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assumes any legal responsibility for the accuracy, completeness, or usefulness of any

~ information, apparatus, product, or process disclosed, or represents that its use would not

infringe privately owned rights. Reference herein to any specific commercial product,

. process, or service by its trade name, trademark, manufacturer, or otherwise, does not

necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not neccssarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. ‘
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~SODIUM BORATE GLASSES AND PLATINUM OR GOLD -—-
- WETTING AND REACTIONS

Glenn A. ﬁblmquist and Joseph A. Pask
Inorganic Materials Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Engineering, :
:College of Engineering; University of California,
Berkeley, California 94720
ABSTRACT

Sessile drop experiments were conducted to analyze the wetting

vcharactefistics of molten 3203 and sodium borate glass on platinum and

gold. 1In the absence of carbonacéous gaées; the contact angle was smali
and invarient over the ambient pressure range of 10-‘4 torr to one
atmosphere at temperatures of 700 to 1000°C. Adsorption of carbon at |
the metal surface decreased the solid/vapor surface energy and increased
the contact angle. The carbon was removed by oxidation. A thermo-
dyn;mic analysis of this reactién for the platinuﬁ—ﬁarbon system'Yielded
a bonding energy of 62 kcél/mol for the adsorbe&,éaibpn bond.

- Absorption of water vapor by the glass resulted in a reaction at
the solid/liquid interface, spreading of the'gléss 6n the‘substrate, and

adherence. The possible reactions that can occur are examined.
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_.I', INTRODUCTION
Wét;ing of platiﬁum aq§ gold by silicate glasses has been studied
in this laboratory.1 Anomalous behavior‘was reported for platiﬁum; |
Volﬁe, Fulrath and_Pask2 observed a decrease in cdntact_angle when

)
Ej

changing the ambient atmosphere from vacuum to oxygen. Their explanation

for this behavior was that oxygen diffused along thé solid/liquid inter-

face which reduced the solid/liquid interfacial energy, y_,- However,

since thbse experiments, low energy electron diffracfion (LEED) investi-
gations by Somorjai3 revealed that cafbon is feadily adsorbed on platiqum
or gold surfaces. The carboﬁ could bé oxidized and rémoved at elevated
temperétures by increasing the partial pressure of oxygen to a éritical
value. The resulting increase ‘of the solid/vapor interfacial energy,
Yév’ couldrcauée the obser#ed decrease in contact angle. Thi; study was
thus undertaken. Utilization of borate glasses allowed experimentation
at iower temperatures than tho;e necessary with silicate glasses because
of viscosity differences.
".II. kaPERIMENTAL PROCEDﬁRE

(1) Glass | |

Three borate glasses were used: anhydrous boric acid® - 100% 32 32
a solder glass+ - 94% 3203 and 6% NaZO, and botangIASs# 69A 3203
31% NaZO. Compoéitions are listed in Table I. The values for the-

solder glass were determined by spectroscopic methods; those for the

borax glass and boric acid were reported by U. S. Borax Company.

*U S. Borax Chemical Co.
+pr. C. A. Levine, Dow Chemical Co., Walnut Creek, Calif
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All of the asfreceived glasses contained water vapor. Franz
reﬁérted-the solhbility of water in alkali borate.glasses at 900°C: in
3203. 0.6 wtZ (2.2 mol%); in borate glass with 6.0 wt% or 5.5 m-1% soda,
0.45 wt% (1.7 mol%); in borax, 31 wt% or 29 mol% soda, 0.28 wt% (1.0
molZ). These glasses were vacuum outgassed in platinum crucibles at
1000°C and 1 x_10_4 torr. Both outgassed and as-received glasses were _
stored in evacuated dessicators. Unless it was used immediately after

273

remelted in a vacuum environment. The soda containing glasses did not

outgassing, the 100% B,0, glass always bubbled to a small degree when

absorb water as feadily during storage. Although the effect of hydroxyl
ions on rheological properties is known,5 there is no report of the
water containing glasses taking part in a redox reaction with a sub-
.strate metal. . |
(2) Metals

Platiﬁum and'gold were of 99.99% purity.* The platinum foi;
(0.005 in. thiék) and the gold foil (0.010 in. thick) were cut into
0.5 x 0.5 in. specimens. The specimens were ultrésonically degreased
in tetrachloroethane, then ip iSOpropyl alcohol; The platinum was
annealed at 1450°C in air for 2 h and stored in pl#stic boxes.
Immediately before'usevthe épecimen was heated at 1200°C for 10 min, air
quenched to room temperature, and theﬂ introduged ipto the testing

apparatus. The gold specimens were annealed in air at 1000°C for 10 h

~ and stored in plastic boxes until used. Before performing a test, they

*LBL Berleley
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were preheated in air in the apparatus. The heat treatments were per-

formed to oxidize the sorbed carbon. .

(3) Experimental Testing Apparatis

Controlled atmosphere expgriments were cohdﬁcte& in a one in. dia-
meter fﬁsed’silica tube furnacé (Fig. 1). :The tube was fitted with an
optically flat end for viewing and a quarter in. tubulation for gas
input. The other end Qas fitted with a half inch éilica tubulation for-
the éttachment of the ion gauge‘and a spherical ground silica joint
(female). The male'stainless steel spherical joint,»equipﬁed with a

thermocouple gauge, was soldered to a liquid nitrogen cold trap made of

'coppgr; The cold trap was connected by five feet of three quarter inch

rubber vacuum hose to a valve manifold and diffusion pump. ' The input
gas tubﬁlatioh was connected to a liquid nitrdgeﬁ coid trap in line with
a leak valve-énd with a calcium sulfate dessicator. The dessicator main-
tained a f100°F,dewv point (eQuivalent to 3 parts per million water) in
the flowing gas (typically air). A clam shell furnace enclosed the
center of the silica.tube and heatéd a five inch length to a maximum
temberature of 1200°C. |

For experiments designed for carbon contamination of the metal
speéimens the cold traps were ﬁot activéted. AThe vaéuum hose evolved

organic vapor, probably from the plasticizers in the hose. These vapors

. coupled with some backstreamihg from the diffusion pump were sufficient

to contaminate the platinum and gold surfaces with carbon. . Most in-
teresting is the fact that the surface énergy of the platinum, or gold,
substrate was always reduced by the same amount as indicated by the

wetting contact angles. This was repeatable and occurred regardless of
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the time allowéd (a feﬁ minutes to 18 h). The major source of carbon
appeared to be gaseou; hydrocarbons from the vacuum hose (plasticizers).
These Qapdré decomposed to carbon and hydrogen gas on the‘substrate sur-
-face which,éppatently occurred quickly to a ceftain.éarbdﬁ concentration.
bLambert.et al.6 have reported the growth of more thén é monolayer of
~ amorphous carbon on platinum by this hydrocarboﬁ contamination method.
Contact_aﬁgle measurements were made by observing the glass drop,
illuminated from behind via a mirror, through a teleséobe equipped with
a filar micrometer eyepiece. Angles were measured‘directly using a |
protactor cbnnected.to the eYepiece. In a few céses fhe accuracy of the
method‘was checked by calculating the contact angle froﬁ'values of the
height and width of the drop assuming it to be partvéf a sphere. The
estimatedlbrecision of tﬁe reported data is 2° exéept below values of
10° where the error was * 3°.

(4) Gas Pressure Variation and Contamination Prokedure

- 'Heat treated platinum substrates with a 50 to 100 milligram piece
of outgassed glass were placed on a ceramic'(élﬁﬁina 997%) éuppdrt. This
sessile'droﬁ assembly was then pla;ed in the fused éilica tube furnace.
The male spheriéai joint.ﬁaé thermally linked to the cold trap. During
Opefation of the trap, the metal gléss joint waé ﬁaintaingd at apprbxi~
mately 10°C of lower which reduced the vapor pressufe of the silicon
vacuum grease. When cold trapped, the grease at thevspherical joint
and that at the coupling to the ion gauge were the 6n1y sources of
grease contamination difectly accessible to the hot zone in the silica
tube. The spherical joiﬁt was heate& by infrared‘radiation from the

hot zone; the ion gauge couple was not. The carbon-free experiments
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indicated that these sites were not a significant source of ;ontamina—
tion. The platiﬁum would reméin carﬁbn free for as long as two hours
when cold trapped. Without the cold traps, carbon contamination occurred
rapidly. The ambient pressure was controlled by regulétion of the leak
valve. The partial pressure of 0xygeﬁ;was assumed to be approximately
one-fifth of the total ambient pressure.

III. RESULTS AND DISCUSSION

(1) Wetting of Platinum

The data for all three borate glasses on platinum at 900°C were

" ddentical; it was thus concluded that the soda content of the glass does

not significantly change Ysl or sz of the molten glass. The data for

. -4
sessile drop contact angle vs ambient pressures from 1 x .10 torr to

one atmosphere at temperatureswof 700 to 1000°C for B203 on platinum

under carbon contamination conditions are shown in Fig.v2.' So many
points were generated.in the ekperimenﬁs that for clarity only average
lines are shown in the figure.

For carbon free conditions the contact angle was invarient at
6° * 3° over the entiré pressure range. This result indicates that in
this test pressure range thefe is no oxygen or no additional oxygen
adsorbed.‘iThe most active adsorption sites, kinks'dn a step, may already
be filled at oxygen pressures less than 0.2 x 10—4 torr. Moreover, -
adsorption at other sites wbuld require ambient pressures greater than
one atmosphere. |

As theﬂpressure'is increased, tﬁé carbon contaminated platinum
shows.a cdn;act angle of 68° which drops preéiﬁitously to 6° at a

critical pressure where the adsorbed carbon is oxidized. The oxidation



oécurs at one value of
that all the‘carbon is
pressure, a hysteresis
ture dependenqe'of the

It can be assumed

due to a chénge in Yoy

equation can be used to show the relationship of ‘the interfacial energies
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pressure at a given temperature, which indicates
adsorbed at similar sites. .dn decreasing the
effect was noted at 700 and 800?C. The tempera-
critical pressure is shown in Fig. 3.

that the pfecipitous change in contacp'anglevwas

and " that You and Yéz remain unchanged. Young's

for a system in which no bulk chemical reactions occur:

st -»Ysl

where 0 is the contact

=Yg, COS )

angle. If at 900°C You for the glass is 80

ergs/cmz'7 and the clean platinum has a Yoy of 2000,8 then at 6 = 6°

Ysl

= 1920 + 1 ergs/cm2

. For the carbon contaminated platinum where

0 = 68° Yov can then be calculated to be 1970 ¢ érgs/cmz. So the

adsorbed carbon reduces the surface energy of the platinum about 50

ergs/cmz. It is possible to calculate approkimately_the»amouﬁt of

carbon that is responsible for this reduction in-st. The oxidation

reaction and equilibrium constant are

¥

1
ads + 5'02(8)

co(g)

P

o)
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where the partial pressures.o_flo2 anQ CO have beep subgtituted for their
activities as the gases are assumed ideal. We can estimate the activity
of the adsorbed carbon by the following procedure.9 The reaction
occurred in slow flowing air at a measured pressure; at equilibrium the
pressure of CO in the Vicinityfof the.platiﬁum wés'twice that of the
oxygen. further, if we assume the equilibrium cbnéﬁant for bulk carbon
being oxidized to carbon monoxide to be applicable,_10 then at 1200°K,

= 10479 P = 10u=1.316 x 10> atm, P = 2.632 x 10 > atm, and
eq : 02 co

ap = 2.4 x 10_.—12 where'a.C = 1 for a monolayer. Now, using Gibb's

adsorption equation
dy = - TRT dlnP

where T' is the adsorption density of the gas on the metal, the approxi-

mation for the amount of carbon responsible for the reduction of the

13 atom/cmz; Oﬂ a platinum (111)

15

platinum surface energy is 1.15 x 10
surface there are a total of 1.5 x 10 atom/cmz.
Using the calculated carbon activity and the critical pressure-

.temperature'dgpendence (Fig. 3) an approximation for the change in

enthalpy of.the reaction can be made:

AH - TAS = - RT 1n(Keq)

- AH/RT + AS/R = 1/2 1n P, +1n2-1In (2.4 x 10713y

2
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= 2 AH/RT + 2AS/R + 2(27.63) = 1In Py
. Y2

~ 2 AMH/R = slope of plot = _16619
AH = - 10.5 kcal/mol

., The binding energy of the carbon to the platinum can be calculated

as follows:

1

Caas + 3 02(8) = CO(g), AH; = - 10.5 keal/mol

o(g) #.%.Oz(g)’ AH2 = - 59 keal/mol
co(g) = C(g) + 0(g), AH; = 256 kcal/mol

o = C(g),vAH4 = binding energy

ads

am, 2 3

= AH, + AH, + AH, = 186.5 kcal/mol

_‘The‘coordination of the carbon to platinum is’assumedito be threefold
éprresponding'to adsofption on a terrace. The experimental evidence
indicates that the adsorption sites are identical ih'bindiﬁg energy.
Thus, the binding energy per platinﬁm atomvié 62 + 1 kcal/mbi.

A comment'is in o;der concerning_the_appareﬁt kinetic effect that
takes place in the o#idation of the adsorbed carbon. From thermodynamic
considerations the feaction»would be expected to protéed stepwise.

Experimentélly, however, the carbon is apparently*oxidized to completion
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at a given temperature since an increase in temperature results in no

change'of the sessile drop contact angle. This kinetic effect was also
RPN § |

noted by Somorjai.

(2) Wetting of Gold

'

Similar behavior was observed with gold as a substrate.- Contact
angle vs.ambient pressures for'BZO3 at 900°C arekshown in Fig. 4.
Aﬁnealed or cleén gold indicated a constant contact angle at all ambient
pressures. - Thé pressure required to oxidize carboﬁ ét 900°C'wés higher
than that for platinum; hysteresis was also pfesent, f

The preésﬁre-temperatu:e-dependenée could not be‘accurately measured
since there was considerable:scatter. It is postuia;ed that:at the test
temperatures a.sufficith amount of.cérbon is abéorbéd into the bulk to
effect the'equilibrium between the rates of adsorpﬁion and absorption.
The detérmination.éf equilibrium values was thus ﬁnéertain. The tempera-
ture pressure data for the oxidation of adsorbed carbon on gold is there-

fore yet to be determined.

(3) Spreading Due to Reactions

When sodium borate absorbed water from the aimosphere; it spread

'rapidly on either substrate. When pure B_0. absorbed water vapor,

273
spreading was hampered by the viscosity'of tﬁe glass. The spreading

‘indicates an interfacial reaction involving the water. The free energy

of this reaction contributes to the lowering of the total interfacial

solid/1liquid energy by a ;ufficiently‘large amount to_céuse spreading.12
Development of adherence was associated with spieading. When sodium

borate glassiwas melted on piatiﬁum ih the absence of water vapor, it

did not-spreéd and was cleanly and éasily removed. When spreading
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!
occurred and the system was immediately cooled to room temperature, the

adhesion test of bending the substrate to 90° showéd an increased
adherenée but no attachment of glaés particles t0'£he substrate. Hoﬁever,
if after spfeading the specimen was held at températﬁre for a few minutes
ﬁrior tobcooling and bending, gl#ss fragments always remained adhering
to the substrate. Gold behaved similarly. Adherence of the glass to
the gold did not appear to be as strong as that to platinum. The bond-
ing bétween the glass and the substrate indicates the development of
equilibrium'tompositions at the interface due-td‘an interfacial reaction
involving the subétrate metal and the chemically absofbed water
(hydroxyl ions) in the glass. |

I1f possible reaction ﬁroducts are P;(OH)Z,.PtO-or PtOZ, and'AAu(OH)4

or Aqu; reactions with B203 glass would be

4 B(OH)4(g1) + 3 Pt(s) = 3 Pt(0H),(gl) + 2 B,0,(g1) + 3 H,(gl)

2 B(OH) 5(g1) + 3 Pt(s) = 3 Pto(gl) + B,0,(gl) + 3 H,(gl)

. 4 B(OH) 5(g1) + 3 Pt(s) = 3 Pt0,(gl) + 2 B,0,(gl) + 6 H,(gl)

and

. 3y/2 2
Y B(OH)3(gl)-+'X Au(s) = Aux03y/2(gl)-+ Y/2'32q3(g1) + 3Y/2 Hz(gl)

Aux (Oﬁ)

Y B(OH),(gl) + X Au(s) (gl) + Y/2 B,0,(gl) + 3¥/4 H,(gl)
With sodium borate glass the reactions would be
4 Na(OH) (gl) + Pt(s) = Pt(OH)z(gi) + 2 Na,0(gl) + H,(g1)
4 Na(OH) (g1) + 2 Pt(s) = 2 PtO(gl) + 2 Na,0(gl) + 2H,(gl)
'4 Na(OH) (g1) + Pt(s) = Ptdz(gl) + 2 NaZO(gl) +.2H2(g1)
and |

Y Na(oa)(gl) +.X-Au(s) = Aux(OH)y/Z(gl) + Y/2 NaZO(gl) + Y/4 Hy(gl)

Y Na(0H) (81) + X Au(s) = Au0_/,(gl) + /2 Na,0(gl) + ¥/2 Hy(g1)
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Thermodynamic data for the platinum and gold compounds are not
_ availaﬁlé. Furthér experimental work is necessary to ascertain which
reactions occur. Whichever the reaction p;odudt,.the formation of and.
saturation Qf the interface with a compound of the» éubstrate is con-
sistent with the theory that the interface has to be saturated with a
~ compound that is mutually soluble in béth the metal and the glass.1 It
is assuméd that this rgquirement for equilibrium cémPOSitions at the
intérface'has been realized because of the low solubilities of the in-
diéated'platinumvand gold compounds in the glassés and the resulfing
low flux rateglinto the glass. |
| IV. CONCLUSIONS

| Borate glass sessile drop experiments on platinum and.goid ﬁére
conducted at a number-df témper;tﬁres in a changing ambient atmosphere
in order to observe any adsorption phenomena. 0x§gen'adsorption in the
range df 10—4 éorf-to.l atmosphere pressure was not observed on clean
platinum or clean gold as indicated by a'constant contact angle. Carbon
adsorption occurred on both platinum and goid éﬁbsfrates decrgasing the
solid/vapor energy and causing a dramatic increasé'in the contact angle.
Carbon was removed by oxidation at ambient pressﬁpes of about 5 x 10-'3
torr to io’l torr in the temperature range of 700 to 1000°C. It should
be ﬁoted that ordinary vacuum ftessures of about:.lO_5 torr will not
affeét any adsorbed carbon; thus, it is extremely important to take
pféper precaﬁtioﬁs to prévent adsérption of cérﬂon in surface-sensitive
expériments.

For tﬁe platiﬁum—borate glass system, thermodfhéhic approximations

were made and the reduction in'ysv by adsorbed carbon was calculated to
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"be ‘50 ergs/cmz. The adsorption density was calculated to be 1 x 1013

atoms/cmz. - The enthalby change for the carbon oxidation reaction was
determined to be - 11 kcal/mol. This value yielded a binding energy of

186 kcal/mol of adsorbed carbon. Aésuming a coordination number of

three, a bond energy of 62 kcal/mol is obtained. In predicting this bond

lenergy, Weinberg and Merrill3averaged two estimates made from a theo-
retical model. Their fesult was 62.5 kcal/mol. The agreeﬁenﬁ_is
excellent. Similar experiments with gold yielded.inconclusiﬁé data.

Conducting the sessile drop.experiments in a humid atmosphere
results in the glass absprbing water and changing iﬁé composition and
:wetting charécteriStics. The glaés drop,iwhether B203 or sodium borate,
spread on.platinum or gold. The spreading is attributed to an inter-
faciél reaction. The reactions proposed are the reduction of the
_hydroxyls‘in the glass structure by platinum or gold, and the formation
of the metal hydroxides or oxides which saturate thé interface. This
condition'bf chemical bonding resulted in adherence."
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Table I. Impurities in Glass

B,0,* 94-6 B,0,-Na,0f _69431 B,04-Na, 0%

wt? wt# wt?
sodium oxide  0.015/0.1 6.0 31
silica 0.07/0.3 0.01 0.12/0.15
alumina 0.005/0.2 0.015 0.04/0.10
iron oxide 0.001/0.10 0.015 0.004/0.01
caleium 0.001/0.05 0.01 o.dos/o.oz
magnesia 0.007/0.02 0.003 0.05/0.15
sulfate - - 0.03/0.41

Typical values/maximum values.

(U.S. Borax Company)

Semi-quantitative spectrographic analysis determined by American
Spectrographic Laboratories, Inc., San Francisco, California..
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FiGURE-CAPTIONS
Experimental tesﬁing apparatus.
Cdntact angle vs ambient air pressure for B293 giass on platinum
at 700°, 800°, 900° and 1000°C. -

Critical pressure vs. 1/T for data in Fig. 2.

Contact angle vs ambient air pressure at 900°C for 3203 glass

on gold.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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