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20. ABSTRACT (cont.)

Controlled potential exposures of lead in phosphate, carbonate; chloride,
and sulfate solutions were conducted under various conditions of potential and
- pH. The results of spectroscopic identification of the compounds present in

f insoluble surface films were compared to theoretical Pourbaix diagrams for lead
3 in simple nolutions of the appropriate ions and to potentiodynamic polarization
§ curvey for the solutions used. Experimental results showed only pertial agree- L
E ment, with theoretical predictions. The major reason for ithe lack of agreement 5
8 seems 1o be the failure of calculations to include all of the species present
3 in the solutions used.
. Raman spectra of thin oxide films formed on Armco iron by high temperature
oxidation were aiso obtained. For both iron and lead surface films, & minimum
thickness of approximately 200 ungstroms was found necessary to permit observa-
= tion of a useable spectrum.
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I. TRTRODUCTION

Iu the first halt of th2 nineteenth century, Faraday
first used the ters "passive metal" to describe a4 metal
which was unr2active upder conditions where,
thermodynamacally, it should oxidize {1). Observing that
pure iron reacts 100,000 tises more sioyly wvwith cénceatrated
nitric 4cid than it dces with dilute nitric acid, he
pLoposed that soEs sSort ¢f iavisible fila ptoiected, or
passivated, the iron in the <concentrated solution. The
nature and cospositivn of guekr a £ile were not known.
Today, attar over 130 years of study, ve knov a great deal
about the conditions which u£{1ll canse ot preveat corrosion;
however, w& are still ansure about the aature and
coaposition of thin passive files 2% wetal surfacez exposed
to water (2%.

khectner exposed to watar or air, all but the noble
aetals ure almost invariably wused under conditions where
cheir oxadas are theraodynasically stable relative to the
netal and oxygan. 1t is the presence of thin surface filws
which slou or aearly stop the cridation reactions and allos
wetal objects to exist without rapidly oxidizing to a
uszless stats. 4 good definition for passivity \is,
thercefore, "the loss of chemical rgactivity. under certain
enviconaental conditions™® {3}. .

T4o @aajor thecories nava been proposed to explain the
protection of the underlying metal: the adsorption theory,

wvhich states that passivity is achieved by the formation of

et ryTeg

s
DI powR wp/ o tapti tvieet ot rtmetern
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2

a thin layer of adsorbed oxygen (4,5): and the oxide-fila
tncory, «hich states that a monolayer or thicker film of
irnsoluble oxide provides protection (5,6). Regardle#s of
vhich theory is closer to the truth, there are three‘aspects
ot aqueous passive films gemnerally agreed upon:

1) A film can be extresely thin, maybe less than a

monolayar (7,8), and still provide protectiorn.

2) Files contain considerable amounts of water (3,9).

3) Films are extremely delicate and are subject to

change vhen removed from the metal or from the corrosive

environment (3).

Although thére are several experimental techniques which
ar> usfful in detzrmining the rate of corrosicn of a metal
sample, odeterminiag the composition of the oxidation
products is a difficult probles. A non-destructive
analytical method is needed to identify the coapounds
present in an extremely thin crystalline or amorphous film
on a metal surface while it is immersed in an aqueoas
solution. Untortunately, at present, no on? technique meets
all ot these requirements. There are several surface
analytical methods such as Auger electron spectroscopy
(AES), secondary ion mass spectrometry (SIAS), low energy
elecctron diffraction (LEED), and electron spectfoscopy for
chemical analysis (BSCA) (10) wvhich can examine films of
monolayer thickness. These extremely sensitive methods
require ultra high vacuua, which inttodnces'the possihilitf

of altering a surface film by removal of water. At the sams

Bt A R e N R A S R B It 8 T ANt L5502 1 A 0 NSRS b LT UL AR R RS G AN DM S T SR AR A
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time, those tochnigques such as ellipsometry (V1) and the

T

A ixtecd

suny e«lectreocheaical wsethods, wvhich can be used in sity,

vhila a3 metal surfac2 is in the teactive solution, cannot

.10 R MR g

Jirve 3information to conclusively identify the cospounds

present.

The use of vibrationzl Rapan spectroscopy to

charac «rize surface films on metal in aqueous media offers

4 uniqu> coapromise. Although not as sensitiva to extresely

thin tilms as the high vacuus techniques, it gives more

fr R AR S e

intorsation than the other methods, and it can be used in :

siru. Unlike the other in situ techniques aentioned above,
it cau identify insoludble corrosion products. The teas&ns
for using Raman spectroscopy in the study of corrosion may
be suamarized as follows:
1) Because watsr is a veak Raman scatterer, spectrz can
be obtained fros sasples immersed in agqueous solutions
{(12) . Agqueous surface filams may be anaiyzed vhile
avoiding any cuanges due to the drying raquired by mcst
techniques. i
2} Vibrational FHRazan spectroscopy <an perait .

unasbiquous identification of compounds present. It can

BRI e DALY A K d 1w vt AP

differentiate betueen compounds and betveen polysorphs

ot the same coapound ({13,14),

bRt 0 e 9N AN L g

3) Both crystallin2 and amorphous filas will give Raman

spectra. Pagssive films have been described as

<
-
3
3

crystalline, amorphous (195), or & coabination of

o b

crystalline and amorphous phases (16,17). 2
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4j Spectra can be obtain=ad frowm films as thin as S0
angutruss on me~tal substrates (18,19).

5) S$iuce only vibrations due to chesical bonds are

obscuved, therz 1is no interferesnce by the underlying

metal.

6) Usiny wvisible 1light, Rasan spectroscopy is

non~destructive to most substances. -

In recent vyears, Raman spectroscopy has been used for
th® study of surface species, hoth at solid-gas (20,21) and
svlid~liguid interfaces (22-29)}, because of thé unigue
properties listed above. The applicability of this
technlgue to the study of agqueous corrcsicn has been
demonstrated by identifying oxide aand chioride surface
layers on lead (12).

A bricf rteview of the theory and use of vibrationsl
anmah spectroscopy for surface analysis is presented in
Appendix 1, Kore detailed discussions c¢f surface fils
spactroscopy may bo found ia the papers by Grecnler {18,19).
S2veral books explain the ¢theory and applicaticns of Raman

gpectroscopy at length (30-34).

L.A. Pourbaix biagraas

In the study of agqueous corrosion, tie potential-pH,
pourbaix, diagraz (35) is of considerable val&a.- éy
calcuiating the relative stabilities of poésible metal and

sclution species, the 1lovest energy spacies for any given

"
b ey sl

AR Ty URAT ARSI AT

Taflis

B ik LS g R

LA B

PR U]

i AL LR (0 A R o8 Uk

PULIPRAEN

PO AERLINE INWFRE R TUNRGAN 11 AT R P01 MY

Lositdes

Py

Spm i ey

TS AL R

WA g




= =N AP Girnie-=p. ol e o2, f e = o ——— s e Py g P T P —
St A R R R A R P T e e e RS ) R o2 7T B e T Sy %M‘%"*}::.‘AW*“%‘A 3
S5 2 = ks FERT RN AR R Lt

-

R o

conditions of potential and solution pH can be gpecified and
displayed on a two-dimensional diagras, as shown in Pigura
1. The diagras identifies therzodynamically stable
coapounds for any set of conditionms.

Pourbaix diagraas have found wide application in
corrosion research (36-38) because they predict wvhether

ismunity, passivation, or corrosion of a metal will occur

B TV L DT DY PN T P RNy St 15 Wy S, AT o o

under specific conditions, assusing that this behavior 5
depends on the nature of a surface film. In the lead-water :
Pourbaix diagras of Piqure 1, lead is predicted to Se i;nuﬁe ;
to oxidation at low potentials (Pb is thermodynamically
stable), corroding at potentials in the Pb¢¢, pho, and Pb3; 04
reyions (because these forms have appreciable solubility),
and passive in the PbhO 2 region (because it is essentially

insoluble).

The important, hut unansvered, question is how accurate
are calculations based on free energy rtelationships ia
describing the actual behavior of a aetdi in a solution.
Experiwental investigations of some Pourbaix diagraas
conducted using 2lactrochemical polarization tecﬁniqués have
shown some agreesent and some disagreesment with the

theoretical predictions (36, 37,39-42). Electrochemical

technigques cannot detersine the coamposition of a surface

L e e

film as required to thoroughly investigate the relationship

betweern the diagram and actual passive films. Raman

spzctroscopy is uniqusly suited to identify the species

preseat in an insoluble film in situ, under conditions where
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passivity 1s predicted by thermodynamics,

I.8. Lead
There are scveral reasons for choosing 1lead for an
electrochemicai and Raman investigation of the Pourbaix
diagram:
1) Lead electrodes have been studied extensively
(43-46) Dbecause of their use in storage batteries éo
their cclectrochemical reactions are qénetally
understood.
2) Throuynout history, 1lead has been used for
construction and decorative coverings because of its
resistance “o corrosion. Today this property gives lead
considerable use in the chemical industry (3,47). While
it is well known that the corrosion resistance is due to
thin surface films, these have only been examined in
detail in sulfuric acid solutions (4B-60) and, to a
lesser extent, in hydrochloric acid (61-64).
3) The oxidation products of lead are generally good
Raman scattering species because of the pteseéce of lead
atoss, the 1large number of electrons tending to give
large polarizability. ' '
4} oOxidation of 1lead in aqueous media- can n&ke thick
protective or non-protective surface films (35). Filas

of varying thicknesses are necessary because ¢the

thickness required to give a useful Raman spectrus is
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no¢t well defined,

%) Lead exhibits sevaral oxidation states, and its
oxides can exist as different polymorphs (35,65): thus,
it is typical of the commonly used metals. |

Previous research on the agueous corrosior products of

ledad has involved calculatién of the lead-vater Pourbaix
diagram (35), the lead-vater-chloride diagram (66), and the
lecad-water-sulfate diagram (67,68). The theoretical

ptedicticns for the sulfate system have been investigated

experimzntally using electrochemical aethods (56) and X-ray

diftractior (49,69). The experimental findings shoved that

AT R

axposure in sulfuric acid solutions formed 2 multilayer
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surface tils consisting of oxides and sulfates. The
corrosion product layers consist of several different
cospounds, a condition that could not be predicted by the
pourbaix diagram. A recent brief analysis of the chloride
diagram using fasan spectroscopy (12) found that the
couwpounda 3PbOepPbCl2, which was considered in calculating the
diayras, probably exists as 3Pb(OH), *PbClp, vwhich was not
considered. The ability of Pourbaix diagfans to describe

the behavior o% 1lead in aqueous media has, therefore, not
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been proven because of shortcomings in calculation of the

diagraws.
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Pourbaix diagram of the lead-water system,

M. Pourbaix, Atlas of Electrochemical

Equilibria in Aqueous Solutions, NACE,

Houston (1974). 1
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II. EXPERIMENTAL

el

I1.A. naman Spectrometer

Raran spectra were recorded with a Spex Industries Model
1401 double monochromator using a photoa counting system. A
simpliticd optical schematic of this type of spectroseter is
shown 1in Figure 2. A Coherent Radiation Laboratories Model
CR-J argon ion laser is locatad beneath the lonochré;ator,
and the laser beam is directed by a mirror to the bottom of

the sample container. Both the 488.0 and 514.5 nnm.

wavelenyth lines wvere used. &ith either line, the powvwer at
th: sample was approximately 500 naW., Some of the light

scattored by the saaple 1is collected by the lens (L),

AT A R K RO KR IR 05 3 e

positionea 90 degreas froam the vertical laser beam, and is
tocused onto the entrance slits of the monochromator. Light
zntering the slits i. collimated by a mirror and dispersed

; , by the tirst grating. The light, nov dispersed according to

trequency, is directed by a second collimating mirror and a

plane wmirror to the intermediate slits. The narrov

traquercy band of light which has passed through tﬁe fitét
é nonoch:o-atof then enters a second, identical monochrosmator
wnere 1t is dispersed again to maximize rejection of stray
light and narrow the frequency band, The light vhich leaves
the exit slits is incident on the photocatﬁode of 5

photomultiplier tube, the detector., Bach photon reaching

i the photorultiplier is converted to an electrical pulse

which is amplified and counted >v an Elscint, Inc. <couating

systea. The nuaber of counts (numb.r of photons) detected

o me—
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per selected time ianterval is converted to an analog signal
vhich drives thae pen on a strip chart recorder. A frequency
rangye is scanned by turning the tvwo gratings' in the
wonochromator siwmultaneously so that the frequency of light
rvaching the photomultiplier is changed. The Raman spectrum
rvcorded is thus a plet of light intensity vs. freqaency,
where tiue frequancy of interest is actually the difference
froa taha excitation frequency.

For all daman spectra, the metal sample vas held at an
angle of tyenty degreces from verctical to optismize

observetion cf saman scatter=d 1ight. As explained in

L By, WO b b AT Aotk B 5T 2 PR TNt Lt AN mmm:mmam\w\xwummmmM

A2tail by Greenler and Slager {18}, the anqgle between the

samplz surtace and the inciden* beam controls how strongly

W 8T L kA AR ] ey T a B RS

the electric v2ctor of the incident light may interact with
aolecules in a surface filw., The angle also affects the

asount ot stray light entering the aonochromator. The

A L e Y

sample must bhe positioned so that the specularly reflected

e AR

=xciting radiation is not collected by the focusiag ieans;
only scattered 1light should reach the entrance slits (70).
Por example, an incident angle of 45 degrees would direct

the full intensity Of the laser beas into tie monochromator,

making obszervation of the veak FKaman 1lines nearly

iapessible, In consideration of both of these effects, the

L AV RN ot 4100 5 B oVt ok & b7 WALes 31

20 degrse alignzent shown in Pigure 4 gives the strongest
faman spectrus. The 3ame angis was also found toc give the
» <t spectra of psllets, so all pellat spectra vere obtained

vith the surface ¢f the pellet at a 280 degree angle from the
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vertical laser beas.

Gefore usihg R4aan spectra to identity compounds presaat
in surtace filwms, spectra of pure compounds vere reguired
for relerence. Orthorhombic PbO, Pbckz, and PbBt2 vere
purchased from Alfa Products, Inc.; basic lead carbonate,
(PbCU3)20Pb(OH)2, from RBallinckrodt <Chemical Works, Inc,;
Pb304 and Pb0y, from Allied Chemical, Inc,; and pbso4, fros
J. T. Bauker Chemical Company, Inc. Reagent grade samples of
these compounds were placed in 1.5 um. diameter glass
capillary tubes and their spectra recorded. Some lead
species decomposed 1n the laser beam or gave weak spectra so
these wvere praessad into pellets of the lead compound alone
or of th. coapound aixed with potassium bromicde. 1In all

cases, pellots yielded stronger spectra than the powders.

1i.8. Preparation Of Lead Samples
The lead used in aqueous exposuras was supplied by Alfa

Products, Inc., Danvers, 8ass,, as 1 mm. thick foil of two

ol

types: 99.9995% anéd greater than 99% purity. Both types
were used interchangébly and scemed to give identical
results. In order to clean the lead of its surface oxide
layer prior to an aguaous exposure, cne of three diffsreant
acthods vas used: i

1) igmersion in dilute nitric acid solution for five

ainutes to dissolve the surface, giving soluble lead

nitcate, *
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2) polishing vith emery paper followved by immersion in

wares, concentrated amaonium acetate solution for five

=3
3
A

ainutes, or

3) immersion in warcm, concentrated asvoniuam acetate
solution for five minutes.,
polishing with abrasive silicon carbide paper wuas

discontinuvd because el2ctron eicrographs such 4s that showun

in Figure 3 revzaled that SiC particles froa the polishing
remained embeadded in the saeple surfaca, Sincé. the

particles tand to disrupt the surface, the polishing vas
stopped and immersion in concentrated ammonium acetate
solution alone wa3s used for aost exposures. All three
sagple preparation methods gave very similar lead surfaces;
all gave the samz shiny silver appearance and no differences
in exposures orc in resulting spectra were observed. After
clzaning by one of these methods, the lead sample was vashed
with distilleda water, dried and polished 1lightly with

KIMWIPES, ond immedjately placed in the selected solution.

Ii.C. Simple Immersion Exposures

Some lead exposures were conducted by simply immersing
lead sasples, which had been cleaned by the methods detailed
above, in reactive solutions and allowing theam to react at

whatever equilibrium potential they assume, No electrical

connections were made and no atteapt was made to control the

potential. A lead strip, 5 X 1 ca., was claapad to the side
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of 4 tyrex beaker of solution as shovn in Fiqure U “he
ssulutions and conditions used for this type of expou.. is.e
dvtailed in Table XI. All solutions were made from reagent
yrade cuapcnents and distilled water.

Simple immzrsion exposures were conducted with either
a1t saturated or deaarated ﬂsclutions. Por air saturated
conditions, laboratory air was pusp2d into the solution
thcough a fritted glass cylinder for thirty minutes before
and throuykout the pariod of exposure. To achieve deaerated
conditivns, dry nitregen was bubbled through the sclution
for thirty wminutes before and during exposures. Samples

rewained in solution for periods of one or more days before

be-iny analyzed in the Raman spectroneter.

II.Dp. Cunditions For Electrochemical Exposures

The conditions for potantiostatic eleciruchemical
exposures were chos:n using two sources, calculated Pourbaix
diagrams (71), and potentiodynamic polarization curves. _The
two sources were used together to provide both a -
theoretical, thermodynamic basis and an experimental basis
tor choosing exposure conditions.

Solutions were selected to give pH's. in as many
different regions of the Pourbaix diagrams as possible. The
compositions of th2 solutions used for controlled potential

¢xposures are listed in Table II. Care vas also taken to

insure that potentials vere chosen so that samplas were
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exposed in every regqgion of the diagram calculated to be
present at that pi.

totzatiodyuamic polarization curves were recorded for
cach solution used to see 1if the behavior of lead in a
solution corresponds to the Pourbaix diagraa and to select
exposure pcotentials where this e<experimental technigue
indicates the formation of different species. The current

vs. potential curves were run between ~0.76 V versus the

standard hydrogen 2lectrod2, SHER, and +1.24 V.

A block diagram of the apparatus for wmeasuring
polarizatior curves i§ shown in Pigyure 5. An Elscint Model
AA-20 automatic baseline advance device drove the WL-1

putentiostat at a scan rate of 40aV/min. The outputs of the

i

potentiostat, the potential and resulting current, vere

RS b il ) BT i, DAL R G g K g B B

plotted o2 an MFE 815 Plotmatic X-Y recorder. Polarization

gy

curves vere recorded with 2 reduction cycle first so the

T T

sample would have a clean, reduced surface vwhen the

ocidation cycle, »of greater interest, was begun., 1In this i

vay, no surface species vhich =night alter the initial

e
-

oxidation processes were thought to be present,

IL.E. totentiostatic Bxposures

Lead samples vere exposed to aqueous solutions for
periods varyiny froa &6 wminutes to 24 hours-at contrélled
potentials. At or near the end of the exposure”period a

~

Razan spectrum of the metal surface was recorded. This vas
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done an a pmanner very similar to that used for simpie
iomcrsiun  exposiures, Without removing the sample fros the
solution oL disconnecting it from the potentiostat.

The electrochemical cell shown in Figure 6 was used, in
th: sample .compartnent of the spectrometer, to permit the
recotding of itasan spectra whila the sample was undergoing
oxiaation in an aqueous solution. The cell is typical of
electrochemical cells 1in most respects (72): the auxiliary
elecctrode is platinum mesh and the potential is maintained

{by a potentiostat) relative to au saturated calosel

elzctrode which 1is <onnected to the solution by a glass

Poeny

Luggin capillary positioned 1-2 mm, from the working

electrcde surrace, The unusual aspect of this cell is the

DTN b i e i

shape and position of the working electrode., It cgnsists of
a flat lead sample held close to the bottom and one side of i
the cylindrical glass cell at an angle of 20 degrees from ]
vertical so that it is in an excellent position for :

observation ot Raman spectra.

Two ditferent types of sample holder were used during

b = et

this research. The first and siamplest, shown in Pigure 7,

consists of a hollovw glass tube into the eud of which was

P

sealed a 1 X 5 ca. 1lead strip attached to a copper vire.

The back and edges of the strip and the opening of the gliass

tube were coated with beesvax to allov only '‘a measured area
of the sanmple to come in contact with the solution. The

counection butvwean the copper wire and the lead was made

inrside the tube sn no copper reached the solution. Sample

A

E
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ity

i

stcips for this type of holder were bent to give the oroper

20 degr2e angle with the laser bhean.

AN 3B o

3 The alternate +ype ot sample holder used was a larger
2 device wade ot Toflon which holds a 2.8 X 5.7 cm. flat,
: rectangular sanmple. This size was chosen because, after in

sityu examination by Raman spectroscopy, the sample can be

R

removed from the holder, dried, and it will fit the sasmple

T T R T

holder of a Wilks Scientific Corporation Model 9 multiple

specular reflection attachment for infrared

LSRN e

reflection-absorption analysis (71). The saaple holder,

AL

shovn in Pigure 8, dallovs only one fac2 of the sample to

cowme i} conctact with the solution and holds it at the proper

it [

anyle ror gaman examination.

d

1 Tvo pctentiostats were used, a Wenking Model LT73 and

i by

the WL-1, a device constructed in our laboratory. Both are

P e T e

v=ry similar, consisting wmainly of a voltage feedback
circuit wutilizing negative feedback. Both can supply
potentials ranging €from 42,0 V to -2,0 V relative to the

refererce <lectrode. The LT73 can supply a maximuam of 1.0

e T

T
g

ampares and the WL-1, 1.5 aaperes. currents of this

i

maynitude were observed, under some conditions, due to the

P e

larye samples used. Taking advantage of the current to

|

T
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i
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voltagc conversion circuitry present in the.potentiostats,

n
it

current was racorded versus time cn a strip chart recorder

R
i

g od

tnroughout the potentiostatic exposures.

il
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In preparation for a controlled potential exposure the

b

electrcchecical cell, Pigure 6, was filled with one liter of
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the appropriate solution and positioned in the sample

cospdartaent of th2 itasan spectrometer. Three of the cell‘s

nccrs  were sealed with rubber stoppers, one held the

thermom=ter, and the fifth neck contained tha yas dispersion

tube., For thirty minutes before introduction of the sasmple,

the sclution was stirred anh purged of reactive dissolved

gasses by bubbling nitrogen threugh it. The gas purge and

stirring were continued throughout the controlled potential

oxidation.

After thirty ainutes of purging, the platinum mesh

squxiliary clectrode and the Luggin capillatry were placed in

the c2ll. The Luggin proba was connected to a beaker of the

A2 B DAL U S

iea=rated solution corntainisg th2 saturated calcsel

czferenc? e«lectrod» by Tygon tubing. The lead electrode,
Cledaea  as  described previously and mounted in the sample
holder, was positioned in the cell. The three electrodes

vere then connected to the potentiostat terminals and the

specified voltage was applied.

The exposures vwere conducted for various lengths of
tim2, aore time being reguired for some films to become
thick enough to giv2 a good Kaman spectrum than others. The
cell was in a thermostatically controlled room so the
scluticn tcmperatur2 was zaintained at 25:2 degrees.

After oxidation, without distucbing th2 "electrochesmical
cell, aun in situ Rasar spectruz of the sample surface was
recorded. This r-quireé only turning on the Raman

instruément and pogsibly adjusting the position of the c21l
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to focus scartered 1light on che entrance to the
sonochromator. It the spectrus observed was vweak or
ponexistent, tthe poteaptiostatic exposura was continued so
th2 surtace ¢ila might become thicksr and give more intense
Haman scattering,

Once an  in sity Raman séectrun of sufficient intensity
to characterize the surface film had been recorded, the lead
working electrode wvas disconnected from the potentisstat,
resoved from che solution, and thoroughly washed with
distilled water, RAfter arying at rooa teaperature, the
Sasple vay ceturped to the spectrometer and 2 Raman spectrum
of the diy surface was obtained. By examining the saaple
voth in the sociution and in the dry condition, any changes
duz to removal of water from the f£fils should have been
obscrved,

To coufira the @fasman fiadings and €0 ansver some
guestions about the surface files formed electrochemically,
some sasples were exagined by X~ray diffraction. The
diffraction patterns were recorded using a General Electric
11631 X~ray unit with & copper targat.

Somz samples weére a3xamined by =scansing electron
Ricroscopy on a Hitachi Scanscope 3SN~2 with 3 Tektronix
C-27 oscilloscope csamsara, Samples were cut into sexll
piecas, about 6 X % mm., L2 fit into the SEY sasple CGhapber
and they vere exasined uncoatad. Some sasples vere xnalyzed
with an Az 1000 SEE and an  EDAX 707& X-ray sanergy

dispersive analyzer.
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To wmecasnure the thickness of a corrosion product fila on
a lead surface, special samples vere prepared. A thin layer
ot golu was vacuuam deposited on a glass microscope slide
then a 1layer of 1lead was deposited on the gold using a
Hitachi Model HUS-4GB vacuua evaporator. The gold allowed
electrical contact to be pade vith the lead and provided a
nonreactive reflecting surface vhen the lead was cospletely
oxidized. During deposition, part of the gold was masked by
another microscope slide so that a sharp step equal in
height to the lead thickness was created, as shown in Pigurc
9. The height of <the step was measured before and after
potentiostatic oxidation by a Taylor-Hobson Taylstep-1, a
stylus type profile instrument with vertical resolution
better than 10 angstroas.

The vacuulm deposited samplas couléd not fit the saaple
holdegs used for in situ Raman spectroscopy so they vere
cigsmapod in position during exposure and removed as soon as
the oxidation period was cospleted, No in situ spectra were
attcapted due to the difficulty of positioning the saaples,

only spectra of the dried samples were measured.

i11.F. lron Exposures

5¢veral oxides of iron are readily available as reagent
arade powders. Parrous oxide, PeO, wvas pugrchaged fros
Ptaltz and Bauer, Inc., Pej-o“. froa Amend Drug and Chemical

Company, and u-Peaoj, trom Alfa Products, Inc, Pure FeOOH
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is not availabls so two polymorphs were synthesized.

Crystalline «-PeOOH was precipitated by hydrolysis of
0.14 ferric oxalate solution at the initial pH of 6.5
(¢djusted by the addition of 1M uaﬂco3 solution) (73,74).
The solution was held at 100°C for 45 minutes and allowed to
cool. The resulting precipitate was washed with distilled
vater, separated from the solution by centrifugation, and
dried at rooa temperature,

Hydrolysis of a ferrous chloride solution formed
¥-Pe00Hh. A solution of 20g. FeClpedH,0 in 500 ml. of water
vas added to 100 =sl. of 2M hexamethylenetetramine solution,
giving a Llue-yreen Fe (OH), precipitate. To this was added
100 =l. of 1M HaNOp solution and th2 mixture was held at 60°
¢ for threw hours (75,76). After cooling, the rust-colored
precipitate vwas removad by filtration, washed with water,
and draied at 100° C.

Raman spectra wer2 recorded with the compounds in KBr
pellets. The identity and purity of the synthesized
coapounds vwere confirsed by their infrared absorption
spectra (71).

Arrco iron samples vere mechanically polished and washed
vith distilled wvater to give a clean surface. Por high
teaperature exposures tha saaples were placed-in a preheated
laboratory ¢tube furnace for specified timé periods. Upon
completion of aa exposure, a sample was cooled to room
tesperature and a Raman spectrum of its surface was recorded

i the manner used for dry lead samples.,
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i TABLE I

Conditions for Simple Immersion Bxposures

CUKL1TION SOLUTION COMPOSITION OXYGEN CONTENT

R O S PP PP

3
%
2
3
2
i
=
2]
e
P
£
]
H]
s
zz
5
3
=9
£
=
=
%
¥
¥
i;_
2
g
Y
I
3

a 28 EC) deaerated

B

b 0.18 HC] deaerated
c 0.18 HCl air saturated
d 0.1M HBC air saturated

2.38 HBr deaerated
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£ 0.014 NaOH deaerated
g 0.018 maoOH air saturated

5 ; h 0.58 NaOH air saturated
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TABLE I

E=
4

Solutions Used for Controlled Potential Exposures
SOLUTION pH CONMPOSITION

1 7.0 0.063 8 XH PO , 0.037 M MNaOH
2

2 10.0 0.041 8 NaHCO , 0.018 M NaOH
3
3 1.1 0.1 ¥ HC1

" 7.0 0.G63 M KH PO , 0,037 H NaOH,
0.1 8 KCl

g 5 10.0 0.081 8 WaHCO , 0,018 B WaoOH,

0.1 ¥ KCL

6 1.0 0.1 1 B SO

: 2 o
= 7 6.5 0.1 8 K soO
E- 2 o

8 1.0 0.1 ¥ X SO, 0.004 80 KOH
t L)
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Figure 2. Schematic drawing of a laser Raman .
spectrometer. Mirrors are labelled M, ;
gratings, G, slits, S, and lens; L.




IS A e i TR T TSR ST "F%‘zg"'zJ:;RX;@.’-,;,:&;,‘:%:«:——;‘.Z~_:e.,..‘=T_;;'—;g,.a’*‘*‘~-,y&;%WVQEWTQW;@}:aQQ;::W**3 =
- = = 3 e e Al G <

e

X

Figure 3. Scanning electron micrograph of a lead )
strface exposed in pH 7, phosphate buffer :
at -0.11vV vs. SHE for 19 hours. Magnification e
2000X. Black particle consists of SicC,
white balls contain phosphate.
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MONOCHROMATOR

LASER
S~ BEAM

Sample arrangement used for recozdi?g in :
situ Raman spectra of simple immexsion sample :

surfaces.
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; E Figure 6. Drawing of the electrochemical cell used
- for in situ Rama=x spectroscopy.
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X-Y recorder
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Figure 9. Vapor deposited lead film on glass for
film thickness measurements by a stylus
ingtrument.
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III. RESULTS AND DISCUSSION
Ilf.A, #eference Spectra.
In order to use Raman spectra to identify the compounds
present ip surface files on lead, spectra of possible lead

compounds were needed for reference and comparison. Raman

A R o N 2 T Yy K R AR LD N P e 2o

spectra of several compounds are available in the
literature, but some o:ther important species have not been

pieviously exasined. One of the reasons for using lead in

s B Ml A2 e b

this research vas that, since it has a large polarizability

[TV

(i.e., loosely heid electrons), its cospounds were expected
3 to give strong Raman spectra. Because 1lead is a heavy f ]
element, sost vibrations cf its compounds are very low in
] trequency, but Rasan instrumentation allovs bands as close :
; to the exciting line as 20 cm—! to be observed without
2 ] ditticuley. As demoastrated by tne lead chloride spectrus

ot Figure 10, 1lead compound spzctra vwere fornd to be

typically strong and low in frequency. i p

Identification of lead halides using Raman spectroscopy

WA A A e g bl 0

is very easy and conclusive, Eight of the ten Raman bands

- e v
[ P TRT U

observed in the spectrum of single crystal lead chloride

Hasl % ram

(77) e=ay be seen in the spectrum of the powder in a

=3
=3

capillary tube. Since the crystal structures of lead

]
aws 0l MRl 1L

chloride and lead bromide are identical, their Raman spectra

are extraordinarily siamilar, Due to the ‘presence of the

heavier bromine atonm, PbBQ has the same bands as PbCly, but

fiikly oAt LN

sniited to lower fraquencies (78).

naman spectra of ¢tha tvo polysorphic forss of PbO are

b et pner PG a A v
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avairlalb.le in the literature (13,14,7%), and they demonstrate é
tonat the two forms are easily distinquishable. Spectra ot g
sauple:e. sold as litharge, or tetragonel PHO, and massicot, §
or orthorkombic PhO, were recorded. They indicated that §
beth ot the samples were actually orthorhombic Pbo. %
As shown in Piqure 11, spectra of Pb0O can be slightly %
different for different sample preparations. The spectrua é
of Pb0 powder in a capillary tube is not the same as that of é

the sake compound in a pressed KBr pellet. Although both

P e

dre primarily spectra of orthorhombic PbO, the pellet

Mab

spectrus shows ispurity bands at 84, 149, and 344 ca-?,

ot

1

i.e., the positions ot the three strong bands of tetragomnal
PbO, The qrinding required in the pellet making process
apparerntly transforms some of the orthorhoabic oxide to the
louer energy, tetragonal form. The crystal structures of
the tvo oxides are very similar. The orthorhosbic fors is a
slightly distorted version of the tetragonal, which is the
thermodynamically stable fora at temperatures below 488° C
(80,81). Orthorhombic PbO is stabilized by the presence of
swall quautities of various impurity ions (81,82), allowing
it to remain indefinitely wvithout reverting to the

tetragonal fora. It is 1likely that sm3ll amounts of
impurities sctabilize ¢the reagent grade PbO so that it can

.

remain in the orthorhombic forme until inténsive grinding

brings about the transformation.
The Raman spectrum of the aost common carbonate of lead,

hydrocerrusite, (9bc05)209b(0m2, has not previously been
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published. The spectrus, shown in Piqure 12, quickly
contirms the presence of carbonate with the very strong 1051
ca=t bund, the C-0 symmetric stretch characteristic of
carbonates. The other bands specify the typ2 of carbonate,
i.2., (PbTO; )y *Pb(OH), . .

The mixed ozxide !&504, minigxe, decomposed in the laser
becam and a spectrum could not be obtained. By making a KBr
pellet containing approximately equai amounts of Pb;g_ and
KBr, the excellent spectra shown in Pigure 13 were recorced.
This was the only lead compound to show marked differences
vhen using differant excitation frequencies, The two
spectra of Pb504 in Pigure 13 were recorded under identical
conditions, but the bands in the spectrum recorded with the
514.5 us. exciting line are two to three times as intense as
those in the 488.0 na. spectruR. The change in spectral
intensity is an example of pre-resonance ernhancesent of the
kaman transitions due to exciting the molecules with a
frequency hear an electronic absorption band (30-32,83,84).

The otker oxide o6f lead, 1lead dioxide, presents a
problea for wibrational zpectroscopy. There are no infrared
absorption bands at wavelengths above 240 cm-t (85), and no
Rasan bands were observed using either povder or pellet
saaples. ¥han exposed to the laser, the-black cospound
rapidly decomposed, the exposed portion becosing pale yellow
in color. A spectrum of a PbOp pellet which had been
exposea to the 514.5 na. lagser line for an hour is shown in

Figure 14, The spectrum identifies ¢the compound as
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E orthorhosbic PhO. Clzarly the intense laser bean =
3 . transtormed the PbOy into orthorhombic PbO.

3 In the agquecous corrosion of a wmetal it is entirely

possible  that th2 insoluble oxide layer may consist

o R

priwarily of one compound with one or more iapurities

present. Ln order to determine the minieum concentration of

SR ke A e I B 4 Tl o 4 B

AL impurity substance required for detection by Raman
sp2ctrosicopy, spaectra of mixtures of the lead compounds were
? recorded, Th2 minisum detectable concentrations vere fou.i
: to vary widely. From the spectrua of 1lead chloride
contairning 0.95% (by weight) orthorhombic lead monoxide
showr. in Figure 15, it 1is clear that 1% or greater
proportion of b0 in lead chloride should he easily visible.
Th= strong PbO binds at 143 and 292 cm—t which do not
curucia. with chloride bands are easily seen. This spectrua
shows that small amounts of oxide should be detectable in a
E lead chloride £ilm, The opposite mixture, a small asount of
3 PhCl mixed wvith a large awmount of PbO, showed that the

#aman spectrum of PbO is considerably stronger than that of

lead caloride. No bands due to the chloride could be seen

T

in  mixtures containing up to 16% PbCly. As shown in Figure

E:

lo, *these &ixtures gave spectra of orthorhoabic PbO alone,

with 1no hint of the ispurity. It is probable that the

yellow PbO dominates the spectra of mixtures because its

T T o

— el :ctronic absorption band, extending to approximately &S50

nm. (86,87), 1s auch closer to the excitation frequencies

used than that of colorless lead chloride. Pre-resonance

o
B

i
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faman  cohancem:nt of the PbN sipectrum can account for the

intensity ot the bands, Since there 1is considerable

variation in spectral intensity from one compound to

another,it has not bheen possible to specify any single

concentration which is the minimums detectable concentration

for vhich a usef1l Raman spectrum can be obtained. The p

minimum concentratioas for the 1lead comspounds examined

varied trom approximately 0.5 to 30 percent.

T UL b L Sl TN 5
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I111.B. Simple Immersion Oxidation.
In order to develop the equipament and technique for

r:cording 1n situ Raman spectra of lead surfaces oxidized in

AL A L T T

aqueous solutions, clean lead strips vere sisply iamersed in

reactive solutions and allowed to corrode freely. After

exposurc periods of from one to thirty-four days, spectra of

the relatively thick surface filas which had formed vere

recorded using the arrangement shown in Pigure 3.

A lead strip vas immersed in a deaerated 2.3 molar
hydrobromic acid solution and allowed to react for eigbt
days. At that ¢time a thick gray fila, crystalline in
appearance, had formed on the surface. The in situ Raman i
spectrum of the surface, shown in Pigure 17, clearly 5

indicates that it consists of PbBr, . The six strongest

LI

tands in the spectrus of pure lead bromide are preseny in
the gpectrum of the fila. Pucrthermore, the band shapes znd

frequencies in spectra of the film and of the paovder ace

—— "

T T T T
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identical.

Tht sauple was allowed to continue reacting undisturbed

R B e ]

in the solution, and the crystalline surface film developed

into white, needle-like crystals one to two centimeters in

length. After a total immersion time of 34 days, the sample

-

vas removed and Aried at room temperature, The white

crystals were scraped off and ground into powder to simplify
the wmeasuresent of a FRasan spectruas. The spectrus was

1d2ntical to that of the surface film. It is clear that the

kaman spectrum ot a thick film is identical to that of a
bulk sasple; saman scattering from a powder is not
siqunificantly difterent from scattering from a tilm,

Lead sdamples were exposed to dilute hydrochloric acid

L4

f MM&&MM@@M&Mrmm_amamjmmwm&mm.Ma5.amvm;zmmmwmmmm@mMm..‘A A LA I s S0

solurions with the expectation t! t they would react more
rapidly with chloride than with bromide ions. Although at
lcast four days of iamersion wer2 required to fora a lead
bromide surface layer thick enough to give a good spectrua,

lead a1 lcl solution formed a dark gray coating which was

sutficiently thick to give a lead chloride spectrun after

eighteun hours of exposure The in situ Raman spectra of

sample surfaces vhich had been reacting in air saturated 0.1

B me mamten o oo~

molar hydrochloric acid for varying 1lengths of time arge

shown in Figur2 18, While the thin film of the eighteen

hour exposure is difficult to identify, as the filas becaxe
thicker, the spectra became more and more like that of the
powder shown in Pigure 10. These exposuras were couducted

in aerated solutions; hovever, saaples exposed {n
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deoxygenated HC1 solutions gave identical spectra. As
dewonstrated by the spectra of Pigure 19, the only effect of
the presence or absence of oxygen is apparently in the rate
of the reaction: a PbCla fila became thick enough to give a
good spectrum wmuch sooner vwvhen the solution contained
dissolved oxygen. The prgéence of dissolved orygen makes
the sclution more corrosive to lead (88), increasing the
amount ot dissolved Pb** ions present. Since the formation
ot 1lead chloride probably depends only on its solubility

product, increasing the amount of Pb++ present has the

eftect of increasing the asount of PhClp which is

prs=cipitated. The same effect was noted in hydrobromic acid

e s Sty o s

: exposures, i.¢ , 1lead bromide appears to form more rapidly

under air saturatad conditions,

(¥ e

L2ad iwmmersed in a basic solution (0.01 M NaOH) under

dcaerated conditions wvas oxidized to tetragonal PbO as the

e N B WAL TS by 4 e

LAY N it

spectrum of Fiqgure 20 indicates. The spectruas differs :
considerably from that of the orthorhombic form, and it
agrees complately with single crystal spectra of the

tatragon2) form published previously (13); there is no

difficulty in deteraining which polysorph of PbO is present.

ok o 4F Ky ¥ it g N2

In air saturated exposures to sodiua chloride solutions,
a different product formed, Instead of a-.dull, gray pPboO
coating, a thick, white substance appéared on both the
sample and ¢’ ss container surfaces. The wvhite precipitate
¥as ideutified as basic lead carbonate by its spectrua; both

th: sauple surface and the material scrapad from the side of

i e K ot g A AR R it 2 vy
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the container gave identical spectra. Pigqure 21 shows a
spectrun of the dricd sample surface and one of reagent
yrade basic lead carbonate, (vmug)zopb(nu5 . No spectra
were recorded in situ because the precipitate on the
container prevented light Crom reaching the sampie.

Sirnce they were found only on the lead surface, the
na~ure of the reactions forming the lead halides could not
be detvrmined from these experiments, although it is assuaed
that they are precipitated from dissolved ions. They could
be rormed by a solid state reaction at the lead surface. It
is evident from the nature of the precipitate that the basic
lcad carbcnate was formed froa dissolved carbon
dioxide/carbonate species reacting with lead ioms in
solution. Lead and 1lead wonoxide have apprcciable
s04ubility in alkaline Eolutions (35,47), so the presence of
dissolved carbonate controls which compound is feroe When
little or ro carbo;ate is present, as in a ¢ aerated
solution, lead is oxidized to tetragonal PbO, but when
dissolved carbon dioxide is present, as it 1is ir air
saturated exposures, it reacts with lead icns to form the
insolukle carbonate,

It is not knovn if PbO formed in the aerated solution.
No indication of PbO bands was seen in the Raman spectra of
the surface, but the oxide »ay have been present uander a
layer o5f basic lead <carbonate thick enocugh to prevgnt
detection of th2 oxide. It has been astieated that light is

scatf{ered trom a surface layer with a thickness on the order

- o i sty & spoas

WY Fay G Ny g = - iy T A TR e T Agt i s = Tl - 55 csi aTa
AT P SO R R R TN e e S e FETH e w O st = Tond s@veae AT s B i 5y ISR R 37 A R et T ST
<4t = B e A e Rt =

TR Ll I AN i

%y

BEMEIAROPA S A UOE R bR b S0 L RN

MR 2




of the wavelength of the 1light (89), in this case
approximately 500 nm, Although accurate measurement of the
tnickness of the carbonate coatinys couid not be made, the

layer vas estimated to bhe nearly a millimeter thick, several

ot A i AR L6 2D

orders of e~ vinitude greater than the light causing Raman

scattering could penetrate,

A suamary of the spectral results of the siaple

A niidl

imaersion exposures is presented in Table Iii. IXIn addition

to identification of the cospounds coaprising the surface

Lartin ol

films, the iamersed samples vwverz use¢ o develop the
apparatus and technique used for the _lectrochesically
okiaized lead sample analysis, the more impertant part of :

this research.

III.C. Lead - #ater 2ourbaix Piagraa

As wawentioned in the experisental section, both

-

calculated Pourbaix diagrass and potentiocdynaamic

polarization curves were used ¢c determine the exposur®
conditions —required to thoroughly investigate the behavior
of leaad in water. The simplified Pourbaix diagram available
in the literature (35} is shown in Pigure 1. It deslignates
theoretical cenditions of stabiiity for Pb, Pb*+, tetragonal
Pb3, Pby0s. and PbOy. Because more recent and, presusably,
20re Accurate therxodynazsic data haz becore available in the

years since the calculation of that diagram, it was

2 wmm’ﬂ‘mm’lmwﬂmmmﬂmmammmw\uww«w A o

desirable to recalculate the diagram using the recent duta.
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Th- slightly altered lead - water Pourbaix diagram resulting
from applying nev free energy values (90) to the same
chemical reactions and equilibria used by Pourbaix (35) is
shown in Fiqgure 22. The revised values for free energy used
are presented in Table 1TV, Although the values do not
differ from previous ones by large amounts, they do cause
considerable changes in the diagram since they affect the
slopes of the equilibrium lines. The most obvious
ditference is the appearance of a region where Pb205 is
predicted to be stable.

The Pourbaix diaqras of Pigure 22 was used to select the
pd values of interest. Mo acid solutions vere chosen
becaus: they were predicted to form no insoluble species,
only luad or pluabous ions appear in the acid region of the
diagram It was felt that any acid chosen to achieve a low
ph  would have a strong effect on the behavior of the lead.
Dissolveéd Lb** 10ns either remain in solution or precipitate
as salts of the anions present in the acid. ¥§c meaningful
lead - water reactions can be examined in the acid reqion
vith the prascnce of anions.

In neutral apd basic sclutions, inscluble lead eoxides
are predicted to be stable so solutions of pd 7 (phosphate)
and ph 10 ({bicarbonate) were selected for controlled
potential exposures. These buffer solutions, the
coapositions of which are listed in Table II, were sisilar
to those used in the past for electrocheaical investigations

of pourbaiy diagraas for other s=2tals {42,91). It vas heped
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that the presence of dissclved bueffer species would nct
affect the equilibria of the diagram, that the surface filams
vhich tormed would be results of lead - wvater reactions
ouly, with no interference from the dissolved ions of the
phosphate or carbonate species.

The potantials for potentiostatic exposures were chosen

so that they were representative of the various regions of
the Pourbaix diaqram and, also, so that they represented
each ot the regions which appeared in potentiodynzaic

polarization curves. Polarization curves vere recorded for

O ey

lead in the solutions of interest between -0.76 V and +1.24
V vs. SiHE. This potential range was chosen to examine the

behavior of lead throughout the Pourbaix diagram. Since the

purpose of the rcesearch wvwas to study aqueous corrosion,
potentials wh2re wvater is stable wvere the only ones of
interest. To permit the formation of relatively thick filss
which were expected to allow some comparison with
potentiostatic eoxposures, the polarization curves vere
recorded during slov potential scans, 40 mV/minute.

Anodic polarization curves for lead in the pH 7 and pH
10 solutions are shown in Pigqure 23. Prom the Pourbaix
diagras it is apparent that lead is thermodynasically stable
within part of the cegion of water stability., The lowest
oxidative wave of each curve seems to correspond,
approximately, to the potential of the Pb/PLO transition.
At lower potentials, net current flow was in the reducing

direction, as is likely where lead is stable, and at higher
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potentials current €flowed in the direction of oxidation,
certainly i1ndicating that an oxidation product was formed.
Tue upper waves, at +1,05 Vv in pift 7 and at +0.88 Vv in pH 10,
roughly correspond to the predicted P§203/9b02 transition
potentials. It is in ayreement with the Pourbaix diagras
that the pocentials of the téansitions are higher in neutral
than in basic solutions., 1In the pH 10 polarization curve,
th: oxidative wav2 going off scale at 1.20 V undoubtedly
represents oxygen evolution, «lthough the potential is
considerably higher than the calculated oxygen evolution
line, *b* in Pigures 1 and 22. Trhe other, smaller, vaves
see2n in  the polarization curves cf both solutions are not
ing@:diately <«<xplained by the Pourbaix diagqram., They could
be due to forsation of the intermediate oxides Pb504 or
szus. tormation of some species which involve the buffer
solution, or due tO some kinetic effect. Positions of
polariza“ion curve waves depend on swvweep rate and

concentration of reactants as well as on sasple material and
solution composition (92}, Ciearly, the polarization curves
and Pourbaix diagrams alone cannot adequately describe the
oxidation of lead in the huffer solutions. To find whether
the wvaves of the polarizacion curves actually identify the
sams transitions predicted in the Pourbaix diagraa, the
composition of the surface f£ilss nust be "analyzed by Raman

sp2Cctroscopy.
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IIl.C.I. Immunity Region.

Potentiostatic exposures of lead samples were conducted
in ecach of the various potential regions identified by
Puourhaix ciayrams and polarization curvas. At low
potzntials lead is calculated to be thermodynamically
stible, or imnune to oxidation. Electrochesmical exposures
confiruwed the prediction,

In the pH 7, phosphate solution =2xposure at a potential
ot -0.62 (V vs. SHKPF) resulted in a very small reducing
current, and the samples remained silver and shiny in
appearance throughout the exposures. Raman spectra could
not be observ:d rfrom the surfaces either in sclution or
atter darying. from all indications, no surface film vas
formed.

Exposure at -0.16 V also gave no spectrua. 1In the
Pourbaix diagram =D.16 V is in th2 iamunity region, but it
lies above the first oxidative wave of the polarization
curve. Current renained extrerely small for that exposure,
0.06 mAs/cm2, but it was in the oxidizing direction.
possibly lead is oxidized wunder these conditions, as the
polarization curve indicates, but the fils wmay be very
protective. The -0,16 ¥ exposure apparently did not exhibit
the immunity predicted by the calculations of the Pourbaix
diagrae.

The results of exposures at lov potentials ip pH 10
solution were slightly different. At -0,80 ¥ the saaple

remained shiny, n2t current flov wvas in the reducing
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directiou, and no spectrue could be observed, the same

lwaunity results as in the phosphate bufter. At a potential

of =-0.42 Vv, nowever, vhile the sample remained relatively

shiny, current flow was in th2 oxidizing direction and the

i

surtace gave a weak Raman band at 1050 ca-t, indicating the

-
o

%

prtesence  of carhonate. Infrared reflection-absorption

spectroscopy, which is more sensitive to carbonate filas of
this type, confirmsed that the coampound on the surfaces was
: basic leau carbonate (71). FProm the spectroscopic results
3 it may be inferrad that the oxidative vave at -0.36 V is not

necessarily an 1indication of a Ph to PbO transition but it

A

sceas to bhe related to the appearance of the basic

cavrbonate.
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I1L.C. 2. FbO RHegion.

According to the Pourbaix diagyram of Pigure 22, the
_ region ot tetragonal PbO stability exists between -0.16 ¥
; eand +0.62 V at pH 7 and between -0.34 V and 40.82 V in pH 10
solutiouw. All potentiostatic exposures conducted in this
reqion formed tetragonal PbO. They all formed relatively
thick, non-protective surface films vhich were identified by
their haman spectra. The physical appearances of the films
varied over the range of potentials., At lower potentials
the surfaces appeared gray, and oxidation currents were
moderate, becoming constant at values near 0.05 mA/cm2, At

higher potentials the curreats vere higher and the color of
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the surtaces became blacker. The black lead oxide is known
to be a 1light colored 1lead =a3onoxide layer with sowme
elemental lead dispersed on the surface, the oxides/water
interface (80). At the lover potentials where oxidation is
slowsr, a swmaller amount of elemental lead seemed to be
pruesent. As the potential” wvas raised and the rate of
oxidation 1increased, the color of the surfaces indicated
that the filas contained more lead. Although the films had
differeat physical appearances, the Raman spectra of filas
formed throughout the PbO region were identical, as shown by
the spectra of Figure 24.

Lead samples exposed throughout the PbO region also
cxhibited similar current behavior with time, A typical
plot of current versus time during such an exposuare is shown
in Figure 25. All a2xposures which resulted in the formation
of tetragonal PbO showed sismilar current behavior with only
small aifterences in the sagnitude of curreat. The current
d2creased rapidly for approximately thirty seconds, rose
rapidly tc a maximum after approximately one minute of
exposure, and then it gradually decreased, reaching a
realatively steady value after about ton =sinutes. The
initial drop in current can be attributed to the rapid
oxidation of the clean 1lead surface, forming an initial
oxide layer. The cause of <¢he current maxizum after a
ainute of oxidation is not so certain. It say indicate the
ipatiation of anrother proceas, perhaps the initial current

decrease is due to the surface being coversd by one species
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vhich, atter formation ot a thin layer, is trausforsed to
anothetr spoecCles. The curcent behavior could also bhe
ckplained by the simultareous occurrence of two compating
processcs, such as a solid state reaction and a dissolution
or pLeciprtation  process. If the rate of one process
depended on  the concentration of dissoived lead or the
presence of an oxide film at the surface, it could have
changed greatly in the tirst minute of oxidation, as leagd
vas dissolved and an oxide film bagan to grow. A
siynificant change in the relative rates of two cospeting
reactions could account €for the teaporarily high current
obseved.

Since tha same curreiat behavior was observed in both
phosphat.. and bicarbonate buffer solutions, it is unlikely
that dissolved anions cause it. Since spectra of the
surface films indicated the presence of only tetragonal PbO,
1t way be¢ assumed that only the reactions forming PbO or
di1ssolved lead ions are involved. Spectra of lead surfaces
were recorded only after the current wmaximum had been
reached; therefore, information as to the state of the
surface before the wmaximus was not obtained, The
instrusszutation used to record Raman spectra is not designed
for rapiu scanning of a spectrum. A ainisun of three
minuras is required to scan the spectral region of interest,
s0 the one pinute pegiod between the initiation of a
potentrostatic oxidation and the current maxiaum is not

enough ¢o perait the vecording of a spectrum, without even

o s ———— —— 1
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considcring the time needed to ad just the sample position

and optics to direct light scattered from the sample into

3
,
ﬁ
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tne acLochrosmator. It should be pointed out that the
purposc ot this research was to identify the ~capounds
coaprising surface files under conditions of relatively long
tere oxidation, not to exanine the initial phases of oxide
film formation, which would regquire different
instrumentation and exparisental methods.

After in situ Raman spectra were recorded, each sanmple
wa3 thoroughly washed with distilled vater and allowed to
dry at room temperatura, Raman spectra of the dried sasple
surface were then recorded to detect any possible change in
the surtace films which might have occurred due to drying and
to mak. sure that the spectra of the surface species were
du2 to insoluble coapounds and not adsorbed or solution
species which could be rewoved by washing. All saanples that
jave tetragonal PhO spectra in solution gave identical

spactra when dry. The similarity between wet aand dry sasple

spactra is shown in Pigure 26. In this investigationm, in

situ spectra vere ganerally fournd to have approximately half

th2 intensity of dry ones due to the difficulty of focusing
light scatter=d 4in the large electrochemical cell onto the

entrance slits of the monochromator, and because of losses

LDWIETN o o 0 AP 20 4=

du2 to reflection and scattering from the glass cell ané the
solution. The difference in spactral intensities was not
enough to be significant, although it meant that thinner

filas could be identified frcm spectra of dry samples. The

j
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spectra ot dried samples showed slightly better signal to

norse rdatios, but all Raman bands of dry samples were also

bbbyl

dutecCten {rom samples in soluticn. One dravback encountered

when obtaininy spzctra ot dried samples was the increased

o

intensity of grating qhosts, Due to the greater amount of

Lokteandy oy,

liyust directed into the sonochromator hy dry samples, more

light was available to be diffracted iamproperly by the
griatings. :
In g¢reral, vhen any lead sample vas exposed to the :

laser, the current increased very slightly, no more than one

B AN (et e o b

pr.ccent, probably because the intense radiation disrupted

the Jdouble layer at the point of incidence. However, it was
found that tune oxidation current of a lead sample covered

with tetruyonal PhO increased sharply vhen the laser bean

was 1incidert on the surfac2. When lead electrodes vwith a
E tetragonal PbO coating were exposed to laser radiation of

«ither 488.0 or S14.5 na. wavelength, the oxidation current

increased sudd=nly and wmarkedly. An exanple of such
behavior is shown in the current vs. time curve of figure
27, Similar current behavior has besn observed when lead
vas oxidized in sulfuric acid solutions (S54), because of the
photoconductivity of tetragonal PbO on Pb/Pb0 electrodes.
When a lead sample being oxidized in the.PbO region vas
exposed to the laser heam, three effects were observed: the

current increased markedly, the spot of laser incideace

became brownish in color, and bubbles appeared at that spot.

The potential and thickness of the oxide layer affected the
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occurrence of these effects. Bach became more pronounced
with higher potentials and thicker filas. The formation of
bubbles at the point of laser incidence caused considerable
ditticulty in obtaining in situ spectra. A bubble
coaplicates the g2o0metry of light scattering at the
solution/sample interface. Bubbles scatter large amounts of
light away froa the direction desired for examination in the
spectromseter, thus veakening the observed Raman spectrua
greatly. An example of the degradation of a spectrum by
bubble formation is shown in Pigure 28. The bubbles
disappeared wvhen the potential was removed. The only
differenc2 in recording the spectra of Pigqure 28 was in
potential. Bubbles wvare generat=d by the laser when the
potential wvas applied; when the potential wvas removed and
the elz=cirode could assume its rest potential, the bubbles
vere no longer present.

Laser incidence caused the oxide films to turn brown if

the sample was irradiated while at a potential higher than

the Pb/PbO transition. The scanning electron micrograph in
Pigure 29 shovs the change in the surface due to the laser.
After the applied potential vas removed the lead electrode
assumed a rest potential at the value of ¢the lovest
oxidative wave of ¢the polarization curve,.and no further
color change was observed. The brown spot ‘remained brown,
but 1ircadiation of any part of the remaining gray or black
surface film caused no change in color, just as it caused no

further bubkle foraation.
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Apparertly the reactions due to the laser beam are

E-

potential dependent, indicating that the process is

=8

pihotocheaical in nature, not thermal decomposition as is
orten seaen with laser irradiation (83). It is very
ditficult to envision any thersal process resulting in the

de coaposition of PbO which could be potential dependent.

S G AT L Ra B P s B i ST P ST i S o 0 LI oo e g p by

The photoelectrochemical process describad by Pavlov, §

Zanovd, and Papazov (54) in which PbO is transform=d to §
4 brownish PpOy vith the formation of oxygen gas and a %
3 r-sulting high photocurrant s+ems to fit the observed i
2 behavior, Althougyh the experimental s:tups were different, é
§ Pbavliov, et. al., used a lead electrode covered with a z
é transparent lead sulfate outer layer over tetragonal PhO i
3 axposes to a tungsten lamp, results of irradiated E
E potentidstatic oxposures are very sieilar. A summary of the ;
? ptocess proposed by Pavlov follows. j
é The basic process’ involves the reaction of PbO with 1

light of wavelengths shorter than 650 nm., The energy of

i

light at this wavelength corresponds to 1.9 eV, the bandgap

en=rqgy tor tetragonal PbO (93). 1Interaction with light can

prowote an electron into the conduction band of the oxide

T
AN

WA

leaving the PbO 1layer with electron holes in the 3

samiconauctor lattice,

PbO + hv ~+ PbOh* + e- : (1

—— Electron holes are rvepresented by h* in Equation (1. The

WA A

e
) [

holes move through the PbO due to the electric field isposed

O

(&
L

across it until they collect at structural defects, which 1
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are plentiful in PbO. The holes interact with defects,
r prtesented by d, creating

h* ¢+ PbOd -~ PbLO4+ (2
charyed PrOd* centers containing Pb3*+ ions which are
unstable. These quickly interact with another hole to foram
a more stable Ppe¢ structure;'

ht + pPbOd+ -+ pPbO4d2+ (3
There 1is very little difference between the tetragonal PbO
lattice ard that of Pbo, (80,94), so the Pbod2¢ |is
essentially lecad dioxide with an oxygen vacancy. Reaction
vit: water can easily eliminate the vacancy to complete the
prtocess.,

Pbodz¢ + {i O -+ PO ¢ 2H¢ (4

The reactionz of the ;bo species vwith OH- ions from the

solution Las been proposed to expiain the formation of
oxygen (54) through a two step pathway,

EbOh~ + OH- -+ PbO + OH(ad) (5

PbOd2+ + 20H- -+ PbO4 + 20H (ad) (6
The first step is the formation of adsorbed 0OH radicals
which =may cosbine to 1liberate oxygen gas at the
oxide/solution intercface.

20H (ad) -+ 1/2 o2 + azo (7

The propos2d4 mechanism agrees very well with the

observed results. The forsation of bubbles, "the change to a
brovn coler, characteristic of Pb*¢, and the curreant

behavior are ail explained. The scanning electron

microyraph of Pigure 29 shows that the surface was radically
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changed by the laser. The surface of PbO which was not
exposed to laser radiation wvas very rough, and it appeared
black. The area irradiated by the 488.0 na, line, hovever,
was much spoother. The micrograph of that area, shown in
Fiyure 30, shows a relatively smooth film with only a few of
the flake-like features which completely covered the
unexposed parts of the sample,

I+ wmust be pointed out that no differences in the oxide
filas due to lassr irradiation were detected by Raman
Spectroscopy. In all cases strong tetragonal PbhO spectra
were recorded from all parts of each sample. As stated
previously, no spectra of lead dioxide were obtained so the
presence of Pb** species was undetectable. Apparently
enough tetragonal PbO was prosent after irradiation, either
mixed with lead dioxide or in another layer, to give the
strong lead monoxide spectra observed.

The flake-like surface was nct necessarily an indicatien

of tetragcnal PbO, since Pb0O spectra were recorded froa
areas without flakes. The flakes may consist of Pb0O or of
elemental lead (80) and, due to the surface roughness, give
the sa;ples a black color. Whatever species or
characreristic they represent *s destroyed by laser
irradiation at potentials above the Pb/Pb0 tramsition. 1Iif
they are due to tetragonal PbO their disappearance can be
explained Ly the theory of Pavlov (54) discussed above, but,
if they are characteristic of elerental lesd, then their

disappearance gust be explained by sose other rfaction




s-chanisa shich is not known.

III.cC. 3. Higher Oxide Region.

Potentiostatic exposures were conducted at potentials as
high as +1.24 V giving no indication of the presencze of
higher oxidcs. Raman spectra and X-ray diffraction patteras
tound that tetragonal PbO was the only coempound present.

Potentiostatic exposures gave no correspondence with the
polarization curves. Bxposures at potentials above and
below the oxidative waves observed at #1.05 Vv in pH 7 and
¢0.88 Vv in pH 10 all formed lead monoxide. No differences
¥cI2 observed. Saaple surfaces rapidly blackened during
exposure, and oxidation currents vwere similar to those found
throughout the PbO region, 0.1 to 0.4 mA/cE2,

A sumpary of the results of expc:ures in the pH 7 and pH
10 bufter solutions 1is presente. 1in Table V¥, The
rclationship of these experiuental results to the calculated
Pourbaix diagraa is shown in Pigure 31. There is excellent
agreement with the Pourbaix diagras in all regions 2xcept
those of the higher oxides.

The reasons for the 1lack of agreement at higher
potentials is not known, but three possibilities should be
considered: 1)There wmay be some kinetic effects in the
formation of higher ozxidation state lead compounds which
cannot be accounted for in the equilionrium calculations of

the diayram. 2)The oxygen which begins to evolve at the lead
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surtace at high potentials (the cause of high current in pH

10 exposures at +1.24 V) may complicate ths reactions and
make PbO the stable ccapound under the experiamental

conditions achieved., 3I)The Raman technique examines the
surface of the saemple, in this case a PbO surface layer, not

the surtface of the lead amestal. Conceivably a thin fila of

lead dioxide or some other compound could exist at the lead
surrac¢, bhencath a thick PbO film. This higher oxide aight
not be detected by X-rays ii it wvere only a small fraction

ot the total oxids layer. The presence ofi a layer of PbO,

oS b et sl g L plb us

is unlikely, however, because such a layer would be

TV

pLotective, thus restricting the flow of current through the

saaple zlcctiode. Exposures in the PbO2, Pb304, and Pb203
regiony resulted in oxidation <currents as high or higher

than those at lower potantials which resulted in PbO.

I11.D. Lead-VWater-Chloride Pcurbaix Diagrans

The Pourbaix diagram for tha lead-water-chloride systea

..-.. . . P -
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vas calculated in the same manner as for the nil chloride
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systea (71 . The reactions considered for the potential

region below +0.2 V (vs. SHE) vere the saze as those used by

:

Appelt (6b) . Using the w®more recent thermodynamic data
available tor some species {90) and extending the diagraa to
higyher potentials gives a more cosplete and probably more
accurate picture of the behavior of 1lead im chloride

solutions. The free enorgy values used which differ frosa
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those cf Appelt's diagram are listed in Table VI.
The positions of equilibria between species on the
diagram depend strongly on chloride concentration, A

coucentration of 0.1 molar was chosen as a recasonably high
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ionic level which would be likely to affect oxide fila
tormation, but vhich would not be so high that the sclutions

would differ greatly from <those used in the nil chloride
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M

2Xposures. The calculated 1lead-water-chlotide Pourbaix

diagram for a chloride ion activity of 0.1 is shown in

Figyure 32.

There are tvwo somevhé* confusing regions of the diagraas,
the pPbCl, and the BPbO'Pbcl2 reqions. In acid soiut.ons the
plumbous ion, Pht+t, is the stable species at potentials

above -0.20 V. The concentration of Pht+ in solution is

limited by the sclubility of lead chloride, The species
Pb¢*, Cl-, and 1lead chloride all exist tocether, hound by
the solubility relationship:

Pb¢*+ + 2C1- -+ pbCl (8

2
K = {Pb**] (Cl=]% = 10-¢.& (95) {9
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In neutral aard basic soluticons, the insoluble phase

3puo-9bc12 has been considered, but there is some doubt that

™

.

such a cosxpound exists, It may actually be 3?b(0&)2o?bcla
(12).,

Solutions vere chosen which allowed <=electrockeaical
exposures under acidic, neutral, and basic conditions. The
cosposition of each solution is detailed in Table Ii. The

phi 7 apd pH 10 solutions vere identical to those used fog

BT G T L NI
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nil chloride oxidations except that enough potassiunm
cirloride was added to these btuffer solutions to make thex
0.1 mclar in chloride., Por an acid pH, no suitable buffer
solution c¢ould be found, so 0.1 M hydrochloric acid
solutions werae usad. It wvas found that the pH of acid
solution changed by no no}e then 0.2 pH units during a
t¥2aty-tour hcur exposure,

Peotentiodynamic polarization curves were recorded for
lead in the three chloride solutions selected for exposures.
The curves, shown in Pigure 33, seem to have a definite
relatien to the Pourbaix diagram of Pigure 32. The lower
oxidative wave occurs at the approximate potential of the

predicted Pb/PbCl2 or Pb/3FbQephCl transitions, and the

2
¥ave at +0.96 V in pH 10 corresponds rcughly to the
3pLOepPF.12/PbO, transition. The waves at +0.17 V in pH 7 or
aty =9.07 ¥ in pH 10, however, cannot be explained by the
fourbsaix diagran.

The difference betveen ©polarization curves of lea@ in
scluticons with and without chloride present is surprising.
The pH 10 polarization curve of Pigure 33 is very similar in
ovaerall appearance o the nil chloride pA 10 curve shown in
Figure 23. The presence of 0.1 M chloride seeas to have
little etfect on the oxidation of l2ad in the bicarbonate
butter solution; the strong waves are found at approximately
the same potentials and are of roughly the same magnitudes

in both solutions.,

The polarization curve in pH 7 chloride solution is
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markedly different from that of the nil chloride one, The

polarization <curves wvere recorded in precisely the same

g T
e S

manner with and without chklorides. The presence of 0.1 M

Ky
Tl

Cl- was expected to increase the conductivity of the
] : solutior aud the reactivity of the lead causing stronger
oxidative waves than in the same solution without chlorides.
As seen in the polarization curves, the opposite effect
E occurred. Current remained very low 1in the presence of
chloride. Polarization curves gave indication that
-4 something different occurs in the phosphate buffer solution

vhen chlorides are present, but they give no hint as to what

L

occurs. The only conclusion which can be reached is that

W | LT St L

the lead was oxidized more slowly when 6.1 M Cl- was present
in the pH 7 buffer than when it was not.

? Th¢ exposure conditicns selected using the Pourbaix
~5 diagraz an Piygyure 32 and polarization curves in Pigure 33,
.ﬂ and the resulting surface film spectra are summarized in

Tadle VII, The current values listed are those measvred

after currcnt became relatively constant.

I11.D0. 1, pH 1 Pxposures.

In dilute hydrochloric acid, lead is stable at low

S it o wp

potentials while it is oxidizaed to lead chloride at higher

A

potentials (12,62). The potential of the Pb to lead
chloride transition is calculated to be -0,20 Vv, and it is

indicated at -0.08 V on the polarization curve. The low
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potential reductive feature of the curve is undoubtedly due
to the evolution of hydrogen.

In the region where immunity is predicted (exposures at
-V.30 VvV and lower), net current flow was in the reducing
direction and samples remained clean in appearance. In situ
Rtaman spectra gave no indication of film formation. Lead
secms to be immune to corrosicn in this potential region.

Atter washing and drying samples exposed in the immunity
regyion of the Ppourbaix diagram, both Raman and infrared
feflection spectra (71) indicated the presence of
orthorhombic PbO on the lead surface. It is unlikely that
the oxide was formed by oxidation of the lead uvnder the
generally reducing conditions observed, but the PbO was
prohably the result of dissolved lead being redeposited on
the sawmple surface.

It has been suggested (69) that orthorhombic Pb0 is
forma2d froe the plumbous ion by the reaction:

Pbtt ¢+ H O -» PO + 2H¢ (10
Since 1lead isz sorevhat soluble in 0.1 M HCl, sufficient
quantities of pb** ¢to forw an orthorhombic PbO surface
coating go into solution when lead is exposed for several
hours at potentials near the upper lisit of the ismunity
teyion,

No Ra=man bands of orthkorhombic PbO vere found in the in
situ spectra, whereas dcy samples gave rather strong
spectra, as shown in Fiqure 34, Samples were clean and

shiny curing controllad potential exposures, but acguired a
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light gGray, crystalline surface appearance upon drying.
This way indicate that the oxide was foraed during washing
and diying of tho sasple surface, not during the
potantiostatic exposure. Possibly Pb** ions vere too lov in
concentration to form a sucface filu while the potential was
heid in the immunity region“but, vhen the applied potential
vas removed so the saaple could be washed ard dried, the
lcad surtace may have rapidly oxidized. The amechanisg of
oxidation could b2 that of reactioa 10, or sume other,
siunilar mechanisa.

The Raman spe=tra of 1lzad oxidized at potentials of
+0.14 V anu higher indicated the presence of a Pbcla surface
layer. A typical surface fila spectrum froe the chloride
reéjion is shown in Pigure 35, The spectrum is identical to
that of pure iead chloride povder with bands at 62, 88, 126,
156, and 178 ca-v (77,783. Oxidation «currents in the
chloricde 1region were extresely high, approximately 10
aA/cs2, and the samples guickly became covered with light
gray, crystalline coatings.

In the potentiostatic exposures vwhich formed 1lead
chloride, a gray substance was deposited on the platinus

aesh counter electrode (cathode). Lfter vtewoving the

cathode from the solution it was allowed to dry at roos
temperatur. and the adherent gray msaterial was scraped off
— of the platinua. Raman spectra of the dry wmaterial

identitied it as orthorhosbic PbO, as shown in Pigure 36.

g

The presence of the oxide on the cathode, far from the lead
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vlectrode, 13 preof +hat it was formed by deposition of §
dissolved species (such as Pb*¢ ions) in the solution. 2
s1nce the formation of orthorhoabic PbO seesxs to depend only :
£

on it» solubility, not on any electrochesical reaction, it 5
couid be formed in othe:r solutions. Due to the high rate of ;
lead dissolution, as evidenced by the very high oxidation %
cugrents observed in the 1ead chloride region, a large E

amount of £b¥* was present to permit tormation of thick
erthorhosbic PbO deposits. It is likely that lead chleride

wvas formed at th2 lcad apode and PbO at the platinusm cathode

20 A 1t AN X AT

pecauss of the relative solubilities of the two species. {
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111.0.2. pH 7, 0.1 B Chloride Exposures.
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According to the Pourbaix diagras of Pigure 32,
potentiosstatic oxidation of lead in a pH 7, 0.1 M chloride
solution should resul? in immunity at potentials below -0.26 ;

¥, formation of 3Pb0~9bc]=2 between ~0.26 Vv and +0,75 v, and

U

forsation of lead dioxide at higher potentials. The

Y

predicted compounds were not fcund expsrimentally.

.a .
MBS G I btk

In the region vwhere ieaunity is predicted, i.e., below
-.26 ¥Y,the PpPourbaix diagrae, polarization curve, and
spuctroscopic results were all in ayreesent. -Potentiostatic
exposure resulted in a reducing current, the samples
— remained shiny and silver in color, and no Ramran bands were

observed from wet or dry samples.

Abeve the potential where lead is the stable spec.es,
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i.e¢., ~0.34 V according to the polarization curve of Figure
33, current flow, although spall, wvas in the oxidizing
direction. The sample surfaces darkened quickly when

2lectrocnerical exposuraes were begun and became dark gray in
color after « few hours. An insoluble oxidation product
film was ftormed.

In situ Raman spectra of saiple surfaces indicated that,
at potentials between -0.11 Vv and +0.18 V, orthorhoahic PbHC
was formed. At +0.18 V both orthorhcabic and tetragonal PbO
were observed and at higher potentials the films consisted
of tetragonal PbO alone, as shown by the spectra of Figure
37.

Ho explanation has been found to explain why the two
polymorphs of 1lead monoxide should be found at different
potentials. The tetragonal fore 1is thermodynamically
tavored under all conditions at room teaperature (80). It
iz likeiy that a vecak wvave at approximately +0,16 V on the
polarizaticn curve indicates a PbO (orthorhosbic) to PbO
(tetragonal) transition, but sach a transition 4is not
reflected in the Pourbaix diagram which is based solely on
theraodynaric equilibria,

There were no differences observed, other than spectral
on2s, between the exposures which foraed orthorhosbic PbO
and those which resulted in tetragqonal pbO films. 1In both
caseés the visual appearances vere similar and, although the
oxigdation currents for exposures which resulted in

orthortombic PbO were slightly higher than for the others,
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the differences wer2 not large.

The etfect of chloride 3ion concentration was

investigated by conducting exposures at -0.01 V in the pi 7

burfer solution with tvo diff>rent KCl concentrations: 0,01

8 and 0.1 M. In 0.01 % chloride solution, the oxidation

product was tetragonal PbO, i.e., the same compound observed
in nil chloride exposures under similar conditions. In 0.1

M chloride, orthorhombic PbO was formed. These results

indicate that the prasence of chloride ions is the factor

LAy

A DL b A S Al E S o T R AR AN vy

which allows the formation of the thermodynamically unstable
orthorhoabic PbO layer, The presence of saall amounts of

iapurities can stabilize the orthorhombic structure (81,82)

LR O i b el e

at temperatures far belov the U488°C transition to the

TR,

tetragonal fora (80). Although the effect of chloride on

Eho M doe

PbO stability has not been studied, it is reasonable that

ol bk A

suall amounts on the order of parts per million (too little

to be detected by Raman spectroscopy) could prevent the

transition to the tatragonal structure,

At higher potentials no other insoluble species was

K-
=
E]
E
=
b
£
g
k|

observed, all exposures formed tetragonal PbO. The
polarization <curve, showing no transitions at potentials
above +0.,16 V, agrees with the Raman results. These
disagree with the Pourbaix diagram vhich. predicts the
formation of lead dioxide at hiqgh potentials.

Throughout a wvide range of potentials in pH 7 chloride
solutions, PbO was cbserved. No exposures resulted in

3PbOepLCl formation, the coapound expected froa Pourbaix

2
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diaqram cai ations. If such a ccapound had been formed,
Rawan spectra should have been able to identify it. Spectra
of that compound, or the closely related species (Pbounlcl

n
and [PbB(Ou)lz]ncl (12,96) are very different froa the PbO

4n
spectra recorded in this research. If any chloride had been
present in the surface layer, it should have been detectable
by X-1ay energy dispersive analyzer. FExamination of the
exposed samples found only lead. This agrees with the

tormaticn of PbO because oxygen cannot be detected by the

analyzer,

I1I.D. 3. pk 10, 0.1 ¥ Cnloride Exposures.

According to the Pourbaix diagram, the results of
potentiostatic exposures should be the same in pH 10
chloride solutions as in pH 7 but, experimentally, taey are
not.. The polarization curves in the tvo solutions are quite
diifferent, and some significant differences were found by
faman spectroscopy. The differences are due, in part, to
the composition of the pH 10 buffer used. They are also due
to the nature of soluble lead species in basic solutions.

The pH 10 buffer gave slightly different results froa
those predicted in the ismmunity region. As seen in nil
chloride exposures, lower potentials resulted in iamunity
vhile those in the region of lead stability in the Pourbaix
diayram, Lut above -0.42 V, gave oxidizing currents and

totmed a thin film of tasic lead carbonate. The large

———
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oxidative wave at -0.35 V on the pH 10 polarization curve in

Figure 33 appdarently corresponds to a transition froa lead

to bdasic 1lead carbonate stability. Raman spectra of filas

tesulting from exposure in this region consisted only of a

wcak band at 1050 cae-! as shown in the poor quality spectrus

of Fiqgure 38. Reflection-absorption infrared spectra vere

required to identity the compound which comprised the

invisible surface fila as basic lead carbonate (71).

The experimentally determined composition of filas

formed electrochemically at higher potentials had no

correlation with the predictions of the Pourbaix diagras.

fhe compounas JPbu-Pb012 and PbO_ ware predicted but neither

2
vas tound. Sp2ctroscopic results did show excellent
agreemcnt #ith th: polarization curves, howerer. At
potentials between th2 waves at -0.07 V and +0.9 ¥
tetragonal Pbo was found. No trace of the predicted

chloride or of orthorhombic PbO was detacted.

There seems to be a simple explanation for the

appearance of orthrhoabic PbO in acid and neutral solutions

but not in basic media. The orthorhoabic PbO is formed by

deposition from a solution containing plumbous ions by

reaction 10. The plumbous ion is present only in solutions

with pH'S of 9.34 or less. At that pH the.dissolved lead
species, Fb** and HFLO;, are in equilibrium and, in zore
basic solutions, HPDLO predominates (35). The Pb*+ jons

rzquired for formation of orthorhoabic PbO are nct present

in pH 10 solutions. Tetragonal PbO, howvever, is probably
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65
formed at the lead surface, using no dissolved lead species,

by the reaction:
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b ¢+ H O -» PbO ¢ 2Ht ¢+ 2e~ (11
4
Althouyh the tramsition to a higher oxidation state

AL dbibaian

pr2dicted by the Pourbaix diagraa would occur at

bl bl s

appreximsatcely +0.50 v and result in Ph02 formation, the

Lo bdtadi

transiticn found occurred at the +0.96 Vv wave of the

polarization curve and resuglted in forzmation of a thick

R UAPTVRRINITY

layer of &ziniua, Pb504. The Pb304 filz appeared thick and
fiaky aad it had a light brown color. The composition of
the fils wvas confirmed by ccaparison of its Raman spectrua
vith that of the pure cospound as shown in Figure 39,

The discovery of a Pb5q4 fila was rather surprising, It
is 4 relatively unstable ccapound which has only been found
in corrosion product films as an intermediate layer covered
by a aqray or black Pbo2 film (69). In the present
ipyestigation no Pb02 vas found. Since no PbBCQ vas found
in ail <chloride exposures, it appears that the presence of
chloride ions permits the foraation of pb304 alone.

Several differences between 0.1 M chloride and ail
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g
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g

chloride exposuras were found. The most obvious differences
vere the formation of orthorhosbic PbO and Pbiok filas
because¢ of the presence of chloride ions. The other effect
noted was the cousiderably 1lover current generally found
during chloride exposures. The presence of -a ssall asount
of chloride seemas to have the effect of saking the selution
less corrosive to lead. This finding agrees with others on
the passivation of lead which found that increasing the

concentration of dissolved chloride helped achieve
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passivation more easily (62).

Study of the potentiosgtatic oxidation of lead in
chloride solutions showed that changes 1in surface fila
composition agree very well with potentiodynasic
polarization curves, There was very little agreement with
the calculated Pourbaix diagras. Bvery wave of the
polarization curves corresponded to a change in the surface
layer that was detectable by Raaan spectroscopy, but the

changes had 1little relation to the predictions of the
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Pourbaix diagras.

Iin calculating the diagraa, the presence of dissolved

AEAC VRl Pa

substances other than lead, oxide, or chloride species was
not considered. The presence of buffer solutior ions may
account for the discrepancies between experimental results
and those predicted by the Pourbaix diagraa. 1In dilute
nydrochloric acid, a relatively simple solution containing
no unaccounted for ions, the Pourbaix diagram, polarization
curve, and spectroscopic results wvere in agreement., The
cosplexity of including all the spacies of buffer solutions
sakes calculation of the equilibria involved in a Pourbaix

diagram an extresely complicated process but one waich might

ol WG,

give results aocre closely related to experimental findings.

oo PR s N Lk e

IIX1.E..Lead-%ater-5Sulfate Pourbaix Diagras :

The behavior of lead in sulfuric acid solutions has been

thoroughly studiad because of the isportance of lead-acid
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storage batteries. Huck less reszarch has been conducted on
lead in weutral and basic sulfate solutions, Pourbaix
diagrams tor lead in aqueous sulfate solutions have been
calculated (56,67,68), and scie efforts have teen made to
experimentally verify the theoretical predictions, although
experimental sulfate exposures have been confined to the
acid and neutral regions of the diagram (56,69).

The Pourbaix diagrams for the lead-vater-sulfate systes
vas calculated using the relationships used by Ruetschi and
Anystadt (56) but employing more recent free energy values
(40) . The different thermodynamic data, summarized in Table
VI11, caused only small changes in the positions of the
PuOonsq4 equilibria lines, A sulfate ion activity of 0.1
was used ror th: calculations (71) resulting in the Pourbaix
diayrae shown in Pigure 40,

Electrochemical exposures in sulfate solutions were not
carried out in buffer soclutions. The solutions chosen, the
compositions of which are detailed in Table II, were siaple
sclutions of the desired pH which were 0.1 molar in sulfate.
Those used gave pH values of approximatelv 1, 6.5, and 11 to
allow observation of the reactions c¢f lead over a wide
portion of the Pourbaix diagram. Measurement of solution piH
before and after potentiostatic exposures shoved that the pH
ot the unbuffered solutions remained fairly constant, not
changing by more <than 0.4 after as long as twenty-four

hours.

The polarization curves recorded for lead in the sulfate
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solutions of interest are shown in Fiqure 41, They are

it Sk L TR T2 e e tu b e A e et

rather sisilar, weach has a strong wave at approximately

-0.25 Vv as its major point. These waves mark the transition

TS

from reduction to oxidation, the upper limit of potential of

the immunity region. In accordance with the Pourbaix
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diagram, the potential of such a transition decreases as pH

increases. The oxidative wave was observed at -0.23 V in pH

1, =-0.27 V in pH 6.5, and -0.30 ¥ in pH 1. The positions
of these waves are in general aqreement with the Pb to PbSO

and Pb to FbOePbSOs transiticns of the Pourbaix diagraa.

II1.E. 1, pE 1, 0.1 8 Sulfate BExposures.

In the 0.1 M sulfuric acid solutions used to attain '
: acidic conditions, lead is stable at lov potentials while it
: is oxidized to 1lead suit te at higher potentials (56-58).
Atter tormation of a sulfa.e surface fila thick enough to
hinder reactions of 1lead with solution species, layers of :
PbO or vasic lead sulfates develop under the sulfate film at
potentials of ¢0.32 Vv and higher (52,56,57). While tie

formation of underlying 1layers wvas not considered in the

% f calculation of the Pourbaix diagram (71), the very weak wave
. at +¢0.34 V on the polarization curve may indicate the start

of formaticn of another compcund beneath the sulfate filn.

Potentiostatic exposures of lead In 0.1 M sulfuoric acid

g

i
werwe o

formed surface films wvhose compositions agreed well with

iy

X¥-ray adaiffraction wvork by Pavlov and Iordanov (52). Raman
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spectruscopic results indicated three ranges of potential:
immaunity, lead sulfate, and a lead sulfate - lead monoxide
region. A sunmary of the experimental results of exposure
in sulfate solutions is presented in Table IX.

At  potentials below -0.26 V lead appeared to be imnmune
to oxidation. No insoluble surface layer was detected by in
situ haman spectroscopy, samples remained clean and shiny,
and current flov was in the reducing direction. W®hen
samples exposed in this region were washed and allowed to
dry a noun-unifora, 1light gray surface coating appeared.
Spectra of dry samples indicated that parts of their
surfaces were covared with orthorhomsbic PbO and parts with
Pbsq;. The appearance of these compounds, just like the
appsarance of orthorhombic PFbO in the immunity region
exposurts in 0.1 M hydrochloric acid, probably results from
precipitation of iissolved 1lead ions. In the reducing
conditions of this region it is unlikely that any lead would
be directly oxidized at the electrode surface during the
potentiostatic exposure, The formation of PbQ and lead
sulfate is probably a result of the sample removal, washing,
and drying process.

At potent'-ls higher than ¢the -0.23 V wvave of the
polarization curve, net current flov was in the oxidizing
directiorn and spectra showed that lead sulfate wvas foramed.
Oxidation at -0.26 V and -0.02 Vv resulted in Pbsq4 films,

Exposure at potentials higher than the wvave at +0.,34 V

geve surface filams identified as tetragonal PbO and Pb&% ’
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N in agreement with the findings of earlier research (51,52).

A spectrum of the fila in this potential r2qgion is compared

g

ig vith one of a purely Pbsq; tilm and with the Raman spectrum
E ot reagent grade Pbsq4 (97) powder 1in Pigure 42, The 3
23

£ H
4
¢

£

spectra of sulfat» compounds ars dominated by the very

3 strong sharp band at 979 En-i, the S~0 syametric stretch

1
4

e

S KRR Y

3

(48) .

Although it wvas not possible to measure the relative
amounts of PbO and lead sulfate in the surface files from

raman spectra, 3Jjust as it was impossible to identify filwe

thickness, observation of strong tetragonal PbG spectra gave

an 1indication of the thickness of film analyzed by this

R LA AL DA St S Y SO LW I e s e 2 o N 04 o S B L Ay 24 T i e s PEAL ST,

techniyue. Ruetschi (57) developed a model for the
Pbu/PbSO4 tvo phase fila formed by oxidatiop of lead in
sulturic acid soluticns. He assumed that a surface fila
with a thickness on the order of a micron was needed before
E any underlyiag tetragonal PbO «could for: (56).
Electrochemical wmeasurements and calculations l-sed on ion
diffusivity in the films determined that a twenty-four hour

e«posure of lead in 4.2 M sulfuric acid in the range oi +0.2

to +1.1 V would give a film consisting of one wicron of lead

su)fate covering -"ne wmicron of tetragonal lead aonroxide.

PR LT ST UM CUY G 5t e AT Lo T TR R Y

Tha ability to record a strong spectruam of .the underlying
layer of &b0 givry indication that Ramar spectroscopy can
e examine the entirety of films with thicknesses on the order

of a eicror,

The abilaity of laser 1light to penetrate the surfacze
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sultate f1lm was also uemonstrated by current vs., time plots

such oy that shown in Pigure 43. The incrrase in oxidation

current due  to  laser radiation vas identical to behavior

observed for surface filws which consisted solely of

tetragonal PbO.

[

The commencement of PbO formdation may be indicated by

Qb A Pptiano s L G .
R R AL 1 D S N R S i

th2 current plateau of the i vs. t curve shown in Pigure 44.

ik
1

Exposures which gave spectra of tetragonal PbO and Pbso4

TR T

toyether all had a current plateau or maximum after a period

TR TG

of eoxposure ranging from 0.5 to 1.5 hours. Observation of
such current behavior was interpreted to indicate the
beginning of a new electrochemical reaction, the formation
of ¥Pbu, by Ruetschi and Angstadt (56). This interpretation
2ay be correct, but it vas not confirmed by Raman spectra.
At rotentials above +0.34 ¥V spectra indicated the prosence
of bhoth PbO and PDLSO, on the lead surfaces. HNone of the

4

«Xxposures in that regiou gave any spectra of Pbsolt alore,
even with spectra recordsd after as little as twenty ainutes
ot oxidat. -, before the current plat=2au occurred. The
Raman method was unable to find any film vhich consisted of

lead sultate alone, before forsation of the oxide began.

I1I1.E. 2. pH 6.5, 0.1 M Sulfate Exposures.
The lecad-wvater-sulfate Pourbaix diagraa predicts that,

in a4 »H 6.5, 0.1 M sulfate solution, lead should be stable

at potentials below -0.3 ¥V, Pbo2 should exist above +0.¢ V¥,
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and  PbS0y should bde found at potentials ia between., The

lover trarnsition was observed in tae polarization curve for

le:ad  in the 0.' K potassiue sulfate used, but nc transition
to Pb02 vas observed. The polarization curve shows a weak b
wave at +0.06 Vv vhich does not correspond to any feature of
the Pourbaix diagram,

As in other solutions, potentiostatic exposures resulted ;
an films vhose coepositicns wera in bette:r agreement with

the polarization curve than wvith the Pourbaix diagras.

Exposure at potentials below the -0.27 V vave resulted in
imaunity. Current flow vas in the reducing direction, the
surface remained clean and shiny, and no Raaan spectrus was
obtained in solution or in air. Higher potentials resulted
in oxidation of the lead electrode and formation of
insoluble surface films. Up to +0.24 ¥, files consisted of
lead sulfate and, above that, tetragonal lead smonoxide
covered the sample surfaces.

The formation of lead sulfate wav. in agreement with the
Pourbaix diagraa, but the PbLSO gave slightly different :

4

spuctra xro® the sulfates exanined previcusly. As shown in

Pigure 46, the sulfate film gave an exceptionally stroag 45%

b : ca~! band, the ba2aad asscciated with the O0-S-0 bending

g
»

vipration (98). Infrared reflaction spectra of the filas

also showed 2 band at 451 ce~! (71} . Suck a vibration is

not infrared active in normal sulfate coepounds., The

»-w‘ Lol

unusual iatensity of the 45% ca—~! band is assumed to be due

LR LT A SN I T PNV M0 { A MO et s piumints § i S srieesransesonmemnig

to a distortior of the noramal lead sulfate lattice.
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The broad wave at +0.06 V is near the potential where
filw conmposition changed from lead sulfate to PbO, and it
ma¥ be due to such a transition, Lead monoxide files
ptoduccd were black in color and gave no evidence of the
presence of sulfate, No waves were observed at higher ¥

potentials and rRdaman spectra indicated no change to the Pbo2

predicted bj; the Pourbaix diagraa.
An exposure vas conducted in the pH 7, phosphate, buffer
solution to which vas added enough potassium sulfate to make

the solution 0.1 M in sulfate. Oxidation at +0.24 V formed

a dark layer of tetragonal PboO. The composition wvas

e e opm—

O N O o G BN 1 N, o M Tk ey 0 Ml

determinea from the Raman spectrum. Another exposure at

+0.2¢6 Vv in 0.1 M potassinme sulfate, but without the
phosphate buffer. rasulted in the formation of lead sulfate.
As expected, the presence cf buffer species can complicate
the system and give different results froa those of the

simple systews considered in the thermodynamic calculations.

I1i.B.3, pl 11, 0.1 8 Sulfate Exposures.

Oxidatinn of lead in 0.1 M sulfate solutions at a pH of
11 was predicted to form a basic lead suifate, PbOepbSO,, at
potcntials betveen ~0.45 V and ¢0.50 V and lead dioxide at

higher potentials. The solution wused, 0.1 N potassiua

LA R MIAIGAE, HAOY YAk 18 S Sh im0

sulfate with enough KOH added to make the initial pH 1%,

resulted in a polarization curve with only one cuear g
.‘;;5
3
oxidation feature, The experimentally observed wvave, or §
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¢ group ot waves, at approximately =-0.30 V represents the

transition from lead stability to the forsation of an

e Wl dowr 1 I

oxidized species., The oxidative change seen above +0.80 V
in Pigure 41 could represent a transition to a higher
oxiaat:on state, but it seems to be due tc the decoamposition
¢ or water to evolve ocxygen.

% Potentiostatic exposures were conductad throughout the i
potential range where wvater 1is stabhle, As expected,
3 expesute at low potentials gave extresely lov current flow
in the reducing direction and no Raman bands vere observed.

Below the =-0.30 V wave of the polarization curve lead is

—

immune to oxidation.

T W o R R {0 T

All exposures at higher potentials resulted in the

A LA

: formation of tetragonal PbO surface films. An oxidation at
? -0.34 VvV, a potential higher than the first lobe of the é
oxidative wvave, resuited in a film which gave a strong ;
tetragonal PbO spectrum. Although the wave at -0.30 V seess
% to be wmade up of three seperate vaves, all exposures at

potentials above -0.45 V, where the curreat recorded in the t

IR

polarization cur¥e first became oxidative, forsed tetragonal

it

i
o

PbO.

Although tha compositiou of the films was identified as g

Pbu, specira recorded in soluticn wvere somevhat misleading.

In situ apectra, as shown in Pigure 46, contained the strong
bands of tetragonal PbO but also the 980 cm—t band
characteristic of the S - 0 sysmetric stretch and a broad

band in the 450 ca~?} region. Except for the broadness of
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the 450 cme~! band, these spectra look like a mixture of PbO
and lwad sulfate. Upon washing the samples thoroughly,
hovcver, those bands characteristic of sulfate disappeared.
Dry sasmple spectra indicat=d only tetragenal PbO. The
sultate bands, wvhich can be distinguished from those of
Pb504 by the broad 450 ce—! band (l=2ad sulfate has tvo sharp
bands in that region, 439 and 451 cm—t!), are due to the
sulfate of the solutivn. The bulk sulfate solution gave the
sane sulfate spectrum, The change in the spectrua caused by
vashing the saaples wvas evidence that spectra of both vet
and dry saamples wvere needed to distinguish solution or
adsorbecd species from those compounds which vere actually
part of an insoluble surface fila.

The possibility that the surface layer might consist of
PbOePbSO4 as predicted by Zourbaix diagras calculations wvas
investigated. Although spectra of the sample surfaces
id=ntified tetragonal PbO, no Raman spectra of the basic
sulfate ar- available, Infrared reflection spectra
confirmed that tetragonal PbO was the compound present (71).
Comparison with published infrared spectra of PbOonso4 {(99)
shoved no trace of that coapound.

The oxidation currents recorded during potentiostatic
exposures and potentiodynamic polarization. curve
measurements confirmed <that 1lead sulfate forms aore
protective surface filas than do2s PbO, In 0.1 ¥ sulfate
solutions, all of vhich had approximataly the same

conductivity and ionic strength, cconditions which caused the
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formation of PbO resulted in net current flow 5 - 10 times
gLeatael than that observed wvhen Pbsq1 vas tormed, The
smallost dift:rences vwere noted in pH 6.5 exposures, a pH
ncar the minimum of PbO solubility (35), but even in those
conditions oxide films allowed measurably higher current
flov than sulfate films, The ability of sulfates to form an
insoluble, passivating film on lead is well knovn., Because
of its behavior in sulfate-containing solutions, 1lead

equipaent is us2d eoxtensively in the manufacture of sulfuric

acid (47).

LIL.F., Fila Thickness Studies

Potentiostatic exposures of vacuum deposited 1lead
sanples were conducted so that the thickness of the
resultant films could be measured and their spectra
recorded. While films of organic coupounds on silver
micrors have shown that Raman spectra of films as thin as 50
anystroms can be recorded (18,19), no studies of the
sensitivity of this technique for examining iworganic oxide
filows on a metal substrate have been conducted.

A vacuum deposited lead sample was exposed to a pH 7,
phosphate, buffer solution at +0,20 Vv for 45 minutes.
Stylus measuresent found the oxide filwm ‘thickness to be
1620¢40 angstroas. The Raman spectrum of the PbO film is
shown in  Piqure 47, The spuctrum identified the filo

coaposnition as nrthorhoabic PboO.
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B2cauge lead sulfate films tended to be rough,
cousisting of fairly large crystals (50-53,71), accurate
dicrect nmeasuremant of sulfate film thickness was difficult.
Tha thickuess of the lead sample was measured before
oxilation, and the wvalue found was multiplied by 4.12 to
yive an ostimate of the thickness if all of the lead were
oxidized to lead sulfate. The factor, 4.12, was an average
ratio of Pbsq4 £ila to Pb thickness measured for saveral
2xposed samples.

A lead suvlfate film, estimated to be 2140160 angstroms
thick, wvas formed by oxidation at +0.,80 V in 0.1 M sulfuric
acid ftcr 15 minutaé. The spectrum of Figure 48 shows that
the stronyg sulfate bands are clearly visible, although
grating ghosts are nearly as strony as the Raman bands.
Exposure of solid lgad electrcdes under the same condition;’fg
forwed a film éonsisting of both lead sulfate and tetragonal
PbOo, but the vacuum deposited sample showed no trace of PbO,
Presumably the thin sulfate film was not thick enough to
provide a diffusion barrier to allow the formation of an
underlying PbO layer. |

Both the 1620 angstrom PbO and the 2140 angstrom lead
sultate films gave reasonably strong spectra, with bands
auch stronger than the background noise, It is estimated
that & films approximately one tenth as thick would still
give spectra with signal to noise ratios of two or mora, the
ratio considerud necessary for obsecrvation of a band., Pilams

of these coapounds as thin as 200 angstroms should be
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5 observable by the Raman technique. When considerinj sinimus

: . tilw thickness it must be remembered that Raman scattering
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i intersities can vary greatiy from one compound to another so
3 the 200 angstrom valus aay not be useful for films of other
; coapounds.

Single spectrometer scans wera used to record all

spectra. Greater sensitivity to very thin films could be

Ao Ut N bl o

attaincd by averaging the results of multiple scans, Signal

than one scan of the spectral region of

E averaging of wmore

{ interect should increase the sighal to noise ratio observed ‘g
i and raduce the minimua detectable thicknesses (100). g
| :
5 IIL.G. Iron Exposures '5
; Some research was conducted to investigate the ﬁ
g f2asibility of wusing Rawman spectroscopy for the study of X
; iron corrosion. The work was conducted in tvo phases,

. Since Raman spectra of very few oxidas of iron are available

§ in the literature, vrecording reference spectra of the |
: compounds expected as corrosion products was the initial

3 phase. After spectra of the important iron oxides vere

recorded, the second phase, using spectroscopy to identify

F: ‘ the surface conpounds formed by high temperature oxidation

i of iron was begun. - ;
T spectra of PbO, in addition to ]

a As dzuonstrated by

identitying sp=2cific compcunds, vibrational Raman spectra

can easily identify different crystalline foras cf the saae
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conpound. This ability is a valuable asset in the study of

.

iron oxldaticn pecause nearly all of the oxides of iroa can
2xist as tvo or wmor2 polymorphs. The spectra of the two
wost comwol forms of FeOOH are shovwn in Pigure 49. Although
their chemical compositions are the same, differant crystal
structuces and, therefore, different bonding and sysmetry
cause very ditrferent Raman spectra. The strong bands at 397

(alpha form) or 252 ca—t (gas=a forz) immediately identify

A EE R LA B AN & 2 it A T Db o AL i

the two oxyhydroxides; no other iron oxide has beern found to

have bands at these positions.

Attt b g

The &aman bands observed from bulk samples of iron

oxides ore listed in Table X. The spectrum of alpha ferric
oxide 1is 1identical to that of the single crystal, the only
plevicusly published iron oxide spectrum (101). As shown in
Figure 50, the spectra recorded froe FeO and Fejq; samples
ar< the saae. The samples consisted of two distinct
cosupounds, 4as confirmed by their ¥-ray diffraction patteras,
but thks spectra are identical. It wmay be that the
vibrations which cause Razan bands in Peaq4 are due to Fe -
0 bonds which are nearly identical to those of FeO, but a

sore likel axplanation is that the PeO, which is unstable

Y
at temperaturss bealow 570°C (102}, was d2coeposed by the

The problea of sample decomposition is a ‘commoan one when

N At 2 @,

opayue samples are exaasinsd using relatively intense laser

[T

excitatiocn. vizibie 1light is strongly absorbed by black

"

‘eC; and haating due to the absorption of the excitation
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bcam may transform it iato Pe304 and Pe, the stable species
at room temperature, Both Pe#% and Ped are black and
presentr.d probl2ms with decoaposition in the laser beas.
Atter a period of =xposure spectral intensity decreased and
the surface of a pellet of either coampound was visibly
changed. The spot of laser incidence became uuch lightar 4in

color.

Decomposition due to the excitation beam was a less

serious problem with the red-bhrown coapounds, - and ¥-PeOOH
and terric oxide, The use of relatively lov intensity

excitation, either by lovering the power of the laser or oy

Ao ke Vit o
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placing neutral optical density filters in the beasm, allowed
the recording of such higher quality spectra of these

coapounds than were obtained froa the black species.

[

As an exawple of the ability of Raman spectroscopy to
characterize corrosion product f£films on iron surfaces,
polished Armco iron plates were oxidized in air in a
laboratory oven and examined. Spectra resulting from
oxidation at 250°C are shown in PFigure 51, The Raman

spectra identify the surface €ilms as Pe304 and «-Peécs.

[

The Pe304 bands at 616 and 663 ca=! can be seen in all three

[ETTNCN

ot al e

spectra, while at first cnly the strongest FeZ%, bands cculd

be seen. After 217 hours of exposure all.seven bands of
x-Pey 05 vere visible. Bands due to both coapounds increased

in intensity throughout the exposures, indicating that both

ca Y U LV

the Fe3q4 and x-Pego3 layers vere thickening,

After oxidation of iron under conditiors siailar to
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those¢ reported here, Poling (103) found an oxide film
thickness of approximately 500 angstroms for a 50 hour
exposure at 2509cC, if the 50 hour spectrum in Pigure 51
results from a 500 angstrom thick oxide film, an «-Pep(y
tile of 100 - 200 angstroms 1is probanly +the nmininmua
necessary before spectra useful for identification could be
observed with a single scan. For thinner films the bands
wvould probably not be discernable above the noise.

An iron sanple wvwas oxidized in air at 700°9C for twenty
hours and quenchea in water in an 2ffort to retain the FeO,
which <hould have formed, without allowving it to transfora
to a more staple compound as it does during slow cooling
below the 570°C transitiorn temperature (103). The Ranman
spuctrua of the sample surface shown in Fiqure 52 identified

only “-Fe203' with no indication of PeO or Fe O It is

3°4°
vell documented that exposure at 700¢C forms PcO (104), so
the spectrua of Figure 52 aust be taken as evidence that FeO
does not give a Raman spectrun.

Apparently the only Raman bands seen from PeO are from
its dccomposition product, Pe304. Tn a KBr pellet, heat
transfer avay from the point of laser incidence is very
poor, so absorption of laser light can heat the local area
and decompose it to Pe3o4 and Pe. A thin film of FeO on an
iron surface, however, has the iron to conduct heat avay
from 1he point of incidence. The PeD fils need not be

deccomposed by the excitation npecessary to record a Raman

spectrun, Therefore, although present on the surface, no
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F«0O was detected in the spectrum of Figure 52,

A clean iron sample was suspended in boiling 0,01 M NaOH
solution tor 168 hours and then removed. It gave the
spectrua <shown in PFiqure 53. The spsctrum confirmed thac
the thick black surface coating consisted of Pe3q4, in
agreement with work which used other analy.is techniques
(103). The relatively poor quality of the spectrum is due
to the poor Raman scattering characteristics of Pe304, not
because of the nature of the filxz. After 168 hours of

exposure, the black surface layer wvas very thick, propably

ot ana B LT N e e it e A B A R NN N T ) S S A 2 e g

hundreds of microns.
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3 TABLE III

E . Results of Simple Immersion Exposures

E: CUNDITION EXPOSURE PERIOD, SPECTRUM OBSERVED
DAYS

4 a 7 PbC
2 2 :
E b 12 PbC1l :
2 o
b 15 PbcCl i
2 :
b 19 pbCl ¢
e ff
E c 2 PbCl ]
- 2 i

c 3 PbC1

2
c 7 PbCl
2 4
c 9 PbC1l K|
2 ﬁ
d 14 PbBr ¥
2 1
e 8 PhBr ’
2
€ 36 PhBr
2

E £ 20 tetragonal PbO

26 tetragoral PbO

"

b q 4 (PLCO ) ePb (UH)
3 2 2

=r
v

(PbCO ) Pb (OH)
3 2 2

.
!

g

L ]
i
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TABLE IV
Free znergy Data Used to Calculate the Lead - Water

Pourbaix Diagran

e R R R R ST R AN s

SPECIES STAHDARD FREE EEERGY OF FORMATION
{(cal/mole)

N85 (90} pourbaix (35) §

§§

Pbt¢ -5,830 -5,810 3

PbO (orthorhombic) -43,910 -45,050 ;

j;

Pbu (tetragonal) ~-45,160 -45,250 :

Pbo -51,950 -52,340 :

2

Pb O -143,700 -147,600 .

3 & \




SQLUTION

TABLE ¥

hesults of Potentiostatic Exposures

ip Nil Chioride Buffer Solutioans

YOLTS
vs., SHE

-0.62
-0.62
~0. 16
-0.12
+0.06
+0.u48
+0.58
+0.67
+0.74
+1.08
+1.08
-0.80
-0.42

-0.28

-0.26
-0.03
+0.02
+0.24
+0. 34

+0.46

EXPOSURE

PERIOD, HRS.

7
19

20

23.5
1.5

1d

20.5

18

21
17
23
17

2.5

CURRENT SPECTRUH
2A/caz (a) OBS SRAVED
0.002(b} none
0.0017 (b} none
0.006 none
0.061 tetr. PbO
0.112 tetr. PbO

tetr. PbhO

tetr. PbO
0.310 tetr. PbO
0.1397 tetr. Pbo
0.310 tetr. PbLO
0.294 tetr. PbO
0.139(b) none
0.024 carkonate (c)

0.014

§.046

0,058
o' “55

0,210

tetr. PbO and

carbonate{c)

tatr.,

tetr.

tett.

tetr.

tetr.

PbO
PbO
?bo
Fho
PBG

P50

vt
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SOLUTION VOLTS EXPOSURE CUBRENT SPECTRUN
vs. SHE PERIOD, HRS. sA/ca2 (a) OBSEERVED
2 +0.75 0.75 tetr. PbO
2 +0.75 18 tetr. PbO
2 +0.84 1.5 0.115 tetr. Pbo
2 +0.94 0.1 0,175 tetrc, PbO
2 +0.94 17.5 0.091 tetr. PbC
2 +1.24 17 1.20 tetr. PbO
Notes

{a) ¥inal or steady current

(b) Curzent flow in reducing direction

(c) Basic lead carbonate
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TABLE VI
i Free Energy Data fsed to Calculate
E the Lead - dWater - Chloride Pourhaix Diagranm

SPECIES STANDARD PREE ERERGY OF FORNATION

A {cal/=ole)

] NBS (90) Appelt (66)

S

ou- -37,59 -37,595

Cl- -31,372 -31,1350

XTI T AT M

PhCl -75,080 -75,040
2

: 3pbOePbCl -224,686 -225,000
E 2
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TABLE VII
Results of Potentiostatic Exposures
in 0.1 M Chloride Solutioms
SOLUTION VOLTS EXPOSURE CURRENT SPECTRUN

vs. SHE PERIOD, HRS. mA/cm? (a) OBSERVED
3 -0.46 16.5 0.011(b) nor.e (c)
3 -0.30 2.25 0.120 (b) none (c)
3 +0.14 3 7.30 PBEC1
3 +0.69 2.5 6.80 Pbclz
3 +1.09 17 10.0 PbClz
4 -0.62 3 (b) none
4 -0. 1 17 0.020 ortho. PbO
4 -0.01 2 0.022 ortho. PbLO
4 +0.18 18 0.019 ortho. PbO and

tetr. PhO

4 +0.49 17 tetr. PbO
4 +0.648 18 0.012 tetr. PbO
4 +0.99 18 0.022 tetr. PbO
4 +1.08 1.5 0.380 tetr. PbO .
5 -0.42 17 (b) none '
5 -0.26 3.1 0.007 carbonate (d)
5 -0.01 2 0.014 - tetr. PO ‘
5 +0. 08 22 0.012 tetr. Pho
5 +0.49 17 tetr. PbO ;
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SOLUTION YOLTS EXPOSURE

ta)

(b)
(c)
(d)

vs., SHE PERIOD,

+0.74 17

+1.07 18

Final or steady current

a5,

Notes

90

CURRENT SPECTRUN
rA/cn? (a) OBSERVED

0.034 tetr. PbO

0.028 Pb O
3 4

Current flov in reducing direction

Scae orthorhombic PbO observed on dried sample surface

Basic lead carbonate
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TABLE VIII

il b TY A LU oM A L CERE N E YL Frlln

Pree Bnergy Data Used to Calculate

the Lead - Water - Sulfate Pourbhaix Diagran :

SPECIES STAKDABRD PREE EMEBRGY OF FORMATION

{cal/mole}

¥BS (90) Ruotschi and Angstadt (56)

S0 2- -177,970 -177,3490

N IMRELL ARG LWl o NPl S Ry IERLARYERIR I TR BRI 0 Sy BB

. us:)‘- -180,690 -179,940
Pb 0 -143,700 -147,600
PbSO_ -194, 360 - 193,890 }
FbOs FLSU -246,700 -243,290 “’




SRSNITNLEE BRIy o I L

92

TABLE IX
Results of Potentiostatic Exposures

in 0.1 ¥ Sulfate Solutions

SOLUTION YOLTS BXPOSURE CURRENT SPECTRUNM
vs. SHE PERIOD, HRS. A/cu? {a) OBSERVED
6 -0.46 19.5 73 (b) none {c}
6 -0, 26 18 19.7 2bso
4
§ 6 -0.02 4 13.3 Pbso
S L)
§ b +0.48 17.5 15.7 tetr. PbO and
3 PbsO
- s
3 o +0.80 20 12.8 tetr. PhO and
3 pPbsSoO
4
§ 6 +1.24 2.5 48.4 tetr. PbO and
% Bbsn
&
7 -0.4¢ 21 3.4 (b} none
7 -0. 16 19 1.7 bSO (d)
)
7 +0.24 1.7 4.2 PbSO (d)
L 3
7 +0.84 20 6.3 tetr. PbO
7 +0.94 3 19,6 tetr, Pbo
8 -0.51 18 none (e)
8 -0.34 18.5 24,2 tetr. PbhO
8 -0.25 2.2 109 tetr. PLO
8 +0. 34 1.7 256 ) tetr. PbLO
8 +0.74 2.5 125 tetr. Pho
3 +1.09 2 243 tetr. PbLO
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Notes

(a) Final ov steady current

(b} cuzcent fiow in reducing direction

B DAY AT I NI LAY R K

(cy Dbr- sas-le spectru- indicated lead sulfate and :
orthor. . .ic  bO
(d) Bamd .i 4%: r.-¥ 7. .orsall intense

{e) DPry saaple & - -um indicated orthorhoabic PO
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into & KBr pellet, demonstrating that the ;

. pellet making process causes a transformation
3 to tetragonal PbO.

L

LRSI ¢ (I 3 77 ST SO NP OR

< T T = - . LA
> Er PN et - = - P 2o < PO
Blacts ke 0 TEVEE AR S S L S e B R R TR s B




!&35,,mizxs_a.:w:54.:_.‘E:S}.“..:ﬁ“::g?:;.«.:34.~..>\..:3:....F__...:.d e e L L R e T e Ry o TR E = —— ﬁ
T

‘@) euoqIRD :
peat oiseq speib auabesa Jo wnxjzoads uewey “z1 2anbta

96

WO ADNANDIMS !

W 6104 000! Oﬁm_ W
M . s B e } . + + 4 4 + t J

ey

gﬁ1 ~ ,
1 i
o u
. 19
4 ay :
w“ w _,u_
3 v n,
Wm < A
:

@”

u

T

inr

2(Ho)ad - ¥(f004ad)

A LISN3LNI

FASATRRCAE

=

5 o
¥

SRS 2 RO

STV

o=t

S PR RO E IR T R EER

T

3

o



ndatlytis g ti

fif

:
w
x

L 2EE
TERICE

I e

252

EEOvE

SRS

B

E N 34

T

EXRre o S

ST

R ER

s

Bt ==t

Llivetid il

97

- e ar e e PO - - e -~ o e,

"sauTl x9sel ‘uy m.vam pue ¢-g8y bBursn
1a217od Ig¥ e UT O g4 3O wniioads uewey

WD ‘ AON3IND3 YA

o0ov

-

"€1 2anbrg

(RO P A A T g e 1 T R R A T GV PIG YU e TRAE VPRI PIELIT NG N DA RS B AT SN WA im0y Y e R e i Vo T g L S HPULH o O
35 T Y e L] ? A BIARL

R

i A L m (R e e

. ———

b

¥

-

A/ Wu G'pig

- wu o'gev




T —— AT A o’ O R el G B e L L T 7 78T S s 8 M 0w i ST 3 0 AU ST 2 S TR ey
Ay

RS TT AR

ey

-InoYy HUO I03F IUTI] IIser
‘uu ¢+ 9yl 03 aansodxa as3je 3a1iad
I ‘SOpPIXOTP pedl e Fo unizdads uewey ‘$1 @anb1g

A

T

o

WD 'AON3INO3I YA

00l 00¢ 00¢

L 2

AERY SLWETIERITANGS

Py

B

g

— ALISNILNI

RIS

o

T

Sk

Ao NG rety, perh A8 Rt e w0 o' Y SRR i o8 g TN



me

T

ST oI

A

oo S =

~

e e - s
N T e e,

m
M

D

= e
S o

oA

A e T

T e T R T

i

i S g e SR

RS fkety

G9

i,

TTRLI, o . - o .
T A S P I T T SR RAO LI 050 JOORES A0 S BTV 30T PRI LAL PV UATRT oA 4129 P AU A 401435 W T8 703 AT 4L AR ER BE S 5575 1005 +an

‘aybtam Aq 04 DTQUOYIOYIIC %560
HutuTeIUoD Iopmad aBpTaoTYD pesl Jo anI3oads wewey

-WND ‘AININO 34
00! 002

e e o -
U L T P O T

g1 ©anbrdg

— . -

- - a——

SR AN e S A bt i
WK NN S8 AR R R B e et

i R st SRt b i iy s )

. o -
TTTTR e e “ S K

.




R R iy

Dy

SR

&5

e

e

TFR B RER r H

2

SR

SRSl

oS LT W 8 TSIV T NS TR LA W N T s o TR T %
: A ST T MRS s S T WL 8 T RSO LIY B ENT (LY T ST B PRTSRIITIRE B ™ 50T 0 ) 00 00 Ty F W b T R 0 £ K
» 5 v by AR LI i L E TR (LA

100

RAEY ek 2wy,

———
- ——

*3ubtem Aq epraoTy> peal %91 Buturejuoo
xspmod 044 oTqWoyroyizxo 3o wnijosads uewey

~WO *AON3IND3 YA
001 002

‘91 @anbrg

00¢

S T APV AR R T
— e Aan e, e,

«— ALISNILNI

i e o+

ey S e e s o




TR e e S R R R A RN e R

)

101
a -
: ﬁ
C
4
L 3 i
] ] ) J
iI50 100 50
FREQUENCY, CM~!

Figure 17. Raman spectra of a) the surface of lead
foil immersed in deaerated 2.3M HBr
solution for 8 days, b) lead bromide
powder from crystals formed on lead in
2.3M HBr after 34 days, c) reagent grade
lead bromide powder.
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Figure 19. Raman spectra of a) lead sample immersed i
in air saturated 0.1M HCl solution after :
3 days of exposure, b) a lead sample '
exposed to air saturated 0.1M HCl solution
for 3 days then dried in air.
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Raman spectra of a) a lead sample which
was immersed in air saturated 0.01M NaOH
for 4 days, then dried, b) a KBr pellet
of basic lead carbonate.
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In situ Raman spectra of lead in pH
buffer at +1.08V after 1.5 hours of
exposure, and at +0.06V after 2.5 hours.
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Scanning electron micrograph of a lead
sample which had been irradiated by the
488.0 nm. laser line during oxidatien at
+0.34V in pH 10 solution. The darker

area on the left is the irradiated portion.
Magnification: 5000X. Spectra indicated
that the surface film was tetragonal 2.
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Figure 31. Pourbaix diagram for the lead-water system
calculated with recent thermodynamic data
(90) with experimental results.
o = tetragonal PbO i = immunity
c = basic lead carbonate
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Pourbaix diagram for the lead-water-chloride
system (0.1M Cl7) calculated with recent
thermodynamic data (90).
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Figure 35. Raman spectrum of the lead chloride surface 3

i film on lead after 2.5 hours of exposure ;
to 0.1M HC1l at +0.69V. 4
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Figure 37.

300 200 100
FREQUENCY , CM™

In situ Raman spectra of lead exposed to pH 7,
0.1M chloride solution for 18 hours at +0.68,
+0.18, and -0.11Vv. The spectra indicate
tetragonal, tetragonal plus orthorhombic, and
orthorhombic PbO films respectively. The
feature marked with an asterisk is a grating
ghost. )

BT P Sy

S SRR ST S ST N ARSI SR RSN RIS DA 400 A s R 2T B

e P

ou

3 DA n e A b TR Tl O, P e 5 Mevra 3 £ PEEER e AL

Toaed  menn

e

'W.!:g'\-/:;ﬁ» by Rt WAL e MR Y ohd N Y 5

o ot A0 i 30 LT B 0 D e N Tt i gk 4




R i ALV LR W TN

STET TR IR T,

b ¥ g STE

e

. ———
- e ey e

‘UoT3INIOS IPTIOTYD WI'0
‘0T Hd UT A9Z°0- 3e sanoy ¢-gT Ia3Fe peay uo
pawIol WITI ajeuoqaed 3ayjy 3o wnixjoads uewey 8¢ aanbtg

122

-NO ‘AON3ND3NJ

009 000l

o+
P

002

o

NVNVY

* ALISN3LNI

R e e e R b i e e L e T i s T Qe b b B bl b ot B8 it
3 LR e i et bl g

SRS




T

gv‘ffzfgi‘gimkﬁfﬁ;ﬁx‘\}fﬁﬁ@iéﬁ? TSR TR T P B AR AR R T WA A NI R ) S R I e

INTENSITY

RAMAN

LEAD SURFACE

PbyO, PELLET

Figure

39.

600 400 200

FREQUENCY , cMm™!

Raman spectra of the surface of lead after
exposure in pH 10, 0.1M chloride solution
at +1.07V for i8 hours, and of a KBr pellet
of Pb304 .
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Figure 40. Pourbaix diagram of the lead-water-sulfate
system (0.1M culfate) calculated with

recent thermodynamic data (90).
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Figure 43. current behavior of lead oxidized in 0.1M
sul furic acid at +1.24Vv for 2 hours when
The

exposed to the 488.0 nm. laser line.
sample has a surface covering of tetragonal

PbO and lead sulfate.
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IN AIR

IN SOLUTION

A

0.1M K,S0,
pH |1
" 100  so0

FREQUENCY, CM™

Figure 46. Raman spectra of lead exposed to pH 11
sulfate solution for 18.5 hours at -0.34V
recorded with the sample in solution and,
after washing, in air; and the Raman spectrum
of pH 11, 0.1IM sulfate solution.
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! Figure 48. Raman spectrum of a 2140 angstrom thick
film of lead sulfate made from a vapor
deposited lead sample.
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Figure 51. Raman spectra of the surface of Armco

iron oxidized in air at 250C for 50, 217,
and 380 hours. Full scale on the 50 and

217 hour spectra is 1000 counts/sec., for
the 380 hour spectrum it is 3000 counts/sec.
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IV. CONCLUSIONS

vas demonstrated to be an effective

e LI At A iy

Haman spectroscopy

method tor in situ analysis of the composition of thin,

insoluble surface films formed on lead in agqueous solutions.

L R I T e

Simple immersion and controlled potential exposures of clean

payees

lead samples formed several differsent oxidation products

wvhich were identified. Spectra of thin surface files

(probably as thin as 200 angstrcas) vere found to be

E, virtually identical to spectra of pure compounds in either
i loose powder or pellet form. iRaman spectra of iead saaples
3 iwpmersed in agqu~oous solutions vere identical, although with

those of the saaples vhen 1

o

slightly reduced 1ntensity, to

s

s

£
s

dry.
|

In situ HRaman spactroscopy was used to identify the

insoluble oxidation products formed during potentiostatic

éxposures taroughout the di{ferent regions of the Pourbaix

water wvwith

didyraws calculated for lead in water alone,
? chlorides, and water with sulfates present, T he
_; experimental rasults did not gyenerally aqree with
g thermouynamic predictions. At potentials where lead

imnunity was predicted experimental findings agreed, bi%, at a

potentials, where oxidacion took place, the preducts

H ' higher

E { formed skoved numerous discrepancies from predictions. In

~§ ail cases, spectroscopic results and potentiodynamic :
g‘ polarization curves, the two experimental techniques; agreed g
= ] ;
" 1 with e€ach other, but carely did they agree vith calculated

;

Z 4

3

~ ‘ . . - e .
e R I R o
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Pourbaix diagrams,

The reasons for differonces Letween experimental and
theoritical findings are varied. Effects of the presence of
insoluble surtace species were not considerad in calculating
the th-oretical diagraas. Thus, the observation of a
tetragonal Pb0 layer beneath a lead sulfate film in sulfuric
acid solution could not have been predicted by the
calculated diagram. The presence of all anions vas not
cor sidered. In bicarbonate buffer solutions a carbonate
fxlm vas detected in the region vhere immunity vwas
predicted, but the predictions were the result of
calculations which did not consider the carbonate ioms.

Other shortcomings of the Pourbaix diagrams were pointed
out by analyses in chloride solutions which identified
orthorhosbic PbO at low potentials and tetragonal PH0O at
higher ones. In potassium sulfate solutions, lead sulfate
was observed at some potentials and PbO at others. In both
cases noc potential dependent reactions betwveen these species
vere 2ven considered in gz=aerating the diagraas,

In general, agreesmen? be¢tveen the Pourbaix diagrams and
experimental results wvas best for lead exposures in siaple
solutions, consisting of a very ssall number of dissolved
species. Simple solutions vere the closest to the idealized
systeas used €or the theraodynamic calculations. The more
coaplex the =solutions became, ths 1leSs agreement with

Pcurbaix éiagrams was found.
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Description of Vibrational Raman Spectroscopy

Vibrational Raman spectroscopy involves transitions
butween vibrational 1levels of a molecule or a unit of a
crystal lattice. The simplest systew to use for a model is
a diatomic molecule; only one chemical bond exists betwee.
the two atoms, and the only vibration possible is stretching
of that bond.

The two lowest wvibrationai energy levels, the ground
state and the first excited state, are the 1levels of
intsrest. A molecnle must always viktrate. The ground state
is the lowest energy level it may attain, and it is assigned
a vibrational quantur nuaber, V, of zero. The energy of a
vilrational state 1is ©propertional to the frequency of
vibration and relatad to the vibrational quantum nuaber,
Lev., B=(V+ 1/2) hv c
wiere h is Planck's constant, ¢ is the speed of light, and ¥
is the frequency characteristic of that particular
vibratioun. It can be seen that even in the ground state,
v=0, each molecule has some vibrational energy.

The two 1lowest vibraticnal energy levels, with V=0 and
V=1, are shovn in Pigure 58. MNolecules can absorb light by
yoiny from the lover to the higher level, or they can eait
light by going froa the higher to the lower. The energy

corresponding to the absorption of a quantum of light is
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given by

E =Et - B0 = hw¥vc
A typical transition tor a diatomic nmolecule corresponds to
approximately 2000 cm-t' and the absorption appears in the
intrared regiou of the electromagnztic spectram.

An intrar2d4 absorption spectrum is obtained by passing
infrared radiation through a saagle. If the sample
wolccules have dipole wmoments (a condition required by
quantur mechanics for optical transitions froms one
vibrational 1leval to another), some of the light will be
absorbeu at the resonance frequency of the molecule, i.e.,
the fraquency corresponding to a transition between the V=0
and V=1 levels.

Although a diatomic wmolecule has only ore possible

o2 A AU 2 Y e MR e A D 2 o 6 AT RN Y 02 0N it N T R

vibrational wmode, nonlinear polyatomic molecules have 3N-6
(vhere N 1is the number of atoms in the molecule) excited

levels with V=1. A molecule in the ground wvwibrational level

Dby b b et & ety

may be excited ¢to any of the higher levels, each of which

corresponds to a different vibrational mode. Each vibration
has its own characteristic frequency, %,, giving each a
different enerqgy, so the infrared absorption spectrus of a
polyatomic moiecule represents trunsitions to the V=1 levels

of a large nusber of wvibrations. An infrared spectrum may '

b R o S0 B T e A TS

not contain 3¥-6 absorption bands; however, since all of the
excited states may not be accessible through absorption of
intrared radiation.

The transitions responsible for Raman scattering are
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transitions betveen the sase vibrational levels but the

prtoc=8s is more complicated than siaple absocption. A

Y
Nk AP el AP YAMLIE S 10 e A A s B B, o B £

siwple picture of some Raman transitions is presented in
Figure 55, ¥hen the electric vectuer of an electrezagnatic
vave interacts with the electrons surrounding a molecule it
distorts the =electron cloud, causing tesporary dipole
mOUMENtS. The sum of the dipole moments induced per unit
volume 1s called the polarization, P, which is related to
the elcctric field strength, BE.
p =OE

The polerizability, o, is related to the dielectric constant
ot the wmdateriul. 1Incident radiation in the visible range,
approximately 20,000 ca—!, ercites the molecule, inducing a
tcuporary dipole., In a very short time (10-1!¢ seconds) the
avlecule reemits a1  photon at the same frequancy, ¥ ,
r2lvasing the energy of excitation as Rayleigh scattering,
to return to the ground vibrational levei. Some photons are
cuitted at a lower frequency, returning the excited solecule
not to the ¢ground state but to the higher vibrational level,
V=1, The enerqy of the photon eritted corresponds to the
trequency 3, - % . This type of scattering is called Steokes
Raman scattering.

There 1is a Boltzmann distribution of molecules at all
possible vibrational levels. Thus, even at rooa
temperature, there are alvays some solecules in the V=1
level, These can also de excited by the incideat radiation

and either return to the V=1 level by emitting a photon at
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%, or they may return to the V=0 level by emitting a photon
at ¥ o+ Y, The lateter transitions are referred to as
anti-Stokes <asan scattering.

A typical Raman spectrum of a diatomic molecule is shown
in the bottom of Figure 55, It is siaply a plot of
scattered light intensity v;rsus frequency. The intensity
ot the ant:-5tokes Raman bands depends on the magnitude of
X i.,e., the graater A the smaller the number of
molecules in the V=1 lievel to begin with (Boltzmsann
distribution} and the smaller the intensity of the
transition. Normally, because they are much stronger, only
the Stokes transitions are used in Raman spectroscopy, i.e.,
only the left half of the spectrum is used. Purthersore, it
i conventional to plot the frequency difference from the
excitation frequency, Y - (¥%-¥) =% , the frequency
corcesponding to the energy differences between vibrational
levels.

As in absorption spectroscopy, for polyatomic =olecules
transitions to some or all of the possible 3§-6 vibrational
levels can take place. For a Rasan transition to occur, the
geometry of the moleculs in the excited state must be such
that a change in polarizability has taken place, i.e., the
electron density about the molecule xust be distorted by the
trausition. Por an absorption of ipfrared radiation to
occur, the gueometry of the molacule in the excited state
Bust be such that & change in the dipole moaent has taken

place. Thya, while both Rasan and infrared absorption

5
3
]
3
E
z
=
3
3
z
=5
kS
=
3
z
3
]
z
I
3
¥
H
z
Ee
3

s g i

AN

A PR i - g L i S L - - - e . - -
R S A i




4 (G L A LR ey L I g A SO R 1 L

AR ERECCRPR lpr TE IR

(UL U A AL

RG] ad VTR TR TRl e PV TRNEOR,

RULLEA iR

)
1}

St

-

150
sprctra provide information about vibrational tramsitions,
the two processes are entirely different, and transitions
which show up stronygyly vith one are usually veak with the
other. Typically strong infrared bands are due to
vibrations of polar bonds such as those involviang hydrogen,

wvhile strong Raman bands are usually due to species with

large rumbers of elactrons, such as lead coapounds.

Since vibrational fraquencies are characteristic of the
sp:cific type of vibration (bending, stretching, etc.), the }
type of atoms involved in the bonds, the type of bond, and
any other cnvironmental influences on the electrons involved
in bordiny, spectra are unique to each cospound or é
structure, Ev2ry molecule has its own characteristic Raman
sp:ctrus which can be used to identify the mclecule, §

specifyingy not only which coapound is present, but also

which polymorph of that compound, and possibly identifying
any distortion froa the normal structure.

In tnis discussion of Raman spectroscopy a small
molecule has been used as an example to make the explanation
as sisple as possible. Por the solid species exawmined in
this research, the spectra are somewhat more cosplex. In

addition to ta3 vibrations of the molecules or very saall

parts of a4 crystal, termed the internal. vibratiosms,
vibrations of eatire molecules or larger units of a crystal,

the external, or lattice vibrations, are also observed.
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Thus, adalthough spectra of solids are more complicated than

thas¢ of tree solecules, the exasple of a smwall molecule is
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Figure 55. Energy level diagram for a typical
vibrational Raman transition and the
Raman spectrum resulting from such a
transition.
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