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A nanosecond time scale l a se r  f l a s h  photo lv ti c study of the ki ne tic

behavior of carbocyanine dyes in low t empera tu re  gla’-.s es t c ;t ~~ cuo~~l~~t eJ a~n I

published. So also was an ultrasonic absorption kinetic invcsti g$tion Ot

the complexation of aqueous silver (I) ion by thiosulfat e ion . This la tter

work led into a large number of ultrasonic kinetic stud i es of mc ta1 ion corn-

plexation in solution by a v a r i e t y  of anionic and n u t r a l  ligands . I n  tL

case of crown ether ligands , such as 18 - c r n n i i -h  and l 5 - c r o wn - 5 , observed

rates were surprisingly far below diffusion control and were i n f l u e n ce~i in-

stead by cation desolvation kinetics and conformat ional changes in the -

complexed ligand .

A minicomputerization of the laser [)ebye—Sears ultras onic abso rp tion

technique played an especiall y impor tant role in these successfu l complc \;I

tion kinetic experiments. This very producti ve mini computeri zat i on  led  ~n-

to automate a spectrophotornetric electric field lump relaxation method exI erl-

ment , a task c;rnp leted jus t  a f t e r  the expiration of the grant .

A thorough study of the t h e r m a l  degradat i on of a p o l v p c r f i u o r o a l k y l

e ther  in the presence of i ron and t i t  an i urn el a I coupons wa s  c a r r i e d  out  l~y

a variety of exper imenta l  t e chn i qu es. R e s u l t s  ob t a  I ned , p ar t  i cular lv by

thermograv imetr i  c and gas ch r en a t (O~ r i ~~h i c ~‘a ss sp ect ra I an a  i t  I ca 1 m et h o d s

indica ted  a free r a d i c a l  mechan i sin co Hn i St  ( ‘ l it  i cj  t h  the  cone I us i ons  et  e ar l  i c r

workers .

Th e e l u c i d a t ion of t h e  r i t e  and m e c h u i i i  srn of f o r m a t  ion of t i t  an i in

f lu o r i d e s  on t h e  sur  face of t ii an i n u t a 1 C OUP OflS ba thed  i n  hot aol \‘per -

f lu o r o a l k v l  e t h e r  l u b r i c a n t was ~ et as a goa l l i t e  i n  the t ni r y ear ‘rant
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period . An adap tation of photoacoustic spectroscopy (PAS) incorporating a

piezoelectric transducer instead of a microphone was selected for this task.

The feasibility of making optical absorbance measurements of an opaque sur-

face at high chopping frequencies (up to ‘~2SO Kl-lz) of the incident light

has been demonstrated . The use of this technique in measuring short fluore- H

scence lifetimes in opaque materials has also been demonstrated by PAS

s ignal phase angle meas uremen ts in ND :laser gla ss as we ll as in sol id Nd203.
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DI SCUSSION

The goals set at the inception of this four year grant were insp ired

by practical silver halide photographic emulsion prob l ems . During the

gran t period two sc ienti f ic papers were publ ishe d that we re ant ic ipa ted

by the original research proposal: Paper (9) in the attached list of

publ ica tions deal t with a pul sed la ser f lash spec troscopic study of car-

bocyan ine dyes used as sens iti zers in photogra phic emulsions . Paper (15)

reported the very rap id kinetics of complexation of aqueous silver (I’l ion

by thiosulfate ion , a classic reaction for “fixing” photographic negatives .

The flash calorimetric technique that was originally proposed for the dye

sensitizer studies turned out to have an unsuitably slow response time ,

hut the fam iliari ty gained wi th thi s techn ique has since proven very valu-

able in our development of a novel photoacoustic spectroscopy technique

for inves ti gating solid surfaces described below . The ultrasonic absorp-

t ion techn ique that we foresaw using to measure silver ion complexation

kinetics has since turned out to he the most productive research tool in

our laboratory. References (12), (15) , (16), (18), (19), and a h a l f  dozen

other manuscripts in preparation and in press were made possible by the

minicomputerized flebye-Sears Ultrasonic absorption spectrometer envisioned

in our 1972 prop osal.

A partial shift in e::iphasis away from photographic chemical problems

and toward corrosion related phenomena appears in the proposal for the

period August 1 , 1973 to J u l y  31 , 1974. An electric field jump kinetic

study of the hydrolysis of iron (TI!) was planned for spectroph otometric 

----——--t-. ~~~~~~~——.--- .- -.-----,.---‘ . . . . . .- - -
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execution at an ultraviolet wavelength. Several electric field l ump re-

laxation method kinetic studies 1(11 , (5), (~) and (14)1 were completed

during this grant year, but the sensitivity of the method was not suffi-

cient to detect the small ultraviolet absorbance amplitude change asso-

ciated with the fast transient of iron (lII) hydrolysis.

The propo~a1 for the year August 1 , 1974 to July 31 , 1975 focused

+ ‘1+
on kinetic studies of metal ion complexation (Ag , Cd , and Hg~ ) by

ultrasonic absorption spectroscopy , electric field jump relaxation method

kinetic studies of aqueous protolytic reactions , and further fluorescence

studies of cyanine dyes. Resulting ultrasonic studies of complexation

of monovalent and divalent cations by various crown ethers and cyclodex-

trins have been extraordinarily fruitful. In addition to paper (18) the

following manuscripts acknowledging AFOSR support are at the various stages

of the publication process indicated for each : 1) G. W. Liesegang . H. H.

Farrow , F. A. Vazquez , N. Purdie , and E. M . flyring, “tlltrasonic Absorption

Kinetic Studies of the Complexation of Aqueous Li
t
, Na

t
, Rb~ , Tl~~, Ag~ ’

NH4~ , and Ca~~ by l 8-Crown-~~ ” 1 . ~mer. Chem . Soc., in press for August ,

1977 ; 2) R. P. Rohrhach , I . .J. Rod r i que~~, F. M. Eyring, and J. F. Wojcik ,

“An Equilibrium and Kinetic Tnvestigation of S.ilt- (’vcloamylose Complexes ,”

J. Phys. Chem . in pres s for M ay , 1~~
’ ; 31 IL W. liesegang , H. N. Farrow .

L. J. Rodriquez , F. M. Fvring , and \ .  l’ u r d i c , “Dynamics of Conformational

Change in Aqueous 18—Crown—ti b~ .in Ui ’ r;~ ~on i c \ h s or p t  ion Method ,” accepted

for publication subject 1’  m i n o r  v”u  isb n 1w tnt . . 1 . Chem . Kinetics; 4)

C. W. Liesegang and F. H. Ivri ni’ . ‘~~~n et p c Studies of Synthetic Multidentate

Macrocyc i ic Compound s.” i n  S v i i t h r t i c  Hii lt i l e n t a t e  Macrocyy l_i~ Corn_pounds,

‘I
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R. M. Izatt et al., eds., Academic Press , N. Y., publication projected

for Summer , 1977; 5) N. Purdie , E. M. Fyring, and I . .1 . Rodrique:,

“Reaction Rate Measurements in Solution on Microsecond to Subnanosecond

Time Scales ,” in Chemical Experimentation Under Extreme Condi t ions ,  B. i’ .

Rossiter, ed. , Interscience Publ ishers , N. Y., publication projected for

Autumn , 1977; • 6) L. J. Rodri quez , C. W . Liesegang , R .  D .  W h i t e , H . H .

Farrow , N. Purdie , and E.  H . Eyr ing ,  “Kinet ic  Studies of the Coni plexat ion

of Monovalent Sodium , Potassium , Rubidium , Thallium and Silver Cations by

Aqueous l5-.Crown-5 ,” to be submitted to J. Phvs . Chem.; and 7) L. 1 .

Rodriquez, C. W. Liesegang , M. M. Farrow , N.  Purdie , and I . M. Eyring .

“Kinetic Studies of Complexation of [)ivalent Strontium , Barium . ~.ead and

Mercury Cations by Aqueous 15-Crown-S and 18-Crown--6,” manuscript in f i na l

stages of preparation .

The general thrust of these papers has been to demonstrate that  crown

ethers complex even the simplest cations at rates one to two orders of

magnitude slower than diffusion control. The rate determining step in

the ion complexation is instead f i rs t  solvation sheath water  loss from

the cation . In some si tuations a confommationa l change of the crown e the r

ring also plays an important role in the complexat ion  process. (‘yc lo -

heptaamylose (also called 8-cyclodextrin) on the other hand complexes

small  anions such as C1 and C1O 4~ at rates that  do not depend on desol-

vation rates but rather on simple steric factors . These results and their

extrapolation to related systems are particularly interesting as a poten-

tial guide to the synthesis of homogeneous ca t a ly s t s  r e s e m b l i n g  those re-

cently synthesized from crown ethers by Cram and coworkers i t P.C 
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With the exception of one study of the kinetics of a helix coi l

transition (17) the electric field jump apparatus has been a less pro-

ductive research tool since August 1 , 1974 than the Debye-Sears ultra-

sonic absorption spectrometer. This is a reflection of several factors :

The spectrophotometric electric field jump technique is ill-suited to

the study of reaction systems experiencing light absorbance changes out-

side the visible region of the electromagnetic spectrum . Protolytic

reactions , particularly of visibly colored acids or bases in aqueous

solution , are well enough understood ai this point to warrant little

further study . Until very recently (February , 1977) the complete mini-

computerization of the electric field jump experiment had been delayed

by a shortage of computer memory . There are some very interesting ex-

periments in nonaqueous solvents that could he carried oi-t productively

with the now fu l l y computerized electric field jump apparatus ; however .

the present emphasis of our AFOSR sponsored research lies in the unre- ~-

lated field of photoacoustic spectroscopy of solid surfaces [see below].

The research proposal for the period Augus t  1 , 1975 to July 31 , 19Th

sketched plans  for 1) a study of the mechanism of degradat ion  of a poly-

perfluoralkyl ether lubricant at elevated temperatures i n  the  presence

of various metals , 2) a k i n e t i c  s tudy of aqueous tit aniu m (I!1l hydrol ysis , *

and 3) f u l l  automat ion of the u l t r a s o ni c  absorp t ion  of e l e c t r i c  f i e l d  j ump

ex p e r i m e n t s .  The f i r s t  of these obj e c t  ives was ach i eved  in  det a t  1 r e l y  i n~

pr~ n c i p a l 1 y on mass  spectrometric and t h e r m o g r a v i m e t r i c  techni ques i . t ~~er

t h a i t  by  
13C nmr and u l t r a s o n i c  methods as on g i n a l  l~ p r o p o se ! .  ‘\ free

_ _  - -.  _-,
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radical mechanism for the degradation of a poly-perfluoroalkyl ether was

confirmed and activation parameters for the thermal degradation were mea-

sured. Conclusions drawn from the date were similar to those of D. Sianesi ,

V. Zamboni, R. Fontanelli , and M. Binaghi , “Perfluoropolyethers : Their

Physical Properties and Behaviour at High and Low Temperatures , ” Wear , 18 ,

85 (1971). Our work in this area is summarized in the first of two Appen-

dices to this report .

Aqueous solutions of t i t a n i u m ( II I )  are so deeply colored when concen-

trated enough to cause significant ultrasonic absorption that they are

too opaque to cw argon-ion laser light for Debye-Sears type ultrasonic

absorption measurements to succeed . It may be possible to use the Dember

effect (A. Bergman , C. R. flickson , S. D. Lidofsky, and R. N. Zare , “Laser

Generation of Transient Photocurrents in Liquids Without the Application

of an Electric Field ,” J. Chem. Phys . ,  65 , 1186 (1976)] to make such a

kinetic measurement . However , we plan to try a resonance type of u l t r a

sonic absorption measurei~~nf 
‘(in the 0.5 to 10 MHZ ultrasoni~

’ffequencv

range) instead since optical transmission of the sample solution in t h i s

technique is irrelevant .

The total automation of our Debye-Sears ul trasonic absorption method

has been reported (19) . The more complex minicomputerizat ion of the elec-

tric f ie ld  jump relaxation method apparatus was f inished jus t  a f te r  the

termination of this grant [February , 1977] and w i l l  he described in an as

yet unwritten publication .

The last research proposal submitted was for the period August 1 , 1~~Th

to January 31 , 1977 . The principal theme was the development of a photo- 

.. .- -.- ‘ -.-‘ -- - - -- - - . . .
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coustic spectrometer for identifying reaction products on the surface

of metal coupons exposed to hot polyperfluoroalkyl ether lubricant.

This work has been eminently successful . A working photoacoustic

spectrometer, using a piezoelectric transducer as the detector rather

than the more conventional microphone, was reported at the 173rd Amen -

can Chemical Society National Meeting in New Orleans on Tuesday , March 22,

1977 [M.M. Farrow, N. Auzanneau, R . K .  Burnham , N.  Purd ie , and E.M.Eyring,

“Photoacoustic Spectroscopy of Neodymium (III) Glass ,” Meeting Abstracts ,

Physical Chemistry Division, paper no. 113.] The novel aspect of this

instrumentation is its capability of measuring rapid transient surface

chemical phenomena over the entire 0 to 250 KHz frequency range with  no

apparent insuperable obstacles to a t ta ining frequencies as high as

250 MI-Iz. The highlights of this work are discussed in the second of

two appendices to the present technical report .

Publications Acknowledging AFOSR Support Since December, 1, 1972
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k PPENDIX ±:
Description of Studies of the Therma l Degradation of
a Po lyperf luoroa lky l Ether Lubricant (DuPont PR-143)
from the January 15 , 1977 Tnterim Scientific Report
for this grant.

C. E. Snyder, Jr. of Wright-Patterson AFB provided us with approxi-

mately two liters of DuPont PR-143. Depending upon the weight , this syn-

thetic po iyperfluoroalkyl ether can be used as a hydraulic f l uid , gas tur-

bine engine oil , or bearing grease. We have studied the degradation of

the light engine lubricant under a variety of conditions. Our objective

is to determine the reaction kinetics by which this lubricant degrades at

high temperatures (“~55O°F) in the presence and absence of gases and metals.

In subsequent experiments we degraded the lubricant thermally in the

presence of titanium coupons following standard procedures.1 Carbon-l3 and

fluorine-19 nmr spectra were obtained (on a Varian XL-100 spectrometer) on

the dis t i l la te  as well  as the liquid residue . No signigicant nmr spectral

difference between degraded and undegraded oil was observed even in tho se

cases where there were visual ev iden ces of physical change (v iscos ity and

color).

The implications of these findings are that (a) no sign i ficant change

in the chemical environment around the carbon or fluorine occurs in the

degradation process, or (b) the concentration of such chemically changed

species is so low that they escape detection by nmr , or (c) the degrada-

tion products are volatile and are not being collected with the distillate ,

or finally (d) the degradation products are short lived species and recom-
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bine before nmr spectra can be obtained . Experiments described below

were designed to exclude some of these possibilities .

Table I presents representative examples of experimental conditions

for the lubricant degradation that culminated in the nmr result. The dif-

ferences in appearance of the titanium coupons noted in the las t col umn

suggested the desirability of surface X-ray diffraction measurements to

identify the composition of the corrosion products. Dr. Charles U. Pitt ,

a professor of metallurgy, assisted us with the necessary measurements on

a Philips Diffractometer. All coupons were examined under copper K0

X-radiation (A 1.54 A). TiOF2, TiF3, and traces of TiC2 were detected

on the metal surfaces .

In addition, a white powder was deposited on the walls of the glass-

ware. Scrapings of this residue were also tested and found to be composed

of fluorides of titanium , TiF3 and possibly TIF4 . The oxides and oxyfluo-

rides of titanium were present only when the injected gas was either air

or pure oxygen. A possible conclusion to be drawn from the presence of

titanium fluorides is that the degradation of PR-l43 involves the genera-

tion of reactive fluorine either as fluoro-organic free radicals or as a

free fluorine radical. This agrees with the mechanism presented by (‘1umprecht

at the 1968 Gordon Fluorine Conference,2 the results of an earlier study by

Sianesi. et a l . ,  and the data of Snyder and D o l l e .

The proposed mechanism of ox ida t ive  degrada t ion  ( i n  the absence of

metals)  is a free radical process wi th  initiation followed by a 8-sci~ sion

propagation step. In the polymer, the C-C bond is the weakest , and de-

struction of this  bond causes the whole molecule to decompose with the 

— ~~~~~~~~~~~~~ —~~~~-~~ —~~ ~•. - . • — - - --. -~. . .• . ——~ -- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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T a b l e  I .  Rt ’pres~ n t a t  i vu e xp er  i n t c u t a  1 con c l i t  10118 for degradal ion of
l)uPon t PR — 163 i i  g h l  eng i or 1 i i h n i c ~t iit stibseq utrnt l y ex ; t r n i  ned
by C and F nuricar magnetic resonance speciroscopy.

TKIIPERATURE 316°C (600°F)

Heating Injected Gas Pressure M c i i i  F ina l  Net;i l
Time Gas Flow Rate ~~~ ‘~~~eni Coupon ~ EpC araf lce

72 hrs Air 80 mI/mm 
• 

Attn . Ti ViOlet

24 hrs N
2 80 mi/mm Atm . Ti maroon

24 hrs 02 
80 mI / m m  Atm . Ti d u l l  g ray

24 hrs dry a i r  80 m i/mm At m .  Ti 6A 1 4V d u li g r ay
A l l o y

6 hrs  N 2 80 mi/ nu n 180— 190± Ti mar o on *
mm H g

6 l i r s  °2 80 mi /m m i8O~ 19 Ot Ti d u l l  g rny *
mm Hg

10 lu r s none — 60 u r n  Hg V b r o w n — b l a c k

4 h r s  lie 80 mi/mitt 150 pm H g V b l ack u

4 hr s  02 80 mi/mm 150 ~im H g V black ~

t’ De g radat ion  sped U~~ d r a m a t i c a l l y  at  low gas p r e s su re s.

Corrosion was less pronounced on t h a t  po r t i on  of the coupon swept  c o n t i n u o u s ly
b y i n j e c t e d  gas.

powdery  c l a r k  g reen  p r e c i p i t a t e  was noted  in the  r e s idue .

+A powdery y e l l o w — g r e e n  prec i p i t a t e  appeared  in the  r e s i d ue .  

- ,-~~~~~~~~~~ 
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evolution of corrosive gaseous products. If the mechanism as proposed

is correct , then the degradation products should contain components which

hydrolyze to strong acids . This we confirm by a potentiometric t i t ra t ion

of the water soluble components of the lubricant “d i s t i l l a te” using KOH

titrant . This procedure yielded a multistep t i tration curve indicating

the free acid generated was not simply HF but rather the hydrolysis pro-

ducts of perfluoroacetyl fluoride, a predicted decomposition product.

Since the proposed degradation mechanism involves free radicals ,

we carried out electron spin resonance experiments on the departmental

Varian V-4502 spectrometer. A sample cell was fashioned from 4 mm O.D.

Pyrex tubing. Metal fi l ings were inserted with the PR-143 lubricant , and

the cell was evacuated . A great deal of outgassing from the surface of

metal filings was noted . The cell was then sealed under vacuum . The spec-

trometer is equipped to maintain a sample at a temperature of 2500 . As the

sample was heated , outgassing resumed , and the esr spectrometer became

untunable.

Fluorine is not the eff luent  gas. This was verified by its unreactiv-

ity with l i thium metal over a twelve hour period . The gas is probably one

of the lighter organic fractions r e st i t i n g  from the degradation of the

lubricant . Even if we had succeeded in overcoming outgassing problems ,

trace amounts of free radicals  inevitabl y present in the heated lubr ican t

could give detectable esr s igna ls  unre la ted  to the ma in  degradation pathway .

Since these si gnals may not necessari ly l ie in the same f i e ld  region as

those corresponding to paramagnetic degradat ion products or in termedia tes

or may be so weak as to be e f fec t ive ly  masked , the s i tua t ion  is  by no means 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ - - .-
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I

hopeless. However, we did not have sufficient manpower to pursue these

esr experiments further and s t i l l  carry out experiments described below

that were more rapidly fruitful .

Since a variety of components is produced by the proposed degrada-

tion mechanism, analysis by gas chromatography was indicated . A Hewlett-

Packard 700 gas, chromatograph with a thermal conductivity detector and a

240 temperature programmer was then used to examine the distillate in a

Freon solvent, CC12FCF2C1. A three foot UC-98 copper column was employed

in these experiments. There were light fractions detected in a l l  samples

including the untreated lubricant . The percentage of light fractions in-

creased markedly with visually detectable degradation of the lubricant .

Chromatographic peak shapes suggested that the degradation products are

homologues of varying chain length, as expected from mechanistic arguments.

Mass spectral analysis was carried out by electron impact ionization

using the mass spectrometer as a gas chromatograph detector . The com-

ponents ioslated with this technique are fully supportive of the proposed

mechanism, with those degradation products predicted ,3 such as perfluoroacetvl

fluoride, C3F6, and COF2, actually observed .

Quantitative thermogravimetric (TGA) kinetic studies of the degrada-

tion of PR-143 lubricant are now essentially complete. An analysis by Fuoss

et al.
5 
has been used to determine activation energies and Arrhenius static-

tical factors from the inflection point of TGA curves. Our results are sin-

ilar to those reported by Fuoss et al. for the degradation of Teflon and

polystyrene. This kinetic TGA analysis is being prepared for publication .

Analysis of the lubricant degradation kinetics by TGA with metals present
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does not appear promising because of the simultaneous corrosion of the

metal catalyst and its concurrent weight gain.

In summary , a variety of experimental tools have been used in th i s

laboratory to confirm a free radical mechanism for the degradation of a

polyperfluoroalkylether. Thermogravimetric kinetic stodies have yielded

new information, regarding the activation energy associated with the ther-

mal degradation of the polymer.
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APPENDIX II :

Descript ion of Photoacoustic Spectroscopy Experiments
Carried Out at Utah Under AFOSR Sponsorship as Described
at the  173rd Na t iona l  American Chemical Society Meeting
in New Orleans , 9ar ch 22 , 1977.

PHOTOACO USTIC SPECTROS COPY OF NEODYMIUM ( I l ’)  GLASS .
Michae l M. Farrow , Max Auzanneau , Roger K.  Burnham ,
N e i l  Purdie , and Edward M. Eyring , Departments of
Chemistry , Univers i ty  of Utah , Salt Lake Ci ty ,  Utah
841 12 and Oklahoma State University, Stillwater , Okla-
homa 74074.

ABSTRACT

Photoacoustic spectroscopy has been used to measure the v is ib le  ab-

sorption spectrum of neodymium ( I I I )  laser glass. The experimental arrange-

ment consisted of an argon ion pumped , cw, 30 mw , rhodainine 6G dye laser ,

a 400 Hz beam chopper, a sample with a ceramic piezoelectric transducer at-

tached , and a lock-in amplifier. It was shown experimentally that the

onset of fluorescence subs tant ia l ly  lowers the acoustic signal and a l ters

the acoustic phase angle.  A correlation between l ifetime of the excited

s ta te  and acoustic phase angle is observed . App lications of photoacoustic

spectroscopy to rapid heterogeneous reaction kinetics are also considered .

There has been a recent revival  of interest in photoacoustic spectro-

scopy or PAS as an ana ly t i ca l  tool for ob ta in ing  the electromagnetic spectrum

of opaque m a t e r i a l s .  Many of the recent pub l i ca t ions  on th i s  subj ect have

come from Bell Laboratories which is appropriate since Alexander C aham B el l 1

fir~ t reported the photoacoustic effect  in 1881. Those who are u n f a m i l i a t

w i t h  the techni que may be interested in perusing one of the recent review
2 3a r t i c l e s  ‘ on PAS .

_ Li
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There are several features of the most recent 2 of these review

articles that have a bearing on the present t a l k .  As noted in the

textual material , PAS of solids typ ica l ly  involves  the irradiation of

a surface in an enclosed , gas - f i l l ed  cell  by a chopped beam of l i g h t .

If the wavelength of the monochromatic , periodic l i gh t  beam en te r ing  the

cell through a transparent window is one that the sample surface absorbs ,

the subsequent thermal deexcitation of the energy states excited by the

l ight  beam wi l l  give rise to pressure osc i l l a t ions  in the surrounding

gas that are proportional to the absorption of the light by the surface.

These oscillations are detectable with a microphone also located in the

cell , and the resulting signal is amplified and measured by a lock-in

amplifer.

Figure 1 of reference 2 is the PAS spec trum of a solid lanthanide

oxide and Figure 2 indicates that better spectral resolution in microphonic

PAS is achieved at a higher chopping frequency of the incident l ight  beam .

McClelland and Kniseley 4 provide a schematic of a typical  microphone

PAS cell and also a plot of experimental data that suggests there is very

l i t t l e  to be gained in Signal to Nois e and nothing to be gained in photo-

acoustic signal by working at chopping frequenc ies exceed ing abou t SO Hz .

In a subsequent note 5 these same authors provide a somewhat clearer

schematic view of how a microphone type PAS cell works and how one can over-

come the disadvantage of light scattering from the sample on to the micro- k

phone by relocating the lat ter  at the end of an interconnect ing a i r  duct .

The next s l ide is a photograph of a prototype commercial photoacous t ic

spectrometer that I saw last month in the laboratory of Dr. Gordon Kirkbri ght

L _ _
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at the Imperial College in London, England . The OAS label stands for

“Opto-Acoustic Spectrometer” which is the terminology some prefer for

the PAS technique. Such an instrument combines ordinary uv-visible

transmission spectroscopic capability with PAS capabil ity. Some persons

in the analytical instrument industry forsee a mu ltimi ll ion  dol la r  per

year business in photoacoustic spectrometers.

Rosecwaig3 has demonstrated the feasibility of identifying fluore-

H scent lines in a PAS spectrum . In the upper trace of his Figure 12 H

Rosencwaig has shown the PAS spectrum of a solid sample of h o l m i u m ( I I I )

oxide to which a fluorescence quenching impurity has been added . In the

same Figure 12 , in the lower PAS spectrum of pure , solid h o lm i u m ( I 1 l )

oxide many lines are missing because of the de-excitat ion of the corres-

ponding levels by fluorescence.

Hordvik6 has used a piezoelectric transducer as the detector in his

PAS determinations of optical absorption coefficients of h igh ly  t rans-

parent solid materials utilized in his infrared laser work . On the next

slide (Fi gure 1 of reference 6) we see a schematic of Hordvik ’ s apparatus

for making such measurements . Hordvik ’ s use of a p iezoelec t r ic  detector

operated in the 150 to 3000 Hz chopping frequency range does not cap i ta l -

ize on one of the princi pal potential  advantages of such a t ransducer

over a microphone. Since a piezoelectric transducer can he operated at

frequencies as high as hundreds of megahertz (frequencies far beyond the

upper l imi t  accessible to microphones) , there is , in p r i n c i p l e , no reason

why a piezoelectric detector cannot be used in PA S experiments  to detect

very rapid transient phenomena such as fluorescence. We may expect with

_ _ _ _ _ _ _ _ _ _ _ _ _  
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such a transducer that the upper frequency l imit will be imposed by the

lock-in amplifier.

Other potential advantages of a piezoelectric transducer are the

possibility of improved coupl ing between an irradiated sample surface

and detector with a consequent enhanced signal to noise ratio and easier

analysis of the phase relationship of incident chopped light to the de-

t~cted sound wave .

In the investigations reported here we have used barium titanate

piezoelectric transducers in a prototype PAS spectrometer shown schemati-

cally in Figure 1. [This and all subsequent figures are found at the end

of this Appendix.] In Figure 2 we show a PAS absorption spectrum of a

powdered Nd203 sample attached to a front surface mirror with Eastman 910

cyanoacrylic adehesive. In this case the barium titanate transducer

attached to the back of the mirror was an Edo-Western Corp . EC-64 with

a resonant frequency of ‘~45kHz. The light source was a 500 watt high

pressure xenon arc lamp passed through a monochromator with f/i optics

and a 10 to 20 nm bandpass. The spectra have been source compensated ,

i.e. normalized for differences in lamp intensity at different wavelengths .

The signal was received with a Princeton Applied Research Model 184 charge

amplifier and Model 124 lock-in amplifier . The light beam was chopped

mechanically at a frequency of 135 Hz and the output signal level was in

the range of 100 to 200 iiV. The point of primary interest to Figure 2 is

that it is almost trivially easy to obtain the highly detailed visible

light absorbance spectrum of neodym ium(UI) from a completely opaque solid

sample using the above described PAS spectrometer. 

~~~~~ - - -~~-— - ~—~~~~ ~~~ - -~~~~~— -- --— -~~:-~~-,—,-- - .“ -— ----~~~~~~-~~~~~ ---
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In Figure 3 we have compared the PAS spec trum of an essentia l l y

transparent neodymium(III) glass laser rod (Owens-Illinois) with the

absorbance spectrum of the same material obtai ned with a Beckman DB

uv-visible spectrophotometer digi t ized with  a Dig i tal  Equi pment Corp .

LSI-II microcomputer. The PAS experiment was pcrformed with the laser

glass (~2cm thick) mounted on a first surface mirror backed by a barium

transducer as in the experiment of Figure 2. All other features of the

experiment were as described above. The 10 to 20 nm bandpass of the

monochroinator was imposed by arc wander in the light source (that had

been minimized by a permanent magnet).

In Figure 4 an argon ion laser pumped rhodamine 6G dye laser F
(Spectra Physics) beam chopped mechanically at 500Hz illuminated a

sample of neodymium(III) laser glass. The I ‘~rium titanate transducer

was mounted on an aluminum metal saddle on the barrel of the Nd:glass

rod so that the incident chopped beam passed parallel to and within

“1cm of the transducer. A 0° phase angle means that the acoustic si gnal

arrives with no time delay from the excited material in the sample. In

curve a of Figure 4 the chopped laser beam was focused to a ~ l0~m dia-

meter spot on the laser rod whereas for curve b the unfocused dye laser

beam had a ‘~. 2cm diameter on the Nd:glass. Curve a goes negative because

the acoustic signal is delayed as the ground electronic state populati on

of neodymium (III) ions in the laser glass is depleted by the intense

(6 x 106 watts/cm2) dye laser beam. The acoustic signal occurs only as

the metastable fluorescent state emits photons and returns to the ground

state since the acoustic signa l arises only during the radiationless dt’cas

_ _  
_ _ _ _ _ _ _ _ _ _ _ _ _
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of higher excited electronic states to the metastable state of the

neodyinium (III) ions. Engstrom et al . 7 have indicated the calcula t ions

that could be used to determine the lifetime of a fluorescent state from

this type of PAS phase angle data. The neodymium(III) fluorescence life-

time of the order of 0.5 msec is, of course , already well known , but this

experiment confirms the feasibility of comparing fluorescence li fe times

for a given ion or molecule under a variety of physical conditions (e.g.,

dissolved, adsorbed , vapor ized , or in a glass like matrix) using PAS

phase angle information.

The results of our most recent experiment are shown in Figure 5. ~

in the case of Figure 3, a PAS study of Nd laser glass was undertaken by

sticking a piece of laser glass to a front surface mirror with a barium

titanate transducer stuck to the back of the mirror. An acousto-opticallv

(Debye-Sears) modulated (to 100% depth) 514.5 nm beam from a ‘~‘100 m illi-

wat t CIV argo n ion laser illum inated the fron t face of the Nd :glass laser

rod. The heavy black line of Figure 5 is the PAS signal strength (mea-

sured in microvolts) over a range of chopping (modula t ion) freq uenc ies

of the inciden t green ligh t ex tending from 100Hz to 206 KHz. The mea-

sured PAS si gnal was stable at all frequencies and was definitely attri-

butable to the incident optical beam since the signal went to zero when

the argon ion laser beam was blocked . Thus it is clear that when a pie:o-

electric transducer is attached to a solid sample there is essentia1l~ no

upper limit to the modulation frequency for use in PAS other than that irn-

posed by the method of ligh t beam modula t ion or the frequen cy ran ge acce ssed

by the lock-in amplifier . This contrasts with the microphonic PAS approach

_ _ _  _ _
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that is limited to much lower chopping frequencies . It is also clear

from Figure 5 that signal strength will be greatest when the modulation

frequency of the inciden t ligh t beam is near the resonan t frequency of

the piezoelectric transducer. In other words, Figure 5 assures us that

we have a powerfu l kine tic spec troscopic tool for study ing compara tively

fast reac tions occur ing on opaque surface s .

Looking ahead , we forsee several ways of apply ing the piezoelectric

transducer PAS to unique advantage. For instance , a continuing problem

with high power Nd:glass  laser systems is damage to the glass l aser rods

caused typically by back reflections from the target or other surfaces.

In principle , two or more piezoelec tric transd ucers on the barrel of a

laser rod would permit the loca tion by PAS of damage centers before they

became large enough to detect with the naked eye.

In a more chemical ve in, it will be poss ibl e to determine nanosecond

time scale fluorescence lifetimes of molecules adsorbed on opaque surfaces

and compare their PAS determined fluoresc ence life times in the adsorbed

state w ith life times determined by flash photolys is for the same flour escin g

molecules in bulk solu tion or in the gas phase. The frequency resp onse of

our present lock-in amplifier of ‘t.250 kilohertz would limit directly mea-

surable fluorescence lifetimes to those longer than about 20 nanoseconds.

However , wi th  more sophisticated receiver techni ques we forsee the possi-

bil ity of making measurements down to 20 p icoseconds.

Our initial and continuing principal interes t in the PAS techni que

is as a kinetic tool for studying the rate and mechanism of corrosion at

high temperatures of a metal surface by various fluids. With the surface
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of interest evaporated onto a piczoclectric transducer and its exposed

surface bathed in a corrosive f l u i d  one has an experimental  con f igu ra t ion

quite unsuited to the use of a microphone detector. A microphone would

not relay PAS information from the solid surface of interest. Further-

more , the piezoelectric transducer is physically much less vulnerable to

damage in such a hostile environment than is the microphone .
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