air and moisture free conditions in 8 container made

of the metal,

whersin the step of storing includes the steps of

removing moisture from the inner surface of the container; and

electro-polishing the inner surface of the container, or

passivating the container with PF; before introducing the purified PH{PFa)a;
the metal for the trap being selecied from carbon steel, stainiess steel, or stainless sies!
316 alloy, respectively;
the metal for the comtainer being selected from carbon steel, stainless stes!, or stainless
steel 316 alloy, respectively;
the anhydrous solvent being a hydrocarbon solvent;
the hydrocarbon sclvent being selected form an oxvhydrocarbon sclvent having &
genaral formula {Calaas: 120 ina 1) and HsC{O(CH2))nOCH; (nz 1);
the hydrocarbon solvent being selected form an arene solvent having a general formula
{CoHanshCeHex (X 2 1, nz 1);
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&

®

the hydrocarbon solvent being selected form an alkane solvent having a general formula
CnH2n+2 § }

the anhydrous solvent being a dried alkane solvent selecied from decans, di-, irl-, tetra,

penta- and hexadecane, the like;

the anhydrous solvent being a dried arene solvent selected from xylene, mesithviens,
cymene, pentyibenzene, dilsopropylbenzene, diisobutylbenzene, or the like,;

the anhydrous solvent being a dried sther solvent selected from dibulyl sther, dihexyl
sther, diocty! sther, dimethyi ether of diethylene glycol, tristhylene glycol dimethy! ether,
tetrasthylene glyeol dimethyl ether or the like;

the anhydrous solvent being an arens solvent selected from xylene, mesithylens,
cymene, pentylbenzene, dilsopropylbenzens, diiscbulylbenzene or the like,;

the dried ether solvent being preferably dibulyl sther, dihexyl ether, dioctyl ether,
tristhylens glycol dimethy! sther, tetrasthylensg glycol dimethyl sther;

the driad arene solvent being preferably xviene, mesithyiene, cymene, peniylbenzene,
diisopropylbenzene, dilsobutylbenzens;

the dried alkane solvent being preferably di-, tri-, tetra, penta- and hexadecane as well
as a mixture of alkanes known as a mineral oil;

the anhydrous solvent being capable of digsolving the reaction intermediate;

the anhydrous solvent being capable of dissolving Pi(MHabh(PFs) (Hal=F, G, Bror |, x
=1, 2)

the anhydrous solvent being capable of dissolving PCL{FPF3).);

the anhydrous solvent not reacting with P{PFa)q;

the anhydrous solvent not reacting with Pi{Hal), (Hal= F, Ci, Bror I);

the anhydrous solvent not reacting with PtCly;

the anhydrous solvent being xviene;

the anhydrous solvent being hexadecane,

a yield of PH{PF3)s being in a rangs of approximately 70-99.9%;

a yield of Pi{PF)4 being in a range of approximately 70-95%;

a yield of Pi{(PFs) being in a range of approximately 70-83%;

a purity of Pi{PFa)4 being more than 98% by weight;

a purity of Pi{PFa)s being more than 88.5% by weight;

a purity of P{PF1)4 being approximaiely 90-99.9% by weight;

a purity of Pt{PF;)4 being approximately 99.0-99.9% by weight;

a purity of Pi{PF3)4 being approximately 98.5-89.9% by weight; and

the formed Pi{PF3)4 being scalable to large industrial scale.

[0018] Also, disclosed is a method for manufacture and storage of PPF;)s (CAS # 19529-53-

~
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43, the method comprising the steps of,
a} forming a suspension of a platinum precursor Pt(Hal),, wherein Hal = F, Cl, Br
or |, and a metal powder in an anhydrous solvent;
b) introducing excess amount of PF; into the suspension of Pi(Hal)z and the metal
powder;
¢} forming a soluble reaction intermediate Pi{Hali,(PF3)x in the anhydrous solvent
through a reaction of FFa and Pi(Hal)., wherein Hal= F, Cl, Brorl; x =1, 2, under alow pressure
condition;
d) forming PH{PF3): from a reaction between Pi{Hal)(PF3). the metal powder and
PF3; in the anhydrous solvent;
2} purifying PH{PF3)4 under air and moisture free conditions in & trap made of metal;
and
) storing the purified PHPF:) under the air and moisture free conditions in a
container made of the metal. The disciosed method may include one or more of the following
aspects:
e the platinum precursor Pi(Hal), being PiCly;
¢ the anhydrous soivent having a boiling point higher than 150°C;
e the anhydrous solvent having a boiling point higher than 200°C;
¢ the anhydrous solvent being a hydrocarbon solvent selected form an oxyhydrocarbon
i 3 nz 1) and HeC{O(CH22;OCHs (n= 1), an

arene solvent having a general formula (CoMaw ) CelHex X2 1, N2 1) or an alkane soivent

solvent having a genera

having a general formula CuHzne (N2 1)

+ the anhydrous solvent being xylene or hexadecanse;

& the anhydrous solvent being capable of dissolving the reaction intermediats;

s the anhydrous solvent being capable of dissolving Pi{Hah(PFx (Hal=F, Cl, Brorl, x
=1,2);

s the anhydrous solvent being capable of dissolving PICL(PF:).);

e the anhydrous solvent not reacting with PH{PF3)s;

s the anhydrous solvent not reacting with Pt{Hal); (Hal=F, i, Bror i}

e the anhydrous solvent not reacting with PiCly;

e g reaction temperature ranging from approximatsly 30-200°C;

+ areaction temperature ranging from approximately 80-130°C,

e the low pressure condition being a pressure below about 300 psig;

s the low pressure condition being a pressure ranging from approximately 20 to 300 psig;

« the metal powder being a copper, zinc or aluminum powder,

s the melal powder being a copper powder;
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e the metal powder having an elecirode potential lower than that of Pt;
+ the metal powder not interacting with PF3 and not forming complexes with PF; under the
reaction conditions;
+ the metal powder having a proper particle size range allowing it to stay in a powder form
during the reaction process,
+ the metal powder having a particle size ranging from 200 ~ 800 microns,
¢ the melal powder having a particle size ranging from 300 ~ 500 microns;
e 7 vyield of Pi{PF3)4 being in the range of approximately 70-92.9%;
e ayield of PH{FF:} being in a range of approximately 70-95%;
e avyield of P{PFs)4 being in a range of approximatsly 70-82%;
s g purity of Pi{PF1) being approximately 80-99.9 wt % afer purification;
e & purily of Pi{PF3)s; being 88.0-88.8 wt.% after purification;
s the metal for the trap and the metal for the container being selected from carbon stes|,
stainless steel, or stainless steel 316 alloy, respectively; and
« further comprising the steps of:
gleciro-palishing the inner surface of the container, or
passivating the container with PF: before infroducing of the purified PH{PF1)4.
[0018] Also, disclosed is a method for manufacture and storage of PH{PF:)s (CAS # 19528-52-
4y, the method comprising the steps of:

a) forming a suspension of a platinum precursor PYCI): in an anhydrous solvent
selected form xylene or hexadecane;

b) introducing excess amount of PF; into the suspension of PiCh: to form a
solution of PHCH(PFa) (x = 1, 2} in the anhydrous solvent therefrom through a reaction of PF;
and PHChHz;

c) adding a copper powder into the solution of PHCD(PF) (x= 1, 2);

d) forming PH{PFs from a reaction between the copper powder, PFz and
PHCH{PF3)x in the anhydrous solvent inn a reaction temperature ranging from 30-200°C and a
reduced PF; pressure ranging from 20 {o 300 psig;

2} purifying PH{PF: under air and moisture free conditions in a trap made of
stainless steel; and

f) storing the purified PHPF;). under the air and moisture free conditions in a
confainer made of the stainless stes!, wherein the inner surface of the container is electro-
polished or passivated with PF.. The disclosed method may include one or more of the following
aspects:

e the copper powder having a particle size ranging from 200 -~ 800 microns,; and

+ the copper powder having a particle size ranging from 300 — 500 microns.
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Notation and Nomenciature
[0028] The following detailed description and claims utilize a number of abbreviations, symbols,
and terms, which are generally well known in the art. YWhile definitions are typically provided
with the first instance of each acronym, such as, stainless steel (88). Certain abbreviations,
symbaols, and terms are used throughout the following description and claims, and include the
followings.
[G021] The following detailed description and claims ulilize a number of abbreviations,
symbols, and ferms, which are generally well known in the art.
[0022] As used herein, the indefinite article “a” or “an” means one or more.
[0023] As used herein, "about” or “around” or "approximately” in the text or in a claim means
+10% of the value stated.
[0024] As used herein, “room iemperature” in the text or in a claim means from
approximately 18°C to approximately 25°C.
[0028] As used herein, “almospheric pressure” in the text or in a claim means approximately
1 atm.
[00286] The standard abbreviations of the elements from the periodic table of elements are
used herein. it should be understood that elementis may be referred o by these abbreviation
{e.q., Sirefers to silicon, N refers to nitrogen, O refers {0 oxygen, C refers to carbon, H refers
to hydrogen, Hal refers to halogens, which are F, Cl, Br, |}
[0027] The unique CAS registry numbers (i.e., "CAS”) assigned by the Chemical Abstract
Service are provided to identify the specific molecules disclosed.
[0028] As used herein, the term “hydrocarbon” refers to a saturated or unsaturated function
group containing exclusively carbon and hydrogen atoms.
[0029] As used herein, the term “low pressure”, “low reaction pressure” or “low PF; pressure”
refers to a pressure below 300 psig or below 20 atm. The same applies {0 “reduced pressure”
that refers to a pressure reduced or lowered o below 300 psig or 20 atm. In some casss, “low
pressure”, "low reaction pressure” or Ylow PF; pressure” may refer o a pressure range ranging
from 20 psig to 300 psig.
[0030] Ranges may be expressed herein as from about one particular value, and/or {0 about
another particular value. When such a range is expressad, it is to be undersiood that another
embodiment is from the one particular valug and/or to the other particular value, along with all
combinations within said range. Any and all ranges recited herein are inclusive of their endpoints
{ie, x= 110 4 or xranges from 1 0 4 includes x= 1, x=4, and x=any number in belween),
irespective of whether the term “inclusively” is used.
{00317 Reference herein to "one embodiment” or "an embodiment” means that a particuiar
feature, structure, or characleristic described in connection with the embodiment may be

included in at least one embodiment of the invention. The appearances of the phrase "in one

10
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embodiment” in various places in the specification are nol necessarily all referring o the same
embodiment, nor are separate or alternative embodiments necessarily mutually exclusive of
other embodiments. The same applies to the term "implementation.”

[0032] As used in this application, the word “exemplary” is used herein to mean serving as
an example, instance, or illustration. Any aspect or design described herein as "exemplary” is
not necessarily o be construed as preferred or advantageous over other aspects or designs.
Rather, use of the word exempilary is intended {o present concepts in a concrete fashion.
[0033] Additionally, the term “or’ is intended to mean an inclusive “or’ rather than an
exclusive “or’. That is, unless specified otherwise, or clear from context, “X employs A or B is
intended to mean any of the natural inclusive permutations. That is, if X empioys A; X employs
8; or X employs both A and B, then "X emiploys A or B’ is satisfied under any of the foregoing
instances. In addition, the articles “&” and "an” as used in this application and the appended
claims should generally be consirued to mean “one or more” unless specified otherwise or clear

from context {0 be directed to a singular form.

Brief Description of the Drawings

[0034] The foregoing and various other aspects, fealures, and advantages of the present
invention, as well as the invention iiself, may be more fully appreciated with reference {o the
foliowing detalled description of the invention when considersd in connection with the following
drawings. The drawings are presented for the purpose of illusiration only and are not infended
o be limiting of the invention, in which:

FiG. 1 is a block diagram of exemplary disclosed system of synthesizing PH{PF3)4;

FiG. 2ais a flowchart of an exemplary disclosed process of synthesizing PHPFa)sstarting
with Pi{Hal), (Hal = F, Cl, Bror i),

FiG. 2b is a flowchart of an exemplary disclosed process of synthesizing PH{PF3)a
starting with Pi{Hal(PFax 6c=1, 2; Hal=F, CI, Bror i);

FIiG. 3 is '°F NMR spectra of PtCL(PFa): crystals and supernatant hexadecane solution
of reaction mixture stopped on the stage PtCh{FFs)z; and

FIG. 4 is a graph for the PY{PFs)4 assay and relative amount of impurities over time in an

slectro-polished stainless-steal miniature canister at rcom temperature.

Description of Preferred Embodiments
[0035] Disclosed are methods for synthesis, producing, manufaciure and storage of Pt{FPFa
(CAS # 19529-53-4). The disclosed methods are capable of a scale up production of PH{PFa).
in a high yield and the produced Pi{PF3)s may be used as a precursor for Pl-containing film
deposition in microelectronic devices or in catalyst industries.

f0038] The disclosed synthesis methods may be a 2-steps wet synthesis of PH{PFa)s using
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insoluble platinum compound Pi{Hal), (Hal = F, Cl, Bror 1) and a soluble reaction intermediate,
a platinum compound Pt{(Hall(PFa) (Hal = F, Cl, Bror |; x = 1, 2}, which includes formation of
the soluble reaction intermediate from the insoluble Pi{Hal): (Hal = F, Cl, Br or 1} suspension in
fow pressure conditions and a reaction of the soluble intermediale with a metal powder and a
co-reactant, such as PR, to form PH{PF3)4.

[O037] Alternatively, since the soluble intermediate P{Hal){(PFa)x (Hal=F, Cl, Brorl, x = 1,
2) can be isolated and purified, the disciosed synthesis methods may be a 1-slep wet synthesis
of Pi{FFa)s using the soluble Pi{Hal(PF) (Hal = F, Cl, Bror; x =1, 2) to react with a metal
powder and a co-reactant, such as PF;, to form Pi{PFa)s under centain reaction conditions.
Preferably, Hal = Cl. Preferably, a metal powder is a copper powder.

[0038] Furthermore, the disclosed are robust, high yield and scalable syntheses of PH{PFa)a,
which may proceed under a low pressure and may be performed in common reactors or
apparatus. More specifically, Pi{PFa)4 may be synthesized from a platinum compound selected
from Pt{Hal), (Hal = F, Cl, Bror ) or Pi{Hall(PFs) (Hal = F, Ci, Bror}; x = 1, 2), with PF; and
a metal powder, such as a copper powder, under a low PR pressure, in an anhydrous solvent.
The metal powder may have a pariicle size ranging from approximately 200-800 microns,
preferably from approximately 300-500 microns., The anhydrous solvent may be capable of
dissolving Pi{Hal(FF) (Hal = F, Cl, Bror I; x = 1, 2}, a reaction intermediate, in which
Pi{Hal):(PF:)x (Hal = F, Cl, Bror |, x = 1, 2) may form from Pi{Hal): and PF; under the certain
reaction conditions, such as under a low pressure condition. Herein, the platinum compound
Pt{Hal (PR (Hal = F, Cl, Bror |; x = 1, 2) can be isolated and purified for using as a reactant
or a starting material for synthesis of PH{PFa). A yield of P{PF1)4 using the disclosed synthesis
methods may be in a range of approximately 70-98.9%. The disciosed also includes purification
processes of the product PH{PF3)4 through metal traps and storage conditions of the purified
PH{PF3)4 in a vessel. P{PF3)4 may be stored under air and moisture free conditions in apparatus
and ampoules fabricated from stainless steel and preferably having a passivated or slectro-
polished inner surface. P{PFa)s may be stored in a metal vesssl at room temperature without
changing of its purity, such as a siainless sieel vessel and an inner surface passivaied or
electro-polished stainless steel vessel,

[0038] As described above, the absence of scalable method in the art may be because
commonly available reactors for pilot plant syntheses and high volume manufactures are not
designed to operate under a high pressure and not designed for efficient stirring (mixing) of air
sensifive solids. Namely, commercially available {(e.g from High Pressure Equipment
Company) reactors capable of operation under 3 high pressure about 100 atm do not have a
stirring capability, which is essential for reaction to proceed. In addition, commercially available
reactors (e.g. from Buchiglas USA} are difficult to cool down to even dry ice temperature

necessary o condense PF: in the reactor. Stirming of solids could be improved to some extend
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using a specially designed stirring shafts, but would not solve a parasilic reaction, such as
PICL/Cu, which ieads to platinum metal and reduces the yield of PH{PF3)4. In addition, impurities
are difficull to remove, requinng expensive and uncertain additional purification steps.

{00401 The disclosed methods for a robust, high vield and scalable synthesis of PH{PF3)s may
proceed under a low PF3 pressure, .q., below 20 atm, and may be performed on commonly
used commercially available reactors. The disclosed method is a significant advancemesnt in
the art {o provide a method capable of producing a scale-up production of Pi{PFa)s with a high
yield, since up to date a potentially ideal PH{PF;), precursor has not applied only due to the
absence of a scalable synthesis method. The reason of the absence of the scalable synthesis
method is that commonily used commercially available reactors for pilot plant syntheses and
high volume manufacture are not designed for operation under g high pressure {&.q., 30 alm or
higher) and not designed for efficient stirring (mixing) of air sensitive solids, as stated above.
{00411 The disclosed methods may have proven for the first time that reaction aimed for
synthesis of P{PFa) with PICl + PFa + Cu in a solvent goes through the sufficiently soluble
intermediate PtCL{PF:). at reaction conditions {e.g., low pressure from 20 to 300 psig and
temperature from 80 to 130°C), when starting materials Pi{Hal): (Hal = F, Cl, Bror Iy is PtCl;
and the metal powder is a Cu powder. A common knowledge is that solubility of inorganic
compound such as PtCI{PF:)z is lower in saturated hydrocarbon solvent than in arene solvent
benzene and hence counting on solubility in hydrocarbon solvent hexadecans is counterintuitive
as well as counting on reaction with such fow solubility even in an arene solvent.

[0042] PUPF3)4 was normally prepared from PiCl, KoPICly and K PIClg according to the prior
art, while KoPtCls is reguired to lower PF; pressure. Both PiCl and KGPICls are insoluble in the
disclosed scolvents {e.g., arenes, saluraled hydrocarbons). As shown in the examples and
comparative examples that follow, the solvent effects are not similar for platinum starting
compounds, e.q. for PICl: (Example 1, Table 1, comparative example 1) and for KPtCls
{Example 7, Table 8§). While addition of the disclosed solvent {e.q., xylens, hexadecane) is
heneficial for reaction starting from PiCl;, the neat reaction without solvent with starting
cormpound KaPCls:

KoPitClg + Cu{excess) + PF; {(excess) — PHPF;)4+ 4Cull + 2K

has a higher vield of Pi{PFa)4 than the reaction starting from KPiCls in the solvent hexadecane,
showing that the solvent benefit is beneficial to certain Pt precursors such as PtCl, PiF;, Pil;,
PiBr; or the like. Hence using solvent for the synthesis of PH{PF:), from Pi{Hal), (Hal=F, Ci Br
or |} is novel,

[0043] FIG. 1 is a block diagram of an exemplary disclosed solid-gas PtCh + PF. + Cu system
for synthesis of PH{(PF3)s. As shown, at first, a metal powder, such as Cu powder 11 is added to
reactor 186 through line 1081, Anhydrous solvenis are used as solvent 14 in the disclosed

process. The applied solvents for solvent 14 may have moisture from 0 to 50 ppm, preferably
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from O to 10 ppm of moisture, more preferably 0 to 1 ppm of moisture. Solvent 14 may be dried
by contacting with a drying agent selected from 3 A or 4 A molecular sisves or an activated
gluming through drying process 104. Drying process 104 could be done at a temperature range
from 10 - 50°C, preferably at room temperature, within 0.5 hours to 20 hours. In some
embodiments, drying process 104 may be achieved by keeping the solvent with the molecular
sieves in container 15 or by passing through a column (not shown) with & drying agent in drying
process 104, The moisture content in comtainer 18 after drying may be determined by Karl
Fischer titration or any other suitable analysis. Solvent 14 may be a commercially available
solvent and may be degassed by applying vacuum-inert gas cycles or by passing the inert gas
with less than 0.5 ppm of Oz and moisiure before contacting with the drying agent. Solvent or
anhydrous solvent 14 may be stored in container 1§ or directed o reactor 18 via line 105 right
after drying process 104. Container 158 with the dried anhydrous solvent 14 could be stored
hefore the next step, or ransporied to other place where reactor 16 is located.

[0044] Afterward, PtCl; 12 is charged into reactor 18 under an inert atmosphers {e.q.,
nitrogen, argon, helium) by any suitable means, e.g. applying solid addition funnel 102. PICl
12 may be anhydrous PiCl. In the following, PF3; 13 is charged into reactor 16 via addition line
103 by pressure difference, while reactor 18 may be pre-vacuumed and heated, or at room
temperature and pre-vacuumed, or containing PFs at a certain pressure and temperature.
Reactor 16 may be vacuumed up to 0.1-50 Torr, preferably up {0 0.1-2 Torr {0 remove the inert
gas selected from nitrogen, argon, helium, before addition of PF;. Absence of the non-
condensable gas (nitrogen, argon, helium) in reactor 16 will make distiliation of the product
Pi{FPFa). more gfficient. Altematively, PF; added to reactor 16 may contain 1 atm of nitrogen,
argon or helium at room temperature. The addition of PF; 13 in reactor 18 creates a P,
pressure from 20 psig to 300 psig in reactor 18. PF; may be added by portions or continuously
during the process. The value of the PF; pressure depends on the pressure rating of the applied
reactor and may be added by portions or continuously during the process and recycled after the
rOCEss.

[0045] Reactor 16 may be 3 typical vessel with means of agitation, temperature and pressure
controls and reaction monitoring, applied to synthesis and purification of PH{PF3).. Reactor 18
has a cooling and heating device that is maintained at a temperature ranging from
approximately -120°C to approximately 200°C, preferably from room temperature to 180°C,
more preferably from room lemperature o 130°C, and the corresponding pressurs from
approximately 10 psig o approximately 3000 psig, preferably from approximately 20 psig to
approximately 1000 psig, more preferable from approximatsly 20 psig to approximately 300
psig. Reactor 16 is connected 1o an emply vessel serving as ballast and has a vent fo vent the

reaction content if over pressurized. Reactor 18 is connected to a nitrogen and vacuum line {not
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shown} and a PFs scrubber (not shown) as well as traps 18 and 20 for coliection of the product
Pi{PF4 through iine 107 and recycling unreacted PFa through line 110,

[0048] Solvent 14 may include varicus organic solvents. In some embodiments, solvent 14
may be a dried alkane solvent selected from decans, di-, tri-, tefra, penta- or hexadecana. In
this case, Cu powder 11, anhydrous PtCh 12, and dried alkane solvent 14 are loaded in reacior
18 forming a suspension. The starting amount of PCh solid in solvent 14 is from 1% to 50%,
preferably from 5% to 40%, more preferably from 20% to 30%. The molar ratic of the PICI» 12
to Cu powder 11 is from 1:2 to 1:20, preferably from 1:8 to 1:10. That is, the molar rafio of the
Ptto Cuis from 1:2 to 1:20, preferably from 1.6 to 1:10. Reactor 18 is vacuumed to 8.1-50 Torr,
preferably to (.2-8 Torr prior to introducing of PR3 13.

{00471 Alternatively, solvent 14 may be a dried arene solvent selecled from xylene,
mesithvlene, cymene, pentylbenzene, diisopropylbenzene, or dilsobutylbenzene. In this case,
Cu powder 11, anhydrous PiCh 12, and dried arene sclvent 14 are loaded in reactor 18. The
starting amount of PICL solid in solvent is from 1% to 50% preferably from 10 to 40%, more
preferably from 20% to 30%. The molar ratio of the PICl: fo Cu is from 1:2 to 1:20, preferably
from 1.8 to 1:10. That is, the molar ratio of the Ptto Cuis from 1.2 to 1:20, preferably from 1.8
to 1:10. Reactor 16 is vacuumed to 0.1-50 Torr, preferably to 0.2-5 Torr prior o introducing of
PF;13.

[0048] Alternatively, solvent 14 may be g dried ether solvent selected from dibuiyl sther,
dihexyl ether, dioctyl ether, dimethy! ether of diethvlene glycol, triethylene glyeol dimethyl ether,
tetraethylene glycol dimethy! ether. In this case, Cu powder 11, anhydrous PiCl; 12, and dried
sther solvent 14 are loaded in reactor 18. The starting amount of PtCh solid in solvent is from
1% 1o 50% preferably from 10 {0 40%, more preferably from 20% o 30%. The molar ratic of the
PtCh to Cuis from 1.2 to 1:20, preferably from 1:68 to 1:10. That is, the molar ratio of the Pi to
Cu is from 1.2 to 1.20, preferably from 1.8 to 1:10. Reaclor 18 is vacuumed fo 0.1-50 Torr,
preferably to 0.2-5 Torr prior to introducing of PF;13.

{00481 Afler infroducing PF; 13 into reactor 18, a reaction mixiure initially is a suspension of
PiCl: 12 and Cu powder 11 in solvent 14 under the pressure of PF3 13. Then heating reactor
18 with stiring the reaction mixture, PICL(PF)« (X = 1, 2} are formed in a temperature range
from 20 to 120°C, preferably in a temperature rangs from 80-120°C. The reaction may be
stopped after 20-80C minutes of heating with stirring in above preferred temperature ranges and
PICI{PF3),; may be isclated from the solvent, reaction byproducts, residual PF; elc
Compounds PICIL{PFx (x = 1, 2) are soluble in solvent 14 that may be proven by means of
NMR spectroscopy, as shown in FIG. 3. The reaction continues in reactor 16 under the pressure
of PF, while PF; and PICL(PF:), (x = 1, 2) are dissolved in the sclvent and react with copper
powder 11. During the course of reaction, FFs 13 is consumed. PRy 13 could be added by

portions in reactor 16 or continuously maintain a constant selected pressure. When all starting
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and intermediate platinum compounds are consumed, the pressure in reactor 18 becomes
constant at a given temperature.

(00501  The reaction time may be in the range of 1 hour {0 24 hours, preferably from 4 howrs
io 8 hours. The degree of conversion may be monitored by a consumption rate of FF: and
pressure change in reactor 18 through in-situ Raman spectroscopy or any other suilable
technigue.

[G051] In some embodiments, the reaction in reactor 18 occurs in hexadecane, under 20 to
50 psig of PF3, at the temperatures 100 to 125°C and finished in 8 hours. Alternatively, in some
embodiments, the reaction in reactor 18 occurs in xylenes, under 20 to 40 psig of PF;, at the
temperatures from 100 to 125°C and finished in 5 hours.

[6082] After the reaction finishes, the reaction mixiure is cooled to 20 to 85°C, preferably 30
to 45°C. The remaining gases consisting of PF;, PY{PFs): and sclvent are directed {o pre-
vacuumed trap 17 maintained in a temperature ranging from -198°C to -180°C. PF; (melting
point ~151.5°C, boiling point ~101.9°C) and PH{PF3)4 (melting point -15°C) and the solvent are
condensed in pre-vacuumed trap 17. At the end of PI{PF3)4 condensation in pre-vacuumed trap
17, vacuum may be applied in periods to remove the residual gases such as nilrogen, argon,
helium, to create a vacuum in the range of 0.1 to 50 Torr, preferably 0.2 to 2 Torr in order {o
facilitate the distillation of remaining Pi{PFa)s from reactor 18 in pre-vacuumed trap 17, Pre-
vacuumed frap 17, PIU{PF3)q trap 18 and PF: trap 20 are pre-vacuumed fo 0.01 ~ 10 Torr,
preferably to 0.1-1 Torr before condensing the reaction products including PH{PF:)4 and PF..
(00531 Alternatively to the procedure described above, after the reaction finishes, the reaction
mixiure is cooled down o 20-65°C, preferably to 30-45°C and a portion of gases containing
PF;, PH{PF.), and solvent is directed to pre-vacuumed frap 17 through line 186 maintained in a
temperature ranging from -80 o -80°C. PF3 is not condensed, while P{PF3)4 and solvent are
condensed in pre-vacuumed frap 17. After Pi{PF3)s and solvent are condensed in pre-
vacuumed trap 17, the non-condensed PF; is directed by pressure difference from pre-
vacuumed frap 17 to PF; frap 20 maintained in a temperature ranging from -180 to -198°C,
then the next portion of gases containing PFa, PY{PF3)4 and solvent is directed in pre-vacuumed
trap 17 from reactor 16 and the cycle continues until all PFa is condensed in PF; trap 20 and
all Pi{(PFs)4 is condensed in pre-vacuumed trap 17.

[0054] The condensation of gaseous producis is preferably done by steps, as described
above, where a continuous process is disclosed, since even with the efficient enginesring and
cooling of pre-vacuumed frap 17 with dry ice-isopropanct (-79°C), the continucus flow of gases
from reactor 18 will result in bypassing 108 of 20-80% of PU{PF3)4 in PR3 trap 20 leading 1o an
additional steps {not shown) to recover all PI{PFa): from FFa rap 20, The additional steps may

include warming up trap 20 above the boiling point of PFa (-102°C}, commonly to -79°C (dry ice
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cooling) and capture all PFa in a first separate trap {nof shown) cooled with Higuid nitrogen. After
all PFs is captured, trap 20 is warmed up to room temperature and PY{PF3)4 is captured in &
second separate trap (not shown). The captured PF; in the first separate trap may be recycled
o PF3 13 through line 110 for synthesize in reactor 18, Pre-vacuumed trap 17, PH{PFi)sirap 18
and PF; frap 20 and all connecting lines are fabricated from or made of metal, where the metal
material is preferably carbon steel, stainless steel and siainless stes! alloy. In some
embodiments, pre-vacuumed trap 17, Pi{FFs)atrap 18 and FF; trap 20 and all connecting lines
are made of stainless steel. All traps may have a passivated or electro-polished inner surface.
[0088] PtPFs)s is separated from PFa by fractional distiliation under air and moisiure free
conditions. After coliection of volatile species, pre-vacuumed trap 17 is warmead to a temperature
ranging from -20 to -80°C, preferably from -60 to -80°C and PF; is distilied in PF; trap 20
maintained in a temperature ranging from -160 to -1868°C. PF; in PFa trap 20 may be stored,
movad to a different location or recycled as PF: 13 for next synthesis.

[00568] PyPFus contaminaied with the solvent, reaction byproducis such as solid copper
chiorides is remaining in pre-vacuumed trap 17 after PF; uptake. PH{PF;)4 in pre-vacuumed trap
17 has purity 80-89% and contain 0.1-5% of PFs and 0.1-10% of solvent and 0.1-1% of other
impurities preferably being phosphorus oxofluorides and solid copper chiorides. Pi{FF)s and
solvent, solids are separated i a mixture is kept in a temperature ranging from 10 to 40°C,
preferably at room temperature and a receiver is kept in a temperature ranging from -50 to -
198°C, while the apparatus and the receiver may be pre-vacuumed before the distillation and
the pressure during the distillation is 0.01 Torr to 760 Torr, preferably from €.1 Torr to & Torr.
More specifically, PH{PF;) collected in pre-vacuumed trap 17 is purified by distillation in PI{PF3),
frap 18. In ong embodiment, pre-vacuumed trap 17 containing PH{PF;)s after PF; uptaks is
warmed o 0 1o 40°C, preferably {o room temperature and PH{PF:) is distilled in pre-vacuumed
trap 17 at & pressure from 0.01-50 Torr, preferably 0.1-2 Torr, while Pi{PFa)strap 18 kept in a
temperature ranging from -15 to -196°C.

(00571  Pi{PFa)a coliected in PY{PF34trap 18 has a purity of 70-98.9% wiw, preferably 80-
99.9% whiw, more preferably 90-88.9% wiw, even more preferably 95-89.8% wiw, even moreg
preferably 99.0-99.99% wiw after purification. Preferably, Pi{PF3)s collected has a purity of
90.50-99.99% wiw and contains 0-0.5% of PF;, 0.01-0.5% of other impurities, such as
phosphorus oxofluorides, thermal decomposition products such as Pl(PFi)s and 0-0.5% of
residual solvent. Purity of PU{PF;)s determined by 'H, °F, 3P, 9Pt NMR, FTIR, and Raman
SpECiroscopy.

[0058] The purified PH{PFi4+ may have an impurity of from approximately 0 wi% to
approximately .1 wi % of PFa, preferably from approximately O wi% to approximately 0.05

wi % of PFa. The purified Pi(FPFa): may have between approximately O wt.% to approximately 1
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wt.% of phosphorus flucrides and oxoflucrides including PFi, POF., (HOWPOF,, (HORPOF,
preferably between approximatsly 0wt % to approximately 0.05 wi. %. The purified P{PF3)s may
have between O wi% to approximately 0.1 wi% platinum compounds cther than FH{PFa)a.
Preferably, approximately 0wt % to approximately 0.05 wt.% of platinum compounds other than
Pt{PF3)q. The total concentration of Pi{Hal)z, PL{PFale, Pi{Hal}{PFa) (Hal=F, Cl, Brorl, x= 1,
2) in PY{PF: may be from approximately O wt. % to approximately 0.1 wt. %, preferably from
approximately G wt % to approximately 0.05 wi.% after purification. Furthermore, the purified
PH{PFas may have between 0.1 ppmw to 1000 ppmw of solvent ulilized for synthesis, preferably
from approximately O ppmw o 200 ppmw of solveni, more preferably from O ppmw to 50 ppmw
of solvent, even more preferably from 0 ppmw 1o 20 ppmw of solvent. Moresover, the purified
Pi{(FFa). may have from approximately O ppmw to approximately 100 ppmw of hydrogen
fluoride, from O ppmw 1o approximately 50 ppmw of hydrogen chioride. In addifion, the purified
Pi{PFa)4 may have between approximately O ppb to 10 ppm of trace metals, such as iron, nickel,
manganese, cobalt, copper, efc. The residual PF; is recycled for synthesis of PY{PF3)a.

[G058] In some embodiments, in order {0 determine the amount of organic compounds in
PH{PFa)a, the internal standard, such as Me Si, may be used. In some embodimenis, the sampie
preparation may involve absorbing the organic solvent with the proper adsorbent such as Cs
derivatized silica gsl.

[0068] In some embodiments, Ft{PFastrap 18 may include two subsequent traps, e.g., trap
18a and trap 18b {not shown) for distillations o achieve the desired purity of PH{PF)4. Afier
purification, Pt{PFss may be stored in PI{PF3)s trap 18 prior to packaging in metal ampoule 19
for shipment, deposition or storags. Alternatively, PH{PF3)s may be stored in metal ampouie 19
after packaging 109 Metal ampoule 19 may be a metal container/vessel that is made of mads
of a metal, such as stainless steel, carbon steel, and stainless sieel 318 alloy. The inner surface
of metal ampoule 18 may be passivated with PF; or electro-polished.

[0061] The moisture from the surface of metal Pi{PF.)s trap 18, metal ampoule 19 may be
rermoved by heating under vacuum at approximately 100 to 170°C before introducing PHPF3)s
into metal PY{FF3)s trap 18 and metal ampeoule 18, Alternatively, the moisture from the surface
of metal PU{PF.)4 rap 18, metal ampoule 19 may be removed by passivating the trap vessels
with PF; before introducing PH{PF3)4 into metal PH{PF.)« trap 18 and metal ampoule 198,

[0062] The purified Pi{(PF3)s may be stored in metal Pi{PFa)strap 18, metal ampoule 18 in the
temperature range -80 to 60°C, preferably from 10 to 40°C, more preferably from 20 to 25°C.
The disclosed methods include storing PHPF3)4 in a metal container, such as a stainless steel,
carbon steel, and stainless steel 318 alloy container. The inner surface of the metal container
may be passivated with PFz or electro-polished. Here the stainless-sieel container may be a

stainless steel singie-ended miniature sample cylinder or an electro-polished stainless-steel
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miniature canister. In one exemplary embodiment, the purified Pi{PF1)s was stored in a stainless
stes! single-ended miniature sample cylinder at room temperature for 2 months without change
of PH{FFs)q purity. Alternatively, the purified PY(PF:)4 was stored in an slectro-polished stainless-
steel miniature canister at room temperature for 2 monihs without change of PH{PF3)4 purity.
[0083] The disciosed methods may be represented by a step process through a soluble
intermediate, Pi(Hal(PFx (x =1, 2, Hal=F, Cl, Bror B}, as shown in FIG. 2a, a so-calied saiid-
gas, Pi{Hal).-M~PFa, synthesis process in solution. Here HAL is F, Cl, Bror |, preferably Halis
Ch M is metal (such as Cu), then a Pt(Hal).~M-PF; synthesis process becomes a PtCi~-Cu~—
PFs synthesis process. The disciosed method produces PH{PFs)s in a high yield (.e., 70 fo
99.9%) with a high purity {i.e., more than 9%, preferably more than 898.89%) and allows storage
and delivery of the highly pure P{PF;)s without degrading the purity. Using g hydrocarbon
solvent is advantageous of the disclosed solid-gas, PiCl~Cu~PF;, reaction process, in which
ihe solvent is capable of dissolving the reaclion inlermediate {e.g., a platinum complex
PtCL{PFa)2) formed from insoluble starting materials, solid platinum compound PtCh and PF;
gas, under proper reaction conditions, and does not react with PH{PF3).. Utilization of such
solvent allows oblaining PH{PF:)4 in a high yield, at a shorter time, under low PF: pressure. Due
to the lower pressure of PF; in the disclosed synthesized method of Pi{PF )4, cooling the reactor
to condense PFa is eliminated and reactors with lower pressure rating could be used. As a
result, commeonly available equipment and reactors could be ulilized for the disclosed synthesis
method of Pt{PF3)e. This resulis in a P{PF3)4 synithesis process that is scalable to large
industrial scale, with limited required eguipment complexity due to its lower pressure
requirement. The reaction conditions here include reaction temperature, reaction pressure and
S0 On.

[0064] With the disclosed synthesis methods, the problem of low, moderate and
irreproducible yield in the solid-gas reactions as well as a high pressure of PRz required for
synthesis of PH{PF;). is solved by addition of the disclosed solvent in the PICI-Cu~PF; reaction
systern. Addition of sclvent allows a synthesis of Pi{PFa), under a low PF; pressure, in a shorter
fime, with the reproducible high yield (Table 1, Examples #1 to #4). The reason for improvement
in the synthesis process is solubility of PICI{PF;) obtained in situ from PICl and PRz under the
fow pressure reaction conditions. It is a common knowledge that solution—solid reactions are
rmuch more efficient than the reaction between two different solids and gas. The addition of the
solvent makes the solid-gas, PtCL-Cu~PF;, reaction system change to a solution~solid reaction
that is much more efficient. Although application of sclvent in synthesis is a common practice,
it is not obvious solution for the given reaction systems due to applied reaction conditions, a
high reactivity of PF; as well as rich platinum coordination and catalytic chemistry in the organic
solvents, and could even be argued against.

[0085] The addition of the solvent in the solid-gas Pi{Hal»-M-PF; synthesis system solves
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the problems of the low, moderate and ireproducible vield in the solid-gas reactions (see the
comparative Example 1 below) and a high pressure of PF; (80 — 150 Atm) required for synthesis
of PH{FFa). The addition of the solvent allows a synthesis of PH{PF3)s under a low PF; pressure,
in a shorter time, with the reproducible high vield, see Examples 2 0 4 that follow. The reason
for the vield improvement is solubility of the reaction intermediate PICL{PF3); obtained in situ
from PtCh and PF; under certain reaction conditions (FIG. 3). Once more, it s known that
solution-solid reactions are much maore efficient than the reaction between two different solids
and gas. In the Examples 2 {o 4 that foliow, the addiiion of the solvent in the PiClL-Cu-PF,
synthesis system allowed synthesis of PH{PFs)s under a 10 to 50 psig of PF; pressure, ina 5 to
8 hours with a reproducible high vield {also see Example 1) because a solid-gas, PtChL-Cu~
PFs synthesis sysiem, becomes a solution—solid reaction. As a result, commonly available
equipment and reactors could be utilized for the disclosed synthesis processes of PHPFa)4.
[0088] Suitable solvents should be “inert” toward starting compounds and intermediates and
product PI{FF3)4 and not react with the starling compounds and the intermediates and the
product PY{FF:). under the reaction conditions. in other words, the suitable solvents should not
be catalytically transformed by the slarting compounds, intermediates and product PH{PF3)4
under the reaction conditions and the solvent should not transform starling compounds and
products in o other compounds. The suitable solvent should only dissolve at least one
intermediate in the reaction {o get the solution-solid reaction, which is much more efficient,
reproducible and therefore scalable than the reaction between two different solids and gas. The
suitable solvents should be able o dissolve at least one platinum containing reaction
intermediate such as PH{Hal(PF:x whersin Hal=F, Cl, Bror |; x = 1, 2, obtained in situ from
Ft{Hal), and PF; under the reaction conditions.

(00871 The platinum precursor may form the soluble reaction intermediale in the solvent
under certain reaction conditions, otherwise addition of sclvent will result in a lower yield of
Pi{PFy)s compared to the reaction without the sclvent, see the Comparative Example 1 (b)),
where the vield of Pi{PFa)4 is 80% in a solid-gas reaction and Example 7 (#9), where the vield
of Pt(PF3)4 is 26% for the reaction in hexadecane under the same pressure and temperature.
The disclosed platinum precursor Pt{Hal),; (Hal = F, Cl, Bror ) are forming soluble intermediates
and hence they are suitable for the disclosad synthesis process.

[G088] The suitable solvenis used herein may be selecied from ether, arene or alkane
solvents. The preferred boiling point (BP) of the solvent may be more than 150°C, preferably
more than 200°C. This is necessary for an efficient separation of the solvent and the product
Pi{PFa)s since the calculated boiling point of PHPF4 is ~77°C calcuiated from the equation
fogP= 10.34-2610/7 (P in Torr, T in Kelving from “Vapor Pressure Measurements of Volatile
Transition-Metal Complexes”, by R.D. Sanner, J. H. Satcher, Jr., Report (1988), UCRL-53037.
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For example, hexadecane (BP: 285°C, melting point (MP): 18°C and vapor pressure (VP): 0.07
Torr at 20°C), p-cymene (BP: 177°C, MP: -88°C and VP: 1 Torr at 20°C ) and dihexyl ether (BP:
223°C, MP: -43°C and VP 0.05 Torr at 20°C ), tristhylene glycol dimethyt ether (BP: 218°C,
MP: -45°C and VP 0.025 Torr at 20°C), tetraethylene glycol dimethyl ether (BP: 275°C, MP: -
30°C and VP: 0.001 Torr at 20°C) may be suitable for using as a solvent in the disclosed
Pi{Hal)-~M~PF; synthesis system.

[6068] In one embodiment, the intermediate PICIL(PFs); was isolated from the reaction of
PtCL and PF; in hexadecans, identity confirmed by analysis. PCL{PF;:), further reacted with
copper and PF, under the conditions disclosed in #5 in Table 1 producing FH{PF)a

[0070] Anhydrous solvents have to be applied for synthesis of Pi{PFa)s because PF;, PICly,
PICh{PF3), (x = 1, 2} and PH{PF3)4 react with moisture. The reactions with moisture result in side
preducts such as HCI HF, and/or phosphorus oxoflucrides, fluorophosphoric acids, which
contaminate the product PH{PF3)s. For example, HF may form SiFs when Pi(FPFa)s is placed in
any vessels made from glass. To prevent the formation of contaminants, the commercially
available sclvent may be dried by contacting with the drying agent.

[0071] FIG. 2a is a flowchart of the disclosed Pi{Hal}-M--PF; synthesis process for synthesis
of PY{PF3)4 starting with Pt{(Hall, (Hal = F, Cl, Bror [}, Starting materials include Pi{Hal), (Hal =
F, Cl, Bror Iy and metal powder (M) and PF.. In a reaction temperature ranging from 20-180°C,
Pi(Hal)z (Hal = F, Cl, Br or I) and the metal powder may not be soluble. For example, PtChis
not soluble at a reaction temperature ranging from 20-180°C. First, at step 202, a suspension
of the starting materials Pi(Hal); (Hal = F, Cl, Br or I} and a metal powder is formed in an
anhydrous solvent by dispersing Pi{Hal), (Hal = F, G, Br or I} and the metal powder o the
anhydrous solvent. Afterward, excess PF; gas is introduced into the suspension of Pi{Hal); (Hal
= F, Cl, Br or ) and the metal powder. Here, preferably, Hal = Cl, then Pi{Hal) is PiCL.
Preferably, the metal powder is a Cu powder.

[0072] Pi{Hal), (Hal = F, Cl, Br or I} is anhydrous and suspended in the anhydrous solvent. A
solvent is dried by a drying agent to form the anhydrous solvent that is used o mix with the
starting materials anhydrous Pt{Hal), and metal powder. The solvent or anhydrous solvent may
be a hvdrocarbon solvent, such as an oxyhydrocarbon solvert, having & general formula
{CrHan1)20 and HaC(O{CH2nOCHs (n 2 1), an arene solvent having a general formula
{CrHanei hxCsHsx (x 2 1, n2 1) or an alkane solvent having a general formula CiHgnz (2 1), The
anhydrous solvent suitable for using in the disciosed methods may be a dried alkane solvent
selected from decans, di-, tri-, tetra, penta- and hexadecane, the like; a dried arene solvent
selected from xylene, mesithvlene, cymene, peniylbenzene, diisopropyibenzene,

diisobutyibenzene, or the like; a dried sther solvent selected from dibulyl sth

’

dioctyl ether, dimethy! ether of diethylene glyeol, triethylene glycol dimethyl ether, letraethylene
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glycol dimethyl ether or the like; or an arene soivent selected from xylene, mesithylene, cymene,

pentytbenzene, diisopropyibenzene, diisobutylbenzene or the like; or combinations thereof. The

gther solvent is preferably dibuty! ether, dihexyl ether, dioctyl ether, fristhylene glyeol dimethyl
gther, tetraethylene glycol dimethyl ether. The arene solvent is preferably xylene, mesithylene,
cymene, pentyibenzene, diisopropylbenzene, diisobutyibenzene. The alkane solvent is
preferably di-, tri-, tetra, penta- and hexadecane as well as a mixiture of alkanes known as a
mineral ol The anhydrous solvent used in the disclosed methods may be xyleng or
hexadecane.

[0073] In some embodiments, the sclvent or anhydrous solvent may be xyiene or
hexadecane. The drying agent may be 3 A or 4 A molecular sieves. Pi(Hal): (Hal = F, Ci, Bror
B, the metal powder and excess PR3 in the anhydrous solvent may form a soluble reaction
intermediate Pi{Hal(PFa)x (x = 1, 2, Hal = F, Cl, Br or ) at step 204 The solvent or the
anhydrous solvent used herein has to be able {o dissolve Pt{Hal){(PF)x (x =1, 2, Hal= F, C},
Br or 1}, a soluble reaction intermediate. Here excess PFa: may be added into the suspension of
FtiHal), (Hal = F, Cl, Br or 1) and the metal powder. Thus, the soluble reaction intermediate
PiHal(PFa) (x =1, 2; Hal = F, Cl, Br or I) may be formed from Pi{Hal), (Mal = F, Cl, Bror )
and excess PF; at a temperature, for example, between 80°C to 130°C and a low pressure, for
example, between 20 psig to 300 psig. Pt{Hal)z (Hal = F, Cl, Br or [} reacts with excess PFi; may
produce a solution of the reaction infermediate PH{Hal){(PF3). Gc=1, 2; Hal = F, CI, Bror B in
the anhydrous solvent since the solvent is selected o be able {o dissolve the intermediate
PiiHalu (PR (x= 1, 2; Hal = F, Cl, Bror i}, At step 208, the solution of the reaction intermediate
PiHala(PF, (x= 1, 2; Hal = F, Cl, Bror 1) may react with the metal powder and PF; gas (e.g,,
when Hal = Cl, the metal powder is a Cu powder, PICL(PFa), + 20u + 3PF; = 2CuCi + PY{PF:L)
o form PH{PF3)4. At this step, excess of PF; is used. Then, at step 208, the produced Pi{FFa)k
is separated and purified from unreacted starting malerials, the solvent and reaction byproducis
such as copper halides {e.g., CuCl, CuCly) and their complexes with PF;. The separation and
purification steps may be performed in a pre-vacuumed trap and/or a metal trap {o remove
residual PF; and the solvent and the reaction byproducts, as shown in FIG. 1. The residus! PF;
may be recycled to be used as the starting material. The metal traps may be made of a metal,
such as stainless steel, carbon steal, and stainless steel 3186 alloy. The purified product P{FPF3)
is then stored in a metal ampoule or vessel or container at step 2180, The storage metal ampoule
or vesseal or container may be made of a metal, such as stainless siesl, carbon siesl, and
stainiess steel 316 alloy. Alternatively, the storage ampoule or vessel or container may be made
of plastic. The inner surface of the ampoule or vessel or container may be passivated with PF;
or electro-polished.

[0074] In the disclosed methods, the anhydrous solvents have {o be applied for synthesis of
PH{PF4)4 because PFy, PICL, PICL{PF:) (x = 1, 2) and PY{PF3)4 react with moisture. To prevent
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the formation of contaminants, the commercially available solvent may be dried by contacting
with the drying agent selected from 3 A or 4 A moiecular sieves or activated alumina. Solvent
drying processes may be achieved by contacling the solvent and the drying agent, which may
be achieved in a static process or in a flow process. Before the drying step, the commercially
available solvent may be degassed by passing an inert gas or by applying vacuum-inert gas
cycles, where the vacuum is in the range 0.1 Torr to 100 Torr, preferably 0.5-10 Torr and the
inert gas is selected from Nz, Ar or He containing less than 1 ppm of oxygen and moisture.
Alternatively, the commercially available solvent dried with the drying agent without degassing.
[0078] The disclosed synihesis methods provide practical/scalable synthesis methods of
Pi{PFa)4, through tuning and optimizing reaction conditions that favor the product PH{PF:sin a
high yield and minimize effects of side reactions. The disciosed synthesis methods may be
carried out in a standard high pressure reactor, e.q., reactors from Parr Instrument Company
Series 4520, 4530, 4540, 4540 rated from 1200 to 5000 psig; in pressure rated glass reactors,
e.q., in Series 5100 Glass Reactors from Parr instrument Company rated up to 150 psig; or in
fab and pilot pressure reactors from Blchiglas and equipped with standard stirrers and heatlers.
[00768] In some embodiments, the disciosed synthesis methods for synthesis, purification and
storage of PHPF:). may comprise the following steps:

a} drying a solvent;

b} dispersing a platinum compound having a general formula Pi(Hal): (Hal = Ci, Br,
Iy, such as PIiClz, and a metallic powder having certain particle sizes such as a metallic copper
powder, into the dried or anhydrate solvent in a flow reacior, forming a mixture or @ suspension
of Pi{Hal): (Hal = Cl, Br, I} and the meiallic copper powder,

<) adding excess amcount of PR {o the midture or the suspension;

d) stirring & reaction mixture formed in the step ¢) under a required temperature

and a required PFa pressure (i.e., low PFs pressure) that lead to the following reactions and

products:
formation of PICL{FF« (x= 1, 2);
solution of PICL({PF3)« in the dried solvent; and
c. reaction of PtCL(PF3), and PF3 with the metailic copper powder to form a
product PY{FFa)4;
&) purifying the product PY{PF:) through distilling volatile species from the reaciion

mixture into a separate trap that allows:
i, separating unreacled starling material(s), byproducts, solvent; and
i, separating of the product PH{PF3)4 from unreacted PFs.
1] purifying the crude PHFR,), by distiilation;
Q) recycling the unreacted PF; to the siep ¢); and

i) storing the purified product PH{PF3)a in @ metal ampoule or container made of a
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metal, such as stainless steel, carbon steel, and stainless steel 318 alloy and the inner surface
of the metal ampoule or container is passivated by PFs or slectro-polishad.
[0077] Alternatively, the disclosed methods for synthesizing PHPF:)s with a platinum
compound Pt{Hal)z, wherein Hal = F, Cl, Br or | comprise the following steps:
dispersing the platinum compound Pi{Hal),, wherein Hal = F, Cl, Br or | into an
anhydrous solvent forming a suspension of Pi{(Hal}y;
introducing excess amount of PR, into the suspension of Ft(Hal)z;
forming a solution of the platinum compound Pi{Hab{(PF.)x in the anhydrous solvent
therefrom through a reaction of PF; and Pt(Hal)z;
adding a metal powder having certain particle sizes and additional excess amount of
PFs into the Pt{Habh{PFs)x solution; and
forming PH{PF;)4 through a reaction between P{(Hal)x{PFi)x, PFz and the metal powder
under a reaction condition.
[OO78] In this case, Pi(Hall(PF:«is a reaction intermediate synthesized by excess amount
of PF3 with the suspension of Pt(Hal), in an anhydrous solvent. Once again, using solvent for
the synthesis of PH{PFy4 appears novel. To our best knowledge, PHPFgs was never
synthesized from any platinum compound including the reaction infermediate Pi{Hal)(PFa) {Hal
=F f Brorl x=1, 2}in & solvent.
[0079] Alternatively, the disclosed methods for synthesizing PHPF:)s with a platinum
compound Pt{Hal)z, wherein Hal = F, Cl, Br or |, comprise the following steps:
providing a metal powder having certain particle sizes;
providing PF3; gas,
synthesizing PH{PF:)s from the metal powder, PF; and the platinum compound Pt{Hal)z,
wherein Hal = F, Cl, Br or |, in an anhydrous solvent capable of dissolving at least
one platinum containing reaction intermediate Pt{Hallz(PFx (Hal = F, Cl, Bror |, x
=1, 2}, which is formed from the platinum precursor Pi{Hal),; and PF; under reaction
conditions, such as a low pressure from 20 psig o 300 psig and a femperature
ranging from 80°C to 130°C; and
purifving and storing PH{PF4 at an air and moisture free condition in apparatus and
ampoules fabricated from metal or plastic,
[0080] Alternatively, the disclosed method for synthesis of PY{PF;)4 with a platinum compound
Pi{Hal),, wherein Hal = F, Cl, Br or | comprises the following steps:
a)y drving a solvent with a drying agent o form an anhydrous solvent;
b} adding a metal powder having certain particle sizes, a platinum compound having a
general formula Pi{Hal)z, wherein Hal = F, Cl, Br or |, and excess amount of PF; {o the
anhydrous solvent {o form Pi{Hal)z(PFz)., where x = 1, 2, wherein the anhydrous solvent

is capable of dissolving Pt{Hal(PFa).
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¢} synthesizing PH{PF:)s by the reaction of the metal powder, PFa, and Pt{Hall(PFa)cin the
anhydrous solvent; and
d) purifying the synthesized PiPF:): and storing the purified Pi{PF:): under air and

moisture free conditions in apparatus and ampoules fabricated from metal or plastic,

such as stainiess steel or plastic.
{00817 Here the plastic may be sslectad from polysthylene, polypropylens, styrene, teflon,
polytetrafiuorosthylene(PTFE), perflucroalkoxy alkane(PFA).
[0082] As describe above, the reaction intermediates Pt(Hal) (PR (Hal = F, Cl, Bror f; x
= 1, 2} are soluble in hydrocarbon solvents and can be isolated and purified. Synthesis of
Pi{PFa)s may be start with the platinum compound Pt(Hal)(PFa)«(Hal=F CI Brorl, x= 1, 2).
FIG. 2b is a flowchart of an exemplary process of synthesizing PHPF3)s starting with
PiHal(PFax (x = 1, 2; Hal = F, Cl, Br or [}. As shown, at step 302, a Pi{Halj(PFa)x(Hal = F,
Ch Brorl, x =1, 2) solution is formed by dissolving Pt{Hal(PFa{(Hal=F, Cl, Brorl, x= 1, 2)
into an anhydrate solvent. Preferably, Hal is Cl, Pi{Hal)»(PFs)xis PICI({PF},. Then at step 304,
a metal powder having certain parlicle sizes is introduced into the Pi(Hal(PF)(Hal=F Cl, Br
or |; x = 1, 2) solution and forms a suspension. Preferably, the metal powder is a Cu powder
having certain particle sizes. Afterwards, excess PFa gas is introduced into the suspension at
step 306. Then, Pi{(PF:)4is formed under low pressure by reacting Pi(Hal (PR i = 1, 2, Hal
= F, Cl, Bror I} with the metal powder and PF; at step 308. At this step, excess of PF; is used.
Then, at step 310, the produced Pi(PF3)4 is separated and purified from unreacted starting
materials, the sclvent and reaction byproducts such as copper halides {(e.g., CuCl, CuCl) and
their complexes with PF.. The separation and purification steps may be performed in a pre-
vacuumed trap andfor a metal trap to remove residual PFa and the solvent and the reaction
byproducts, as shown in FIG. 1. The residual PF3 may be recycled to be used as the starting
material. The metal raps may be made of a metal, such as stainless steel, carbon steel, and
stainless steel 316 alloy. The purified product PHPF;)4 is then stored in a metal ampoule or
vessel or container at step 312. The storage metal ampoule or vessel or container may be made
of a melal, such as stainless steel, carbon sieel, and stainless steel 316 alloy. Alternatively, the
storage ampouie or vessel or container may be made of plastic. The inner surface of the
ampoule or vessel or container may be passivated with PF; or electro-polished.
[G083] The disclosed methods for synthesizing PUFFa)s with a platinum compound
Pi{Hal(PF3), wherein Hal = F, G, Brorl, x = 1, 2, comprise the following steps:

dissolving Pt{Hal(PFa)« (Hal = F, CI, Bror {; x= 1, 2} in an anhydrous solvent forming

a Pi{Habh:(PFs) solution;
adding a metal powder having cerlain particle sizes and excess amount of PF; into the
Pi{Hali2(PFa)x solution; and

forming PHPF3)4 through a reaction between Pi(Hala(PFi),, PF. and metal powder
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under a reaction condition of a low pressure ranging from 20 psig to 200 psigand a
femperaiure ranging from 80°C to 130°C.
[0084] Alternatively, the disclosed methods for synthesizing PU{PF3)4 with a platinum
compound Pi{(Hal{FF.), wherein Hal = F, Cl, Bror |, x = 1, 2, comprise the foliowing steps:
a) drying a solvent with a drying agent to form an anhydrous solvent;
b) adding the platinum compound Pi(Hal(PFs),, whereinHal = F, Cl, Brorl; x= 1,
2, a metal powder having certain particle sizes and excess amount of PF; to the anhydrous
solvent 1o synthesize PYPF;3)s, wherein the anhydrous solvent is capable of dissolving
Pi{Hal){PFa)y and
C) purifying the synthesized PH{PF;)4 and storing the purified PH{PF.)4 under air and
moisture free conditions in apparatus and ampoules fabricated from metal or plastic, such as
stainless steel.
[0088] Here the plastic may be selecied from polyethylene, polypropylene, styrene, teflon,
polytetrafiucroethylens(PTFE), perfluorcalkoxy alkane{PFA). The metal may be selscted from
selected from carbon stes!, stainless steel, or stainless steel 318 alioy. The metal powder may
be a Cu, Zn or Al powder, or the like.
{00881 The disclosed aiso include the purity of the product PH{PF;)s and storage vessels for
the product PH{PF3}s. The product PY{PF:)4 may be stored in stainless steel and electro-polished
stainless steel vesseals at room temperature without changing of purity. The disclosed methods
for synthesis of PY{PF;), further comprise the steps of purifying the synthesized Pi{(PFa)4
distilling the synthesized PI{PF3)sin a metal trap fo remove the solvent and by-products,
forming a by-product removal PH{PF3)s;
distiliing the by-product removal Pi{PF3)s in a metal vessel {o remove the solvent and
residual PF,, forming a purified PH{PF;3)s; and
optionally, recycling the residual PF; for synthesizing PH{PF3)4.
[0087] The disclosed methods for symthesizing Pi(FPFa)4 further comprise the steps of storing
the purified PY{PF;i4
storing the purified PY{PF:) in a metal {e.q., stainiess stesl) vessel or an inner surface
passivated or electro-polished melal (e.g., stainless steel) vessel at room
temperature.
[0088] Here, the purity of the purified PI{(PF )4 stored in the metal vessels or an inner surface
passivated or electro-polished metal vessels may not change and remains constant. The vessel
fabricated from carbon steel, stainless steel, and stainless steel 316 alloy. The metal vessel
may have eleciro-polished inner surface. Alternatively, Pi{PFi)s may be stored in a plastic
vessel. The plastic material may be polyethvlene, polvpropyiene, styrene, teflon,
polytetrafiuorosthviena(PTFE), perflucroalkoxy alkane(PFA).

[0088] The metal powder used in the disclosed methods consists of a metal having an
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elecirode potential lower than that of platinum, not interacling with PFz: and not forming
complexes with PFy under the reaction conditions and having a proper particie size range
gllowing it to stay in a powder form during the reaction process.

{00801 The metal powder preferably is a copper, zine, aluminum powder, or the like. Any
metal and its halide not interacting with PFs and not forming complexes with PF; under the
reaction conditions and having the electrode potential tower than that of platinum (+1.2) may be
used herein. For example, Cu (+0.34), Pb (-0.13), Sn (-0.14), Cd (-0.40), Zn (-0.76) and their
halides do nof interact with PF; under the reaction conditions and do not form complexes with

PFs, which may be used as the metal powder.

Examples
(00811  The following non-limiting examples are provided fo further illustrate embodiments of
the invention. However, the examples are not intended {o be all-inclusive and are not intended

to limit the scope of the inventions described hersin.

Experimental Procedures

[0082] Reactlion mixtures, starting materials, solvents and products may be analyzed by
any suitable means, such as by gas chromalography, NMR, Raman, FTIR speciroscopy using
part of the stream or aliguols. All measurements were performed for samples in the closed
containers, suitable tubes, or ampoules without any contact with atmosphere containing oxygen
and moisture. Liquid nitrogen, nitrogen gas of high purity with less than 0.1 ppm of Oz and water,
{0083 Reagents: Potassium Hexachloroplatinate (IV) (JGPICE, Pt Assay 40.1 £0.7%, CAS:
16921-30-5) was from Colonial Metals, Inc.; Platinum(ll) chioride (PiCls, Pt Assay 73.3 & 1.0%,
CAS: 10025-85-7) was from Colonial Metals, Inc. Three types of copper powder, one was
{88.899%) 100 mesh (100 mesh = 149 pym) from Strem Chemicals Inc.; ancther one was < 425
um, 899.5% from Sigma-Aldrich; ancther one was < 45 pm, 992.98% from Sigma-Aldrich.
Phosphorusiily flucride (PFs, CAS: 7783-55-3) was from Advance Research Chemicals, inc.
Molecular sieves, 3 A, beads, 4-8 mesh (Sigma-Aldrich), were regenerated either in dry nitrogen
stream at temperatures 300-350°C or under vacuum at temperatures 300-350°C and operated
under nitrogen atmosphere with less than 0.5 ppm of O; and moisture afier regeneration.
Solvents xylenes and hexadecane were from Sigma-Aldrich degassed and dried over 3A
molecular sieves. The reactor was loaded with platinum compound and copper powders under

nitrogen atmosphere with less than 0.5 ppm of O, and water.

Example 1. Synthesis of PI{PF;); in high pressure reactor with hexadecane solvent.
[0084] Referring to Table 1 below, amounts of PICh, Cu, hexadecane are loaded in a reactor

from Parr Instrument Company (Series 4540, 600 ml rated for 5000 psig) in a glove box. The
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reactor transferred and connected {0 the vacuum line, vacuumed below 0.3 Torr and the
required amount of PF; infroduced in the reactor below -79 °C §# 1-3) or at room temperature
{# 8). Then the reactor warmed o room temperature, stirring started, and then the temperature
in reactor increased to 105°C and the reaction mixture stirred under PFs pressure. In reaction
#5, PF; is added in the reactor by portions during the reaction to maintain pressure in the range
100 - 200 psig. The pressure decrease observed in all reactions during the first 8 hours at 105°C
and then the pressure stabilized indicating that the reaction may take approximately 6 hours.
The pressure in reacior monitored during several more hours, then the reactor content cooled
10 35 - 45°C and the portion of gases (about 25 - 35%) directed in pre vacuumed trap (0.44 |
material stainless stesl) cooled with the dry ice — isopropanol mixdurs. In reaction #6, all
pressure released in the frap. The reactor closed, trap kept for about 10 min and then the non-
condensable gas directed in the second trap cooled with liguid nitrogen (BL, material Aluminum).
Transfer lines and valves were warmed if cooled below 0°C with the passing gas. After
condensation of PF; portion in 8 L Al trap, vacuum applied to 8L Al trap to get the pressure in
trap below 1 Torr. Operation repeated untit all PF; and PY{PF3)4 were stripped from the reaclor
and coliected in two different traps. Then the trap with PH{PFa): was reconnected to a separate
pre-vacuumed vessel (0.4 L, eleciropolished stainless steel). The parent trap with PH{PFa)4
warmed to room temperature, while a receiving vessel cooled with liquid nitrogen and all
PH{PF3)4 distilled in the receiving vessel under a static vacuum. After distillation, the receiving
vessel warrmed o room temperature and the residual PF; released through the scrubber. Yield
of P{PF3) is in Table 1 below.

Tabie 1
# PtCL (g) Solvent {(mL) PFa (pelg) at\iieid of PUPFs) (o, Reactor
105°C 9
1 25.7 Hexadecane {100 2250-2350  {93% (49.3 g) 88 Steed
2 40.3 Hexadecane {150 2150-2350  {88% (V3.5 q) S5 Sieel
3 51.0 Hexadecane {128 2300-2500  {86% (80.0 g) 38 Stesl
4 8.75 Hexadecane 40 20-50 79% (14.3 g) Glass
) 2.18 Xylene 18.5 20-40 95% (4.3 g) Glass
B 50 Hexadecane 200 100-200 90% (94 g) 88 Siesl

*Reaction 6 is prophstic.

88 Steel reactor = high pressure reactor from Parr instrument Company (Series 4540, 800 mL).
Glass reactor = 150mbL HW Pressure Glass Vessel from Chemglass Life Sclences, part number
CG-1880-31. The glass vessel is equipped with the thermocouple and pressure gauge.

(00881  Purity of Pi{PF3)s is more than 99% in all experiments according to 'H, F NMR. For
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example, reaction #1, *F NMR of neat product {g CFCh, ppm): ~-11.8 (m, J(P-F) = 1302 Hz,
99.83%, PH{PFa4), -34.4 (d, J(P-F} = 1402 Hz, 0.05%, PF,}, -81.58 (0.19%, fluorophosphoric
acid, not assigned), -92.4 (d, J(F-F) = 2035 Hz, 0.12%, POF3). 'H NMR of neat product (o
SiMes, ppm): 0.90 and 1.32 (hexadecang), 13.1 (s, fluorophosphoric acid). Determination of
hexadecane by *H NMR. Taken 0.18 g of purified product from reaction #1 and mixed with in
0.77 g of Csla containing ¢.03% (0.23 mg, 0.0028 mmol of SiMes). 'H NMR of solution (o SiMe.,
pom): 0.00 (s, 7.7 mol.%, SiMey), 1.32 (2.3 mol.%, hexadecans), 7.18 (s, fluorophosphoric
acid, relative intensity not measured since CsDy not dried from moisture). If to recalculate mol%
to wt.%, and count that solution cortains 0.23 mg TMS, then the total amount of hexadecane in
Pi{PF)4 sample is 0.014 mg corresponding to 79 ppm in PH{PF3)4 from reaction #1.

{00861 Additional trap 1o trap distillation afford PY{PF3)s with purity 99.79%. F NMR of neat
sample measured in glass ampoule (o CFCh, ppm): -11.5 (m, J(P-F} = 1302 Hz, 99.79%,
PUPFa)a), -88.20 (d, J(P-F) = 975 Hz, 0.19%, (HO)POF,), -82.4 {d, J(P-F) = 2035 Hz, 0.01%,
POFs) -1668.1 (s, 0.02%, SiFy). 'H NMR of neat sample (o SiMes, ppm): 0.80 and 1.32
(hexadecane, rel. int. 28%), 12.94 (5, (HO)FCF,, rel. int. 72%). The resonances of hexadecans
were below the limit of detection for solution of 0.07 g of sample in 0.78 g of CeDs containing
0.03% of SiMes. Hence the total amount of hexadecane is less than 80 ppm. FTIR. {liquid
Pi{PF1)s on Golden Gate™ probe, resolution 4 o'} 882, 827, 496 cm.

Example 2. Synthesis of PI{PF:)s with isolation of PiCI{PF3): and hexadecans solvent.

&) Synthesis of PICL({PF:) (x = 1, 2} in hexadecane.

[o087] PiClh (1.8 g, 7.1 mmoi), hexadecane (15.8 g, 20.4 mi) lcaded in the 150mL pressure
glass ampoule (Chemglass Life Sciences, part number CG-1880-31) equipped with a stirring
bar, thermocouple, pressure gauge. The ampoule connecied to a vacuum line and oylinder with
PFs. The ampoule with the starling materials vacuumed to around 0.2 Torr {0 remove nitrogen,
then 35 psig of PF; added and the suspension heated under stirring. The content stirred for 4
hours in the temperature range 100-120°C under 20-35 psig of PF;, where PF; added by
portions when the pressure was approaching to 20 psig. During the reaction, initially insoluble
in hexadecane PICL fully reacted with PF; and formed soluble in hexadecane compounds,
which partially sublimed on the colder parts of apparatus as colorless crystals. After 4 hours,
the heating stopped, reaction mixture cocled {0 room temperature, PF; condensed back in the
cylinder and a portion of crystals separated from solution and analyzed; the portion of
supamatant hexadecane solution also analyzed by *F NMR. °F NMR of crystals dissolved in
pure, anhydrous hexadecane (o CFCl;, ppm): -28.4 {m, J(Pt-F) = 828 Hz, J(P-F} = 1320 Hz,
PtCL{PFa)2). 1°F NMR of hexadecane supernatant solution (o CFCls, ppm): -32.5 {d, J(P-F) =
1405 Hz, PFs), -38.4 (m, J(Pt-F} = 622 Hz, J(F-F) = 1318 Hz, FCL{FF)2). FTIR of crystals
{neat solid on Golden Gate™ probe, resolution 4 cm'): 417 (sh, w), 447 (sh, w), 461 (m), 483

29
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(s}, BO7 (s}, 518 (s}, 531 (my}, 551 (s}, 801 {vs), 907 (sh}, 832 (v}, 961 (s), 869 (w), 974 (M),
985 {w) DSC of crysials: 19.0°C (phase fransition}, 72.5°C {phase transition), 118.3°C (melting
point}.

k) Synthesis of PH{PFa)s from PICLIPF:) (x = 1, &) in hexadecane.

[0028] The colorless crysials from a) placed in a supernatant hexane solution, copper added
(2.22 g, 34.9 mmol) and the ampoule (150mL HW Pressure Glass Vessel) connected to a
vacuum line and a cylinder with PFa. The ampoule with the starting materials briefly vacuumed
{0 about 2 Tor to remove nitrogen, then 40 psig of PF; added and the suspension heated in the
temperature range 100-130°C under stirring for 4 hours. The reaction is under 20-40 psig of
PFs, where PF2 added by portions when the pressure was approaching to 20 psiq. After 4 hours
heating stopped, the reaction mixture cooled to 35°C and PPFi)s, PF3 some solvent
condensed in the trap {(made from stainless steel) cooled with liquid nitrogen under the siatic
vacuum. PY{PFz)4 purified from PF; and residual hexadecane by trap to trap distillation. Yield of
PtPFie is 1.25 g (32%, low yield since part of PCL{PF:) and supernatant solution used for
analyses in a)). "*F NMR of neat product PH{PFs)4 (o CFCh, ppm): -11.5 {m, J(P-F) = 1301 Hz,
Pt{PF3)4). 'H NMR of neat product (o SiMe,, ppm): 0.23 (1, J = 8.1 Hz, 71.7 mol.%, Me:SiFy),
0.90 and 1.32 (28.3 mol. %, hexadecane).

Example 3. Synthesis of Pi{PF:)s in glass ampoule with hexadecane solvent.

[0088] PCL (8.75 g, 32.9 mmol}, Cu (18.25 g, 287.2 mmol}, hexadecane (30.85 g, 40 mL)
oaded in an ampoule (150mL HW Pressure Glass Vessel from Chemglass Life Sciences, part
number CG-1880-31) equipped with a stirring bar, thermocouple, pressure gauge. The ampouie
connecied to a vacuum line and cylinder with PF5. The ampoule with the starting materials
vacuumed o about 0.2 Tor {0 remove nitrogen, then 40 psig of PF; added and the content
heated under stirring. The content stirred for 5.5 hours in the {emperature range 110-120°C
under 20-50 psig of PF;, where PRy added by portions when the pressure was approaching to
20 psig. During the reaction, crystals of PICL{PF3), formed and then consumed and at the end
of reaction the reaction mixture contained two non-miscible liquids. Affer 5 hours 30 min heating
stopped, the reaction mixture cooled to 41°C and PI{PF4)s, PF;, soms solvent condensed in the
frap {made from stainless steel) cooled with liquid nitrogen under the static vacuum. PH{PFi)
purified from PFa and residual hexadecane by frap to trap distillation. Yield of PH{PF: is 78%
(14.2 g). "°F NIMR of neat sample (¢ CFCls, ppm): ~11.5 (m, J(P-F) = 1301 Hz, 98.40%, PH{FFa)),
-34.4 (d, J(FP-F) = 1402 Hz, 0.38%, PF3), -82.4 (d, J(P-F) = 2035 Mz, 0.23%, POF;,), -166.0 (s,
0.007%, SiF4). 'H NMR of neat sample (o SiMey, ppm): 0.23 (1, J = 8.1 Hz, 87.4 mol.%, MexSiFy),
0.90 and 1.32 (8.9 mol%, hexadecane), 145 (d, J = 6.1 Hz 258 mol%, PP
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Determination of the organic content by H NMR. The intensities of the resonances of organic
compeounds were below the limit of detection for solution of 0.09 g of P{PF23)+ sample disscived
in 0.76 g of CeDe containing 0.03% (0.228 myg, 0.0028 mmol of SiMe,). Hence the total amount

of organic compounds is less than 80 ppm in PH{PF3).

Example 4. Synthesis of PI{PF;)s in glass ampoule applying xylens solvent.

[00100] PICl: (2.19 g, 8.2 mmal), Cu (4.89 g, 73.8 mmol), xylenes {16.1 g) loaded ina 150mL
pressure glass ampoule {Chemglass Life Sciences, part number CG-1880-31) equipped with a
stirring bar, thermocouple, pressure gauge. The ampoule connected o a vacuum line and a
cylinder with PFs. The ampouls with the starting materials briefly vacuumed to around 3 Torr to
remove nitrogen, then 40 psig of PR3 added and the content heated under stirring. The content
stirred for 4.5 hours in the temperalure range 100-120°C under 20-40 psig of PFs, where PF;
added by portions when the pressure was approaching to 20 psig. During the reaction, crystals
of PICL{PF:): formed and then consumed and at the end of reaction the reaction mixture
contained two non-miscible liquids. After 4 hours 30 min heating stopped, the reaction mixiure
cooled to 38°C and Pi{PF3), PF3, some solvent condensed in the trap (made from stainless
steel) cooled with liquid nitrogen under the static vacuum. PH{PF;) purified from PF; and
residual sclvent xylene by trap to trap distillation. Yield of Pi{FF;). is 95% (4.3 g). °F NMR of
neat sample (o CFCI, ppm): ~11.8 (m, J{P-F) = 1301 Hz, 99.58%, Pi{PFia), -34.4 (d, J(P-F) =
1402 Hz, 0.39%, PF3), -82.4 (d, J(P-F) = 2038 Hz, 0.03%, POF3), -166.0 (s, 0.01%, SiFy. %
are from integration. 'H NMR of neat sample (o SiMss, ppm): 012 (4, J = 8.1 Hz, 0.7 mol.%,
MepSiFo), 1.11 (1) and 2.568 (g) (18.8 mol%, Ei-CsHe), 2.05 (s) and 2.14 (s) (79.4 mol. %, xylenes),
8.97 (m, aromatic profons), 12.48 (br, 1.0 mol.%, flucrophosphoric acid). Determination of the
residual solvent by 'H NMR. Taken 0.088 g of PH{PF;); sample dissclved in 0.80 g of CsDs
containing 0.03% (0.24 mg, 0.0027 mmol of SiMes. 'TH NMR (o SiMes, ppm): 0.00 (s, 8.28
mol.%, SiMey), 1.07 (O and 2.39 (q) (18.64 mol%, Et-CsHs), 2.02 (s, 11.41 mol. %, xylene)}, 2.14
{5, 83.87 mol.%, xylene), 8.97 (m, aromatiic protons). if to recalculate mold% to wt.%, and count
that solution contains 0.24 mg TMS, then the total amount of organic compounds is 4.27 mg

corresponding to 4.85 wt.% in 88 mg of PI{PPF)s sample.

Example 5. Pi{PF2)s Shelf Life

{01011 A shelf Iife study was performed during 12 weeks at room temperature. PU{PF;)4
obtained in syntheses described in examples 3 and 4 and was stored at room temperature in a
318 alloy Single-Ended Miniature Sample Cylinder, volume 80 om® with the blind cap attached
and in electro-polished Stainless-Steel Miniature Canister (V = 400 cm?®) with the blind cap

attached. Both containers were vacuum baked at approximately 150°C and 30 - 50 mTorr before
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infroducing PH{PF3)4. 1°F and *H NMR spectra were measured for the neat liquid PY{PF;)s every
2 weeks, monitored PYPF:)s assay and relative amount of impurities from 8F and 'H NMR

specira. The resulis of shelf life study are in Table 2.

Table 2
Package
v ) PHPFa)s | PIPFa)s .
{(Room Material impurities Hexadecane
) load (g) | assay”
Temperature)
Not
99.74+0.06 | 0.2610.08 .
50 mL 316 85 45 quantified ( <
% %
10 ppm)
Electro- 99.77+x0.02 | 0.2210.032
400 mbL ) 180 9.8+0.5 ppm
polished 8% % %

* Starting amount on day 1.

[0102] Pi{PFa)a assay and refative amount of impurities is nearly similar in all experiments
within 12 weeks. The devigtion is higher for 316 55 steel ampoule. These resulls demonstrate
the stability of P{PF3)s over time. FIG. 4 is a graph for the PY{PF:)4 assay and relative amount
of impurities over time in a 400 mL electro-polished stainiess-stesl miniature canister at room
temperature. The disclosed PH{PF;), is aimed to use as a precursor for Pi-containing films in

microgiectronic devices or in catalyst industries.

Comparative Example 1. Synthesis of PH{PF3)4 starting from KePICls using the recipes from
Angew. Chem. Int. BEd. 1985, 4, 521 and RU2478576C2

[0103] Syntheses of PY{FFa) according to the recipes from Angew. Chem. Int. E£d. 1965, 4,
521 and RU2478576C2 are shown in Table 3 below. The experiments are conducted with a
commercially available high pressure reactor from Farr Instrument Company (Series 4540, 800
mib. rated for 5000 psig equipped with the standard impeller in experiments #10 and #12 and
with the U-type anchor stirrer designed for an efficient stirring of solids in b). The process of
RU2478576C2 utilizes pure hydrogen and a step of drying after reduction, which requires costly
safety equipment and a long time, if removal of water from the system is ever possible by
scaling. As shown in Table 3, #10 was done with the copper powder Cu of 148 um size (copper
powder packed by vendor under argon and utiized as). #11 and #12 were done with the copper
powder Cu of 425 um size (99.5% from Sigma-Aldrich). Synthesis of PH{PF;), starting from PiCl,
(#12, Table 3) performed according to [Angew. Chem. Int. Ed. 1985, 4, 521] was done with,
where Cu prepared from Copper powder of < 425 um size (82.5% from Sigma-Aldrich). PY{PF3
(in # 10-12) is forming in low to moderate vields.

[0104] Referring to Table 3, comparative examples performed on commercially available

standard equipment, amounis of the starting materials KyPiCls, PiCl, Cu were loaded in a
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reactor in a glove box with < 0.5 ppm of oxygen and moisture. The reacior sealed, connecled
to the vacuum ling, vacuumed below 0.2 Torr, cooled below -78°C and the required amount of
PF; introduced in reactions #10 to #12 at low temperature with stirring. Then the reactor warmed
to room temperature and further fo 105 -130°C and the content stirred under PF; pressure for
24 hours. Then reactor content cooled t© 35 - 45°C and the portion of gases (about 25 - 35%)
directed in pre vacuumed trap (0.44 L, material stainless stesl) cooled with the dry ice —
isopropanol midure. The reactor closed, frap kept for about 10 min and then the non-
condensable gas directed in the second frap cooled with liquid nitrogen (8 L, material
Aluminum). Transfer lines and valves were warmed if cooled below 0°C with the passing gas.
After condensation of PF; portion in 6 L Al trap, vacuum applied o 8L Al trap to get the pressure
in trap below 1 Torr. Operation repeated until all PF; and PH{PF;). were stripped from the reactor
and coliected in two different traps. Then the trap with PY{PF:)s was reconnecied to 2 separate
pre-vacuumed vessel (50 mi, stainless sieel). The parent trap with PH{PF3)4 warmed to room
temperature, while a recsiving vessel cooled with Hiquid nitrogen and all PI{PF ), distilled in the
receiving vessel under a static vacuum. After distiliation, the receiving vessel warmead to room
temperature and the residual PRy released through the scrubber. Yield of PY{FFF:)s for each
experiment shows a low to moderate yield, although RU2478576C2 claimed 80-85% yield. The
low to moderate yield of P{PF3)4 obtained from RU24785768C2 recipe might be because of a
lack of solvent. Purity of PH{PFa)s is more than 97.9% in all experimenis according to 'H, 9F
NMR. As example, F NMR of neat product from experiment b} (o CFCls, ppm): -11.5 (m, J(P-
F)= 1302 Hz, 97.9%, Pi{PF3)s), -34.4 (d, J(P-F) = 1402 Hz, 0.2%, PF3), -82.4 (d, J(P-F) = 2035
Hz, 2.0%, POFs).

Table 3
Cu powdenPF;  pressureYield of PH{PF3) .
# Ptreagent(g) | ] Observations
size (um) (psig) (%, g)
Solid baked in one block,
10 293 [K:PtCls] {149 1552 1%, 0.5 ¢ o
no stirring
Anchior  stirrer.  KoPtClg
partially  sublimed on
11 {541 [KPtCls] 425 2840 80%, 382 g
colder parts of reactor
and did not react further.
Standard impeller. Poor
12 {26.8 {PCIL] 425 2350 20%, 11.1 g o
mixing.

Example 8 Synthesis of PY{PFa: starting from KoPiCls in high pressure reactor with
hexadecans solvent.
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[0108] Pl (78.5 g, 0.18 mol), Cu {120.6 g, 1.9 mol), hexadecane (100 g) are loaded in &
reactor (Parr Instrument Company, Series 4540, 800 mi rated for 5000 psig) in glove box. The
reactor fransferred and connecied o the vacuum line, vacuumed below 0.3 Torr and cooled
below -79°C and 387 g (4.4 mol) of PF; introduced in the reactor. Then the reactor warmed to
room temperature, stirring started, the reaclor further warmed to 120°C and the content stirred
under PF; pressure for 22 hours. Then reactor content cooled o 35 - 45°C and the portion of
gases (about 25 - 35%) directed in pre vacuumed trap (.44 L, material stainless steel) covled
with the dry ice — isopropano! mixture. The reactor closed, trap kept for about 10 min and then
the non-condensable gas directed in the second trap cooled with liquid nifrogen (6L, material
Aluminum). Transfer lines and valves were warmed if cooled below 0°C with the passing gas.
After condensation of PF; portion in 8 L Al frap, vacuum applied to 6L Al trap to get the pressure
in trap below 1 Torr. Operation repeated until all PF» and PH{PF1). were stripped from the reacter
and collected in two different fraps. Then the frap with PY{PF2)s was reconnecied o a separate
pre-vacuumed vessel (50 mil, stainless steel). The parent trap with Pi{PF3) warmed to room
temperature, while a receiving vessel cooled with liquid nitrogen and all PH{PF;)s distilled in the
receiving vessel under a siatic vacuum, After distiliation, the receiving vessel warmed {0 room
temperature and the residual PFz released through the scrubber. Yield of PH{PFi) is 23.2 g,
25.9% from KoPICl. See Table 4, which lists the yields of PH{PF:)4 starting from KoPICls, in the
two reactions of this Example and the above Comparative Example 1. #13 is from the above
Comparative Example 1#11 and #14 was the resulf of this Example. Both reactions are at the
same temperature and PF; pressure. Assay of PH{PFs) by integration of 'F NMR spectrum is
99.48%. "F NMR of neat product from experiment b} {¢ CFCls, ppm): -11.5 (m, J(P-F} = 1202
Hz, 99.48%, PH{PF)), -34.4 {d, J(P-F} = 1402 Hz, 0.3%, PF3), -92.4 (d, J{P-F} = 2035 Hz, 0.2%,
POF3).

Table 4
# PGl () Hexadecane Yield of P{PFs)
13 541 - £80% (36.2 g)
14 79.5 120 mb 28% {23.2 g)

[0108] The reason of the low vields of using PtCh in Table 3 may be due to inefficient mixing
of components, coating of metal with the metal chioride during the reaction and other faclors
accompanying the reaction starting from two different solids and gas. The solution may be {0
shift front a solid gas-system to the solution-solid system to have a betier mixing of components
and more efficient interaction of components dissolved in the liguid phase with the suspendsd

metal powder. However, no solution-solid system have been reported thus far because of the
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expectation that solvent will undergo catalviic reaction with Pt precursor or intermediate.

(01071  Although the subject malter described hersin may be described in the context of
ilustrative implementations {o process one or more computing application features/operations
for a computing application having user-interactive components the subject matter is nol limited
to these particular embodiments. Rather, the techniques described hersin may be applied to
any suitable type of user-interactive component execution management methods, systems,
platforms, and/or apparatus.

[0108] htwill be understood that many additional changes in the details, materials, steps, and
arrangement of parts, which have been herein described and illusirated in order to explain the
nature of the invention, may be made by those skilled in the art within the principle and scope
of the invention as expressed in the appended claims. Thus, the present invention is not
intended {0 be limited to the specific embodiments in the examples given above andior the
atltached drawings.

[0108] While embodiments of this invention have been shown and described, medifications
thereof may be made by one skilled in the art without departing from the spirit or teaching of
this invention. The embodiments described herain are exemplary only and not limiting. Many
variations and modifications of the composition and method are possible and within the scope
of the invention. Accordingly, the scope of protection is not limited 10 the embodiments
described herein, butis only limited by the claims which follow, the scope of which shall include

all equivalents of the subject matier of the claims.

List of Drawing Symbols
11 Cu powder
12 PtCla
13 PFs;
14 solvent
15 container
18 reactor
17 pre-vacuumed trap
18 Pi{PFa)s trap

19 metal ampoule
20 PFs; trap
101 line

102 addition funnel
103 addition line
104 drying process
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What is claimed is:

1. A method for synthesizing PY{FF:): (CAS # 18529-53-4), the method comprising the
steps of:
dissolving a platinum compound having a general formula, Pi{Hal{PF3), in an
anhydrous solvent forming a Pi{Habh(PF:). solution, whereinHal=F ClL Brorl, x=1, 2
adding a metal powder and excess amount of PF; info the Pt(Hal){FFF3). solution; and
forming PIFF.)4 through a reaction between Pi{Hal){(PF:). FFi and the metal powder

under a reaction condition.

2. The method of claim 1, wherein the reaction condition includes a reaction temperature

ranging from approximately from 30 to 200°C.

3. The method of claim 1, wherein the reaction condition includes a reaction pressure

below approximatsiy 300 psig.

4, The method of claim 1, wherein the anhydrous solvent has a boiling point higher than
1580°C.

5, The method of claim 1, wherein the metal powder is a copper, zinc or aluminum powder.

8. The method of claim 1, wherein the metal powder has a particle size ranging from 200

-~ 900 microns.

7. The method of claim 1, further comprising the step of
synthesizing the platinum compound Pi{Hal(PF)x (Hal=F, Cf Bror |, x= 1, 2}, wherein
the synthesizing step comprises the steps of:
dispersing a platinum precursor having a general formula, Pi(Hal);, into the
anhydrous sclvent forming a suspension of Pi{Hal),, wherein Hal = ¥ CI, Bror |;
introducing PFs into the suspension of Pi{Hal)z; and
forming the solution of the platinum compound Pi{Hal(PF).(Hal=F Cl, Brorl; x

= 1, 2} in the anhydrous solvent through a reaction of PF; and Pi{Hal)..

8. The method of claim 7, wherein the platinum precursor Pi{Hal); is anhydrous.

Q. The method of any one of claims 1 to 8, wherein the platinum compound Pi{Habh{(PFsk
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{Hal=F, Cl, Brorl, x=1, 2} is anhydrous.

10. The method of any one of claims 1 {0 8, whersin the anhydrous solvent is a hydrocarbon
solvent selected form an oxyhydrocarbon solvent having & general formuia (GaMana)20 ine H)
and HsC{O{CH2)2)nOCHs (nz 13, an arene solvent having a general formula (CalHan1)xCaHex (X

z 1, nz 1) or an alkane solvent having a gensaral formula CaHaney (N2 1)

11. The method of any one of claims 1 to 8, wherein a yield of P{PF:): is in a range of

approximately 70-99.9%.

12. The method of any one of claims 1 to 8, wherein a purity of PH{PF: is approximately

90-89.9 wt. % afler purification.

13. A meathod for synthesis and storage of PU{PFa)s {CAS & 19528-53-4), the method
comprising the steps of,

a) forming a suspension of a platinum precursor Pi{Hal),, wherein Hal = F, Ci, Br
or |, and a metal powder in an anhydrous soivent;

b} introducing excess amount of PF; into the suspension of Pt{Hal); and the metal
powder,

c) forming a soluble reaction intermediate P{HaD(FPF2)x in the anhydrous solvent
through a reaction between PF; and Pi{Hal),, wherein Hal = F, ClL Brorl; x =1, 2, under a low
pressure condition;

d) forming PHPF3)s from a reaction between Pi{Hal)z{(PF3)x the metal powder and
PFs in the anhydrous solvent;

)] purifying PI{PFs)4 under air and moisture free conditions in a trap made of metal;
and

£} storing the purified PH{PF;)s under the air and moisture free conditions in a
container made of the metal.

14. The method of claim 13, wherein the platinum precursor Pt{Hal)z is anhydrous PICl,

15. The method of claim 13, wherein the anhydrous solvent has a boiling point higher than

16. The method of any one of claims 13 {o 15, wherein a reaction temperature ranges from

approximately 30-200°C.
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17. The method of any one of claims 12 to 15, wherein the low pressure condition is a

pressure below approximately 300 psig.

18. The method of any one of claims 13 to 15, wherein a purity of PH{PF:)4 is approximately
90-89.8 wil. % after purification,

19. A method for manufacture and storage of PU{PF3)s (CAS # 18529-53-4), the method
comprising the steps of

aj forming & suspension of a platinum precursor PHCH2 in an anhydrous solvent
selected form xviene or hexadecans;

b} introducing excess amount of PR3 into the suspension of PHCl to form a
solution of PYCH{PF3) (x= 1, 2) in the anhydrous solvent through a reaction between PF; and
PHCD2;

C) adding a copper powder into the solution of PHCH2(PF:): (x =1, 2);

d) forming PYFFa): from a reaction between the copper powder, PFi: and
PHCH2(PF3)« in the anhydrous solvent in a reduced PFz pressure ranging from 20 to 300 psig
and a reaction temperature ranging from 30-200°C;

€} purifying PH{PFs)s under air and moisture free conditions in a frap made of
stainiess steel and

f) storing the purified PYFF;): under the air and moisture free conditions in a
container made of the stainless sieel, wherein the inner surface of the confainer is electro-

polished or passivated with PFa.

20. The method of claim 19, wherein the copper powder has a particle size ranging from
200 — 900 microns,



