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I, INTRCDUCTION

The objective of this work was to characterize the behavior of molecules
whick have been ideatified as effective wake eléctron quenchants. A wake quench
candidate is deemed to be effective if it efficiently attaches free electrons to
produce negative ions when -te candidate is added in small quantities to z high
temperature plasm; centainia g heat shield ablation products. T.» interest in
wake electron quenchants stems from their use in applications re-lat:ed to the
obfuscation of reeutry olservaoles,

In -der to attach rapidly free electroane in a reentry ablation environment
a quench -. should nNo=-ess all of the f:llowing attributes:

1. 7. e eweaty. 2.} 'inity,

2. (<03 themms: .u..ility,

3. Resistance to chemical attack by d#. O and OH,

4, Large electron attachment ¢_oss-section,

5. Be compatible with heat shield material with regard thermal,

mechanical, ablative and V & H characteristics.

Experimental electron suppression studies ir atmospheric Hy/air znd H,/N,0
flames in the eker burner-microwave cavity apparatus by Dr. R. Carabetta have

identified the oxides/acids of rhenium, molybdenum, tungsten, boron, chromium,

vanzdium, titanium and iron aseffectively lowering the free electron concentration
by the processes of either electron attachment and/or compound formation.
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IT. LITERATURE REVIEW

Chemical abstracts has been sesrched from 1965 to 1971 for physical,

chemical, thermodynamic and kinetic data on the oxides/acids/ions/fragments con-

taining Re, Mo, W, B, Cr, V, Ti and Fe.
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The list of electron affinities for the
various quenchants compiled from the chemical literature is cited in Table I.

Several features are noteworthy. First, the electron affinities of the acids,

~~ 100 kcal (4..3 ev), are the highest values of any gaseous species in the litera-
C i

tuwre. Second, the existence of two negative ions in an elemental system appears

to be commen. Electron affinities for H,MoO, and H,WO, reported by Dr. W. Miller,

Aerochem, are dependent upon an a:zsuwed boas dissociation energy for H-HMoO, and
H-HWO, of 110 kcal/gmol. The identirication of the negative ions in the chromiur

and vanadium systems is tentative at this time. The bond strengths of the acids
and alkali salts of quenchants are listed in Table II.

The equilibriuwa constants Keq, where

A+e ==B +C
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keq = Is10c] (2)
! [a] {e=]

W

and [ ] represents’ the concentration of the individual species, for electron
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attacument and alkali salt formation are listed in Table III. Dissociative —

&

;§ attachment and charge transfer are the modes for electron capture. The wmrchanism

ég for rhenium oxide quenching is thought to be as follows: E
: 5
§ R2207 + H0 — ZHReOI‘ 3) %
) HReO;, + e — H+ReQ,” %)
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It has been suggested by Zavitsanosl that dissociative attachment to Re,04

occurs at low electron energies,
Rey0; + e” == ReO; + ReQy~ 5)
At 2800°K and one atmosphere pressure in a fuel lean (R = 0.635) HZ/NZO
flame the electron suppression effectiveness (by either electron attachment and/or

compound formation) for the candidates on a per atom basis was reported by

Dr. Carabetta to be in the progression Red> Mo>» W> B. On a2 mass basis, the greatest

electrcen reduction occurred with boron compounds. Particular attention has been

focused on compounds of Re, Mo, W 2nd B in reviewing the chemical literature.
Rhenium Compounds

The pertin -t species in the H/Re/O system appear to include the following
molecules: HReO,, ReC;~, Rey07, Re0O,, ReOy, ReO3, and ReO. The vapor pressures

24
of HReO,, Rey0,, ReO3, and ReO, are shown in Figure 1. The normal boiling point

-

of Re,0,; 1s~635°K. Skinner® has recently studied the major vapor species pre-
sent in the Re-0 system using Knudsen cell-mass spectrometry. The sublimation of
Re307(s) yields Rep07 according to the vapor pressure relation log PR2207 =

- {7.437 + 0.081) 1000 + (12.350 + 0.209) over the temperature range 327-463°K
where the pressure i: in atmospheres. Mass spectrometry of the vapors from the
Re=-2n0 reaction revealed evidence of ReO3 and Rejlg. Measurements as a function
of temperature yielded vaiues for the anthalpies of formation at 298°K of ReO3

and Re20g of -67.0 + 3.5 and -209 + 206 kcal/gmole, respectively. Similar MgO-Re

measuraments permitted upper limits to the dissociaticn energies of ReO and ReOp

o
to be established. At 1980°K the following values pertain: Re0, &He > -5.5 + 5.0

o
kezl and Re O AHg» 51.8 + 5.0 kcal/gmol. For ReC, the upper dissociation limit

gmol

is 155 kcal, which is higher than the average bond energy of Re03, 144 kcal/bond.
gmole
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Brewer and Rosenblatt® estimated the free energy function from 298-3000°K

for Re02. They evaluated the electronic partitioa function, where possible, by

calculating the electronic partition function for the Re** ion or, lacking this,
to calculate the electronic partition function for an isoelectronic ion. The
free energy function of Re0 as a function of temperature has also been estimated

by Brewer and Rosenblatt’., The electron partition function of the gaseous diatomic
oxide was taken to be the same as the electronic partition function of the iso-

electronic ion W' as calculated from electronic levels listed by MooreS

King, et a19. reported the heats of formation at 298°K for Re02(g), Re03(s)

and Rey07(gy as ~107.3 £ 0.8, -140.8 % 0.9 and -301.9 + 1.8 kcal/gmole respectively.

Kazenas, et al 0, measured mass spectrometrically the vapor phases above Re03(s)

at 620°K and Re02(s) at 1030°K. They identified the species Re207, Rz03 and HReO4

(ostensibly formed from water vaporj. 1

Foster” = has measured the free energy

of formation of Reoz(s) from 950°-1100°K. The entropy of Re0,~ has been calculated

" by K’J:estov12 over a wide range of temperature. Yatsimirskii's rule is invoked,

"the entropy of gaéeous species with the same steric configuration and the same

aumber of electrons but differing from one another by their charge is approximately

the same (to within 0.5 e.v.)". Consequently, the entropy of Re0,~ should be

similar to OsO,. Raman spectra and force constants for 0s0, have been reported

tecent1y13. McDowell and Goldblatt14 have computed thermal fimction for 0s04

from 273-600°K. Semenov and Skolkoval’ in a mass spectrometric study of the Re-0

system at 1300-1800°K report AHf (1500°K) of Re0 = -3 + 0.7 kcal/mole. In the
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reaction of Re03 and Re207 with sceam at 370-700°K HReO; molecules were observed

in the gas phase.

Infra-red and Raman spectra for Na ReOz,(s)m’w HRe0, 17 (crystalline),

Re20718 have been measured. For HReQj; crystalline

(A) 999 & 990 cm~!

(A) 996 & 955 cm1

(B) 505 & 901 cml
HOR;zos has C3, symmetry. In Rey0; the arrangezent appears to _: OqRe-0-Re0q with
the Re-0-Re stretch frequencies being 870 & 690 em™l, ALl alkali perrhenates have
broadbands-at 900 cm~l Jue probably to monomers and dimers. Drowart, et a1l? kave
reported a thermochemical study of the vaporization of sodium perrhenate using a
mass spectrometer. The vapor contains comparable amounts cf monomer anc dimer
molecules.

An interesting organo-metallic coupound containing rhenium has been synthe-

sized by Sinitsyn, et a120

by extraction of HReO; with tri-m-octylamine. Tri-n-
octylaumonium perrhenate is a colorless, viscous product insoluble in water but
quite soluble in benzene, alcohol and acetone. It decomposed exothermically,
beginning ar .uu°c; first eliminating 3 octyl radicals, secoad, splitting off
ammonia. This compound may have value for passive ciuench applications where a
water insoluble, but organic soluble, rhenium compound is desired. Conceivably,

it could be incorporated as an integral part of the heat shield by the process of

copolymerization with a low temperature ablator.

Molybdenum Compounds
Considerable thermochemical data?l is available on molybdenum oxides/acids.

The saturated vapor of solid MoO3, consists cf Mc3Cg, Mos012 and Mo5015 molecules.

The partial pressures have beei. determined¢ in the temperature range 80G°-1000°K

ﬂmm‘ﬁmwwwwwm
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by Kazenas and Tsvetkov??. These data are shown in Table IV. The formative

equilibrium for molybdic acid is as follows:
¥o03(c) + H20 & HyMcoy (6)
The vapor pressure of HoMoO, is shown as a function of temperature in Figure 2.

The original work on the bond strength of MoO, MoO;, MoO3 and the oxidation char-

acteristics of Mo were reported by Drowart, et 8123 and Berkcwitz-Mattuck, et 3124

Pox:t:e::25 has measured the vapor phase in equilibzium with Na,MoO, by the mass

spectrometry - Knudsen effusion technique in the temperature range 1200-1809°K.

Tungsten Compounds

1 have a rather complete thermochemical description of the

species W, WO, WO0,, W03, (W03)4, (W03)3, W40g, (WO3), and HyWO,. The vapor

pressures of W0j, (W03 ), vwhere n is 2-4, and HyWO, are shown in Figure 3. We have

The JANAF tables’

performed vapor composition calculations at 10.2 and 10-4 atmospheres for the WO5

system. These computations at various temperatures are presented in Table V. The

prevalence of the dimer, trimer and tetramer at high temperatures is characteristic
cf the W-0 and Mo-0 systems as noted pteviously26’27. Porter?> has examined the

thermochemical behavior of Na,W0, at 1200-1800°K.

Boron Compounds

-

Uhder the impetus of the high energy fuels program in the 195('s the neutral
thermochemistry of species in the B-H-O sy;;tem has been investigated thoroughly.
The JANAF tables?! contain a complete thermochemical degcription cf the following
gaseus boron-containing species: B, BO, B0, B0y, By03, HBOp, H3BO3. Finch and

Garduer?8 have recently reviewed the status cf the thermochemistry of boron com-

powds.
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Measuremente in flame system by Jensen?9530  reveal that the two significant
negative ions in H-B-O mixture are BOZ- and BO". Ostensibly, the important nega-

tive ion reactions include the following:

B,0, + H,0 &% 2HNO, 7
HBO, + e~ =¥ H + B0~ (8)
HBO, + &~ =% OH + BO" (2)
B0, + H F= OH + B0~ 10)
BO;" +0 =—= 0, +BO". (11)
Thermodynamic propertics have been generated for BO™ using Aﬁf: = -58 kcal/

- t =t
gmole, D(B-0) = 215 kcal/gmol; :EaV ground state; Be = 1.85 cm'l; 0(‘_= 0.017 cm'l;

@e = 2000 cm"l;WeXe = 13.

Equilibrium composition computations have been performed for a boron quen-
chant in the presence <f ablation prgducts. Thé conditions examined and the con-
clusions drawn are shown in Téble VI. In exarining the probable reactions in-
volving the important boron-containing species HBO2, BO,, BG and B we posit the

wechanism cited in Table VII.

!

Figure 4 depicts the vapor pressure of HB0O2 and BP03 as a function of

temperature. It is noteworthy that the vapor pressure of HBO2, normal boiling

point of 1390°K, is too low to vaporize sufficient boric acid into the boundarv :

layer at high altitudes. A survey of more volatile boron-containing compounds

reveals that cyclic B-N-H compounds appear to be attractive, see Table VIII.
Conceivably, an organically substituted borazine can be incor-

porated as an integral part of the structure of a low-temperature ablator, such

as epoxy, by a process of copolymerization starting with a halogenated borazine.
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Seshadri et a13! have examined spectroscopically the structure of sodium
wetaborate. The propensity to form NaBO, in sodium-contaminated systems is

quite proncunced since D(Na-BO,) is 114 kcal/gmol.

Zavitsanos' has reported an attachment cross section for HBO, (reaction 8)

of 3 x 10'17 cmz. Combining the cross section with the mean thermal speed of the

electron ylelds a rate coefficient kg = 3.7 x 1014 cm3/gmol sec at 1373°K.
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TABLE I

ELECTRON AFFINITIES

‘Electron Affinitv

g é; Ion Yormed keal/gmol Technique: Reference
E BO;” 94 ESP, microwave 2
: % 98 mass spect. 3
2 E BO™ 58 mass spect. 3
% % HMoO4 ™ (98) mass spect., ESP 4
' % Mo03™ 60 mass spect., ESP 4
: % o~ (96) ’ mass spect., ESP 1
. & Wo5~ 73 mass spect., ESP 1
HCt03' ? mags spect., ESP 1
Cr0,"~ ? mass spect., ESP 1
H,V0, "~ ? mass spact., ESP . 1
HVO,; ™ ? . . mass soect., ESP 1
REFERENCES

1. Dr. W. J. Miller (Aerochem), Wake Quench Technical Exchange Meeting, Aerospace/
SAMSO, San Bernardino, Novewver 6, 1970,

2. Jensen, D. E., Trang. Faradey Soc., 63, 2123 (19€9).
3. Jensen, D. E., J. Chem. Phys., 52, 3305 (1970)..

4. Jensen, D. E. and Miller, W. J., Thirteen Symposium (International) on
Combusgtion, U. Ttah, August 23-29, 1970.

5. JANAF Thermochemical Tables.
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TABLE IT :
.BOND STRENGTHS
Dissociation Energy (1°K)
Bond keal,/gmol Reference
Ka-B0, 114 ' 5
H-BO, 117 5
K-R0, 114 2
K‘EMOO4 121 4
H-HMoO,, . 110 4
TABLE IIT
EQUILIBRIUM CONSTANTS
Reaction i ' K(eq)
HBO; +e” = H + BOy 1500 exp (-10,000/T)
HpMoO, + e~ = H + BMcy,,~ 24 exp (500/T)
HW0, +e” =g + WO, ~ 25 exp (130C/T)
K+ rmo2 =Y+ Kno2 37 exp (-2500/T)
K+HM0, = B+ KEMoO, 3.5 exp (3500/T)
K + HyWO, = H + Kwo, 4.0 exp (2900/T)
K(2000%x)
HyCr03 + % = KCr0;™ + H 2.0
HVO, +e" = HVO - +H .
3 0, T e 2 % 1.8
K+HV0,~ = HVO3~ + Hy0 50
H + HCr0,~ = CrC,~ + H,0 10
B+ HW0,~ = W03~ + H,0 15
H+ HMoOa' = H003' + HZO 150
10 !
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TABLE IV

VAPOR PRESSURE OF MoO,

3(s)

800° < T <1000°K

LOG P (Mo309) = 14900
T

10G P (Mo,0;,) = 17300

T

- 14.39 MM HG

~ 16.88 MM HG

LOG P (MogO15) = 20240 - 19.47 MM HG
T

SATURATED VAPOR COMPOSITION, %

M0309

5.5
65.5
54.5
45.7

36.0

%0u012
23.2

30.0

37.6

42.5 '

44.5
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Mos0;5

1.3
4.5
7.9
11.8

19.5
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TABLE V

VAPOR COMPOSITION OF W03 SYSTEM

Press = 1.0 x 1072ATM.

°K Wwo )
1200 N 0
2000  2.68-10 1.527-6

3000 6.184-3 1.273-1

Press = 1.0 x 10°% am.

T°K wo W0,
1200 0 1.76-15
2000 1.977-7  1.487-4

3000 1.055-1 4.619-1

wo3
1.65-10

4.992-4
1’ 186-1

4.56-9
6.407-3

9.154-2

2.292-4 2.393-1

6.611-1 3.081-3

8.669-1

3.937-3

MOL FRACTIONS

W206 W309 W,012
7.604-1

5.137-1 4.350-1 3.349-2

7.255-6

W0¢ w309 LAY

1.787-3 5.264-1 4.718-1

9.651-2 9.767-4

1.416-7 2.573-12

02
1.068-6
5.749-3
7.446-2

0,
8.322-6
9.749-3
3.369-1

=
=
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EQUILIBRIUM COMPOSITION COMPUTATIONS FOR BORON QUENCHANT + ABLATION PRODUCTS

CH; + 0p + 1% HB0O, + TRACE CESIWM

0.5< R<K 2.4 2000° < T < 4000°K
£.025 < P < 0.1 AT™

INCLUDED HBO2, BOp, BO, Bp03, B20p, HBO, B, BO2™, Bo~, &%, HBOt

GENERATED DATA FOR BO"3 §  STATE 4 D(3-0") = 215 KCAL

QMOL

USED  E.A.(B0;) = 94 KCAL/GMOLE

E.A.(BO) = 57.5 KCAL/GMOLE

CONCLUSTONS
1.

T AL I (N N IDE AL ST

HBOy, BO,, BO AND B ARE THE INPORTANT BORON-CONTAINING SPECIFS.

Aty

2. B0y~ IS THE ONLY IMPCRTANT NEGATIVE ION.
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TABLE VII

REACTION SCHEME FOR H/B/O SYSTEM

HEG, + H—=H, + B0,
HBO, + O—»OH + BO,
HB0, + OH—sH,0 + BO,
HBO, + M—+H + BOp + M

S0, + M—=OH + BO + M

B0, + H—=0H + BO

B, + M—»0 + B0 + M

B0 + H—»O0H + B

B0 + M—=0 + B + M

14
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TABLE VIII

VOLATILE BORON-CONTAINING CARRIERS

1. The vapor pressure of HBO2, b.p. 1390°K, is too low to volatilize sufficient

boric acid into the boundary layer at high altitudes.

2. A survey of known boron compounds reveals that cyclic B-N-H-X compounds have

boiling points, A50°-150°C.

¥
H-;”B\n-y m.p. -58°C
H—B\ﬂ/é-ﬂ b.p. 55%

BORAZINE ,;

(BORAZOLE)

3. B3HgN3 is thermally stable at 500°c. B3HgN3 reacts with 07.

Beat of Combustion Kcal/G

B,H 19 2
BgHy 17.5

ByHGN, _ 6.88

4. Cyclic B-N-H-X compounds polymerize to yield polycyclic molecules whose

melting points are 100°-200°¢ higher than the monomer.

H H ,/Chh CHa
B, _8 HBe  TINTTUN
vl de b A
2 ¢
HB\M/B\N/BH \’,‘/ YR *
M m. p. 27-30°C e |
. —b -
N N /B GHs p. 259-260°C
!
CG'br
15

k3
=
g
“d
2z
Z
=
a3
3
i
2
E
=
¥
=2
]
E
3
£
i
g
3
Z
2
k4
4
H
R
2
£
3
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E]
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LOG OF VAPOR PRESSURE (ATM)
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Figure 2. Vapor Pressure of Wake Quenchants
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Figure 3. Vapor Pressure of Tungsten Compounds
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Figure 4. Vapor Pressure of Boron Compounds
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