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A new angle into time-resolved photoacoustic spectroscopy: A layered
prism cell increases experimental flexibility
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A new pulsed photoacoustic calorimetry cell that uses transmission of light through a pair of
dovetail prisms is discussed. The layered prism @gl#C) combines the enhanced time-resolution
capabilities of the “layered” front-face irradiation geometry with the zero-background and
broadband flexibility of the classical cuvette geometry. This work provides a phenomenological
description of photoinduced pressure changes to yield an analytical expression to calculate the
magnitude of the photoinduced acoustic pressure wave in a series of solvents. The mechanical to
electrical conversion efficiency for an ultrasonic transducer coupled to the LPC is presented to
provide a comparison of the experimentally observed photoinduced acoustic signal amplitudes to
the empirically calculated acoustic signal amplitudes. An analysis of the background signals due to
absorption and electrostriction of the media provides insight into the issues of sensitivity and
limitations of pulsed photoacoustic experiments. The LPC provides several benefits to increase the
flexibility of the photoacoustic spectroscopil) greater sensitivity(2) enhanced time resolution,

and (3) the ability to obtain kinetic data in complex solvent mixtures. Under optically dilute
conditions in the layered cell geometry, the acoustic transient tianeapproaches zero because the
photoinduced acoustic wave homogeneously expands against the walls of the photoacoustic cell. To
demonstrate the unique capabilities of the LPC, rates of hydrogen abstractien-bytoxyl radical

from solvent mixtures containing ethyl and methyl alcohol are presented1993 American
Institute of Physicq.S0034-674808)01106-X

I. INTRODUCTION light®®3! (as opposed to the cylindrical begfhfor the exci-

Photoacoustic calorimett§PAC) has been demonstrated tation source. However, even with the improvements to the

to be a versatile experimental technique capable of providin€C geometry, the LRC undoubt(_a(_dly pzovides both enhanced
both kinetic and thermochemical information for short-lived iMe resolution and greater sensitivity**in general, the PA

reactive intermediatés’® PAC provides the unique ability spectroscopist faces a dilemma, does the experiment require
to study the reactions of reactive intermediates that havBroadband detectability or analysis of optically dilute solu-
littte or no absorbance to be monitored by time-resolvedions dictating use of the cuvette design, or does the experi-
transient absorption methods or electron spin resonand&ent require faster time resolution dictating use of the lay-
methods because the photoacoustic signal is a measure of thgd PA geometry.
time-dependent release of heat from the reactions of photo- In this article, a new experimental PA cell geometry that
generated reactive intermediates. uses a pair of prisms is described. This novel layered prism
Two different experimental geometries are commonlycell (LPC) design increases the PA spectroscopist’s flexibil-
used in pulsed PAC:(1) the traditional cuvette cell ity by combining the enhanced time resolution provided by
(CO™16-19 with the piezoelectric detector acoustically the layered cell with the broadband tunability and “zero”
coupled parallel to incident excitation beam, a(® the background benefits of the cuvette cell. The work covered in
more recently developed front-face irradiafidf' or layered  this review examines the fundamental properties of photoin-
reflector ceff**® (LRC), with the piezoelectric detector duced acoustic pressure waves arising from absorption and
acoustically coupled to a dielectric reflector normal to theelectrostriction to provide a basis for detailed comparison of
incident excitation beam. The cuvette geometry is still thethe LPC with previous photoacoustic cell designs. This ap-
preferred experimental choice to collect PA absorptionproach yields a mechanism to discuss the benefits and the
spectra*~*’ due to the ability to collect data over the entire |imitations of the various PA cell geometries. The result is a
UV-visible and near-IR range and for the analysis of weaklynew PA cell that can provide an experimental approach to
absorbing solutiorf§**° due to the inherent zero back- measure the rates of reactions on a nanosecond time scale in
ground. Recently, significant improvements to the CC geomgomplex solvent mixtures under optically dilute conditions.
etry have been recognized by using a planar beam ofy gemonstrate the unique kinetic abilities of the LPC, the
rates of hydrogen transfer from a complex solvent mixture to
¥Electronic mail: red@pnl.gov a reactive intermediateert-butoxyl radical, are measured.
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FIG. 2. Schematic of experimental setup.

tween the LPC and the piezoelectric transducers. Simple fin-
ger tightening of the low pressure flangeless fittings provides
the final clamping adjustments for the cell providing a ro-
bust, leak-tight connection. The sample was either pushed
through the cell with a syringe pump or pulled through using
a peristaltic pump.

B. Experimental method
FIG. 1. Layered prism photoacoustic cell=stainless steel union with . . . .
tapped hole for tension device, =baseplate, =etension device, A diagram of the experimental arrangement is shown in

d=transducers, =front prism, f=shim, g=prism with inlet and outlet Fig. 2. The excitation sourdé.ambda Physik Excimer XeCl
holes, k=stainless steel union with tapped holes for inlet and outlet fittings,308 nm; 20 ns full width at half maximurtFWHM) or a
i=inlet (Upchurch fitting, j=outlet (Upchurch fitting, k=post, Continuum Surelite Nd:yttrium—aluminum—garneYAG)

|=post holder. . . . .
P 355 nm; 15 ns FWHM is aligned normal to the air/prism
interface. Using a cell made from a pair of prisms allows the
Il. EXPERIMENT light to be transmitted through th_e sample and proyides two
. _ ) surfaces parallel to the propagating planar acoustic wave to
A. Description of layered prism photoacoustic cell couple a pair of piezoelectric transducers. Total internal re-

The layered prism photoacoustic cell is assembled fronflection of the light incident on a right angle 45° prism oc-
a pair of dovetail prisms, long sides clamped together angurs at a quartz air interface at angles less than the critical
separated by a shim with a hole in the center oftitt—1  angle @.~42.5°) % However, the light can be efficiently
mm, brass or Kalrez Fig. 1. The dovetail prisms were fab- refracted if the air interface is replaced by a higher refractive
ricated from standard right angle prisms by cutting and polindex medium(for water or acetonitriled.~64°). Therefore,
ishing the 90° corner down to create a parallel surface to thé the laser beam is aligned normal to the air/quartz prism
hypotenuse. The cut sides of the dovetail prisms provide twinterface, the light passes through the cell and arrives at a
surfaces, parallel to the cell chamber, to clamp a pair piezo45° angle incident to the quartz/liquid interface. At this acute
electric transducers. Inlet and outlet holes (1/16in.) wereangle, the light from the pulsed laser is refracted through the
drilled through one of the prisms to permit flow of the solu- sample and out the opposite prism generating an acoustic
tion through the sample compartment. A union, fabricatedvave that propagates through the dovetail prisonmal to
from a stainless steel blo¢/8 in. thick, 1/4 in. wide, 1/2 in.  the clamped transducer as illustrated in Fig. 3. Alternatively,
tall) tapped with holes (1/4 in.-28) centered over the corre-2 modified hemispherical prism could be used to couple light
sponding inlet and the outlet holes in the prism, was attached
perpendicular to a base plate that held the prisms parallel to
the laser table. Teflon tubin@/16 in. 0.d) was attached to
the inlet and outlet of the prism using flangeless fittiGdp-
church P202 nut andP240 ferrulg. One transducer was acoustic
clamped to the cell with a Teflon holder attached to the end wave
of a screw threaded through a second stainless steel block
attached to the base plate parallel to the solution inlet/outlet
union. A second 0.25 in. transducer can be placed between
the back prism and the union with the inlet and outlet fit-
tings. The cell was assembled by placing the two prisms
separated by a shim on the base plate. The drilled holes were
aligned with the flangeless fittings in the stainless steel block
union. The front transducer was brought in contact with theFIG. 3. Light transmitted through the layered prism cell generates an acous-

cell by adjusting the tension of th? Teflon h.older. Silicontic wave parallel to the transducer. The planar acoustic pressure wave propa-
vacuum grease was used to provide acoustic coupling beates through the prism at the speed of sound.

transducer

light
path
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into the liquid sample chamber, so long as the top of thesis of a greater time range and provides an additional confir-
prism is ground down parallel to the sample chamber to promation of the results obtain from the convolution analysis.
vide a surface for the transducer. ) ) ]

The signals from the transducers were amplifieither a S Benzophenone triplet quenching by potassium
Panametrics 5670 w/50) input impedance or a SRS240 iodide
DC-300 MH2. In a typical photoacoustic experiment, the Solutions containing benzophenone and potassium io-
averaged photoacoustic waveforiiisand 5 MH32 from the  dide (Bp/KI) were prepared in 90/1&¥v acetonitrile/water
sample, the solvent, and a reference were collected on a twanrixture (absorbance 0.71-0.75 chat 355 nm. For each
channel digital oscilloscopé_ecroy 7200, operating at 1 ns Bp/KI solution, a reference soluticl©HB/KI) was prepared
per poin} and transferred to a computer for data analysisby matching absorbance+2%) with the corresponding
Part of the laser beam was monitored with an energy metdBp/Kl) sample. The solutions were purged at room tempera-
before the photoacoustic cell to normalize the acoustic waveture with nitrogen just prior to analysf.In the photoacous-
forms (reference, sample, backgrogridr any drift in the tic experiment, the sample, reference, and solvgaick-
laser power over the time of the experiment. ground were flowed through the prism cdld.5 mm Kalrez

In our later work we used a photoacoustic spectrometeshim) using a peristaltic pumf8.1 mL/min. The attenuated
developed for use in PNNLs Environmental Molecular Sci-output of the Nd:YAG lase(355 nm, 10 Hz was passed
ences Laboratory. Sound Acquisition V1.2dRuantum through a 5 mmiris to provide 190uJ/pulse entering the
Northwest(QNW), Spokane, Washingtgmreatly simplified LPC. The photoacoustic waveforms obtained from averaging
data acquisition and data transfer and provided computekOO lasers shots were normalized to the average laser power
control of the experimental hardware; peristalic pufias- measured with a power meter and stored on a computer for
terflex, model 7521-50t0 flow samples; a six-port selection data analysis. The experiment was repeated in triplicate at
valve (Upchurch V341 valve and V1000 actuatéo change each Kl concentration.
from sample, reference, and background solutions, a TASC
300 (QNW) cell holder(modified to hold the LPLto pro- 4 Hydrogen transfer kinetics
vide temperature control, and a shuteniblitz D122 con- . .
troller and VS25S51S0 shutfeto block the laser during tem- Solutions of ethanol/methanol mixtur¢&00/0, 75/25,

perature stabilization. Variations in the laser power were50/50’ 25/75, 0/100/v) were prepared and added to volu-

monitored with a pyroelectric energy probéQNW metric flasks containing 6% volume ¢ért-butyl peroxide
EPPYR. The PA waveforms were collected on a digital 0s- after final dilution. Reference solutions of OHB in ethanol/

cilloscope (Lecroy 7200 and transferred ove(GPIB) to a methanol mixtures were prepared by matching the absor-
computer for data analysis bances to the samples containing teg-butyl peroxide in 1

cm cuvettes
1. Materials (£2%, absorbance 0.4 crhat 308 nn). In the photoacous-
] ] ] tic experiment, the sample, reference, and soluémick-

All chemicals and solvents used in this work were PUr-ground were flowed through the prism cef0.5 mm shim
chased from Aldrich, except potassium chromate purchasegking a peristaltic pump. The attenuated output of the XeCl
from Baker (analyzed reagent_ gradeThe organic sqlvents laser(308 nm, 2754J, 5 H3 is passed througa 5 mmiris
were HPLC grade and used without further purification. Benyafore entering the LPC. The photoacoustic waveforms ob-
zophenongBp) and o-hydroxy-benzophenontOHB) were  (aineq from averaging 100 lasers shots were normalized to
purified by recrystallization in methanol. A Perkin EImer {4 average laser power measured with a power meter and

552A UV-Vis Spectrophotometer was used to measure absiored on a computer for data analysis. Each experiment was
sorbances of the reference and sample solutions. repeated three times.

In our experiments either a 0.25 in. Panametrics 5 MHz
(model A110$ transducer, a 0.5 in. Panametrics 1 MHz
(V103), a 0.5 in. Stavley 1 MHZmodelK-M) transducer, or IIl. RESULTS AND DISCUSSION
an air-backed 0.25 in. PZT-5A piezoelectric crystal A. Phenomenalogical description of photoinduced
(Valpey—Fisherwas used. The 5 MHz is more sensitive for acoustic waves
the faster events<(20 ns) and the 1 MHz is more sensitive

for the slower events200 ns). In a pulsed photoacoustic experiment, absorption of light

by a solute in a solvent generates an electronically and/or
vibrationally excited metastable intermediate. An acoustic
2. Deconvolution methods pressure wave is generated by a volume expansion due to the

. . . local increase in temperature from the nonradiative decay
Time-resolved analysis was accomplished by convolu-

tion methods in the time domain with either the software® °°€>%
package SoundAnalysis3086’ (V1.13 from Quantum M+hv—M*, |
Northwest (Spokane, Washingtgnor with the program 0

*
C2NLIN? shared by the UT Dallas group. One full cycle of ~ ™M~ —M+heat

the acoustic waveform was used in the data analysis includFhe pressure waves generated by heat released from nonra-
ing at least 25 channels prior to the rise of the signal todiative decay(i.e., internal conversion and/or vibrational re-
provide a baseline. Using a pair of transducers permits analjlaxation of the soluteM* and by electrostriction of the sol-
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vent can be detected with an ultrasonic transducer. The wawtue to absorption by the reflector, af@) the cell can be
equatior® governs the relationship between the photoin-used at any wavelength in the UV-vis, near-IR range.
duced acoustic pressure wayg (@nd the time profile of the

intensity of the laser pulsd) as shown in ) )
B. Photoinduced pressure change, conversion of

(129?192 —V2) p= (K 19/ 9t — K02l 3?1, (1)  optical energy to mechanical energy

wherev is the velocity of soundK, is an absorption term The magnitude of energy released as hesT)( to the
andK, is an electrostriction term. For optically dilute solu- solvent induced by absorption of light can be calculated in
tions and nanosecond pulsed lasers it can be seen from Eq. y+_r1/c Ho /V 5

(1) that the two components contributing to the observed [1(Cpp)IL( _th o] _ ®)
photoacoustic signal, absorption, and electrostriction, wilfrom the thermoelastic properties of the bulk solvent and
differ in shape and amplitude. The contribution due to ab-density of the absorbed energy, whee is the molar heat
sorption is proportional to the first derivative of the intensity capacity (joules/°C g V, is the excitation volume ang is

of the excitation source in time and a solvent-dependent terrthe density(g/mL) of the bulk solvent. The energy absorbed
Ka. The solvent-dependent parameters defining the magnby the sampleHy, (joules is calculated in

tude of the absorption term are the absorption coefficient Hi=Ep,(1—1074) 6)

(A), the thermal coefficient of expansidp), and the heat
capacity Cp) of the bulk solvent as shown in from the absorbance of the sampks) (and the energy of the

excitation sourceH,,). The increase in pressure due to the
Ka=ABICp. (2 local heating of the solvent molecules can be calculated by

On the other hand, '_[h(_e contribution to the photoa_coustic Sig-  AP=AT(B/a) 7
nal due to electrostriction of the solvent is proportional to the i

second derivative of the intensity of the excitation source oM the change in temperatura ) and the thermal pres-
time and an electrostriction terk,. The electrostrictive pa- Sure coefficient of the solvent. whegeis the thermal coef-

rameters shown in figignt of expansion§1I°_C) and« is the isothermal compress-
) ibility (1/P3@. Substitution of the terms that describe th&
Ke= y/2ncug (3)  in Eq. (5) into Eq.(7) provides a calculation of the magni-

tude of pressure change dependent on experimentally mea-

are the refractive index of the solvent)( the speed of light )
surable parameters, as shown in

(c), the velocity of sound in the solvent§), and an elec-
trostrictive coefficienty), as shown in AP=[BlaCpp]l[Hn/Vol. (8

y=(n?—1)+1/3(n?—1)2. (4)  Inspection of Eq{(8) shows that the photoinduced pressure
change is equal to the product of a “solvent quality

When the absorption coefficienA} is large, the PA 40 ;
signal is dominated by the absorption term and the electro factor” ""[ A/«Cpp] and the density of the absorbed energy

triction term may be neglected. However, for optically dilute Ilz:(teh/n\]/a()] r']?tutgg Ep(tjr:zacrc:eizt:frecilr:‘agzgg fifﬁ;'ntheh%tt)zg:
solutions the electrostrictive term may bound the limit of g P " yp

detection in the PA experiment. The sensitivity of either thecoustIC experime nt can be determmeq with a knowledge of
X . : the solvent quality factor and an experimental measure of the

LPC or the LRC is characterized by the density of the ab- o : .
. S energy density in the photoacoustic experiment. Table | pro-

sorbed energy, i.e., microjoules absorbed by the solute per.

microliter of excitation volume. On the other hand, we will Vides a comparison of the calculated pressure change for

. o absorption of light by a photoacoustic standéescited state
show the experimental sensitivity for cuvette cell dependﬁifetimz “1ns ?D in'[i/arngl conversion equal?(r) 1.0 a se-

not only on the energy density, but also depends signiﬁcantl)/ies of solvents assuming an energy density giJful. Ex-

on the diameter of the excitation source. L ]
) . . amination of the calculated pressure change in Table | shows
In the following sections, the physical parameters de'that hotoinduced pressure change will vary significantl
scribing (1) the absolute magnitude of the photoinduced P P 9 y sig y

; . . . based on the differences between the thermoelastic proper-
acoustic pressure wave in a variety of solveli#,the time

response of the PA signal as a function of cell geometr an(t:jes of the solvents.
ponse o ar . 9 Y, Although the AT for absorption of 1uJd/ulL is quite
(3) the limits of detection as confined by the background ] . . .
I . mall, the induced pressure change is of the magnitude easily
contributions are presented. An analysis of the fundamenta . :
. S : tected by a piezoelectric transducer.
physical parameters describing the pressure change induced
by the absorption and electrostriction under optically dilute
conditions provides a basis for characterizing the similaritiesc, Calculation of photoacoustic signal amplitude,
and differences between the three photoacoustic cell geongonversion of mechanical to electrical energy
etries. The acoustic pressure wave produced in the LPC and

. . . Given the absolute magnitude of the photoinduced pres-
the LRC IS de_spnbed_by most of the same unique featuress.ure waveg AP, Table ), the amplitude of the photoacoustic
The only significant difference between the two cell geom-

etries is the absence of a rear reflector in the LPC. By elimi-s'Ignal obtained from a piezoelectric transducer can be esti-

nating the reflector, we have increased the flexibility of themated using
layered cell geometry in two way&l) no background signal PA signal (voltage=K* f*AP, 9
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TABLE I. Absolute magnitude of the pressure changdeP] in Pascal§Pg as a function of solvent compo-
sition. The magnitude oA P assumes a density of absorbed energy efJjul .2

B (X1073%) a (X10719 Cp p AT (X104 AP
Solvent (1/°C) (1/Pa J/igm °C gm/mL °C Pa
water 0.257 4.58 4.184 1 2.4 135
methanol 1.19 12.2 2.54 0.76 5.0 579
ethanol 1.08 11.1 2.39 0.79 5.3 519
2-propanol 1.04 11.0 2.57 0.79 5.0 471
acetonitrile 1.37 10.7 2.18 0.78 5.9 756
heptane 1.22 14.1 2.25 0.68 6.8 584
benzene 1.22 9.4 1.74 0.87 6.6 848
toluene 1.08 9 1.64 0.87 7.0 843
CCl4 1.27 10.4 0.86 1.58 7.3 894

aThermoelastic constants obtained from Refs. 41-43.

where K) is a “transducer constant” containing the piezo- higher energy densities(1 uJ/uL) will be required to ob-
electric parametefg® for conversion of mechanical to elec- tain a comparable signal from the polymeric piezoelectric
tric energy and { ) is the efficiency of energy transfer materials.
(acoustic impedang¢édrom the sample to the transducer. The  Table Il provides a comparison of the calculated PA
transducer constar¢ (units wV/Pa) is calculated from signal amplitude with the PA signal amplitude measured in
the LPC usig a 5 MHz lead zirconate titanat@®ZT-5A)
transducer. The agreement between the calculated and the
whereK 4 is a dimensionless coupling factaty is the pi- observ_ed signals is quite satisfactory. The _greatest uncer-
ezoelectric charge constan€{N), h is the thickness of taln_ty in the calculgted value most likely arises from the
transducelproportional to the frequency constan, is the estimate C_’f acoustic energy trar)sfer between the quartz/
dielectric constant (8.8810 2 A S/Vm), and ¢, is the couplant/piezoelectric transducer mterfa%_s.
relative dielectric constar(dimensionless . 'I_'he data provided in Taples : anq_ll yields a methad,
The fraction of energy transferred through an interface’ 0" 0 caIcuIaFe the reaction conditions necessary o ob-
can be estimated from the acoustic impedance at the inte €TVe an acoustic _S|gnal from a P.A standr_alrd n t_he layered
face of the various layers. The derivation of the fraction ofPMsM cell for a variety of commerually_ available piezoelec-
energy transferred through a water/quartz interface whgre ric transducers. qu ex ample,. a density of absqrbed energy
andZ, are the acoustic impedance of water and quartz, ret_aqual t0 1pdipL will yield a signal of ~0.9mV in water

K= (Kzgdssh)/(eo€,), (10

h : ~5 mV in acetonitril¢ using a 5 MHz PZT transducer, with
tively, is sh ( in ac IHz P !

SPECHiVely, 15 shown as no amplification! The data provided in Table Ill demon-
f=1-[(Zy=Zo)?/(Zy+Zo)?]. (11  strates empirically that energy densities as low as tenths of

microjoules per microliter provide a readily measurable sig-
Table 1l provides a comparison of the calculated PA sig-nal with only moderaté¢20 dB) amplification.
nal magnitude(uV/Pa for a series of piezoelectric trans-
ducer elements. Two observations are notable: First, there
are only small differences in the calculated magnitude of . ) o ) )
photoacoustic signals for most of the ceramic transducerd)- Limits of detection and sensitivity of optical dilute
Second, the signal obtained from the thin film polymerics‘OIUtlorlS

piezoelectric materials, polyvinyldifluoridéPVDF) trans- Both the limit of detectionLOD) and the sensitivity of
ducer is estimated to be between 1 and 2 orders of magnitudehotoacoustic spectroscopy depend on the geometry of the
lower than the signal obtainedrfa 1 MHz ceramic piezo- photoacoustic cell. The limit of detection is defined as the
electric transducer. Thus, either greater amplification ominimal detectable absorbance by a solute dissolved in a

TABLE II. Mechanical to electrical conversion constants for piezoelectric transducers coupled to the layered
prism cell. The data permit a comparison of the relative magnitude of the signal obthia &iHz transducer
per Pascal of pressure change for a series of piezoelectric materials.

Material Freq Con$t Kss Kp da3 f (total) Z, € uViPa
PZT(5A) 1.88 0.7 0.58 374 0.05 30 1700 6.5
K-83 2.65 0.38 0.1 65 0.07 23 175 8.5
Nova(3B) 2.16 0.5 0.01 70 0.05 33 215 7.9
Quartz 2.87 0.11 2 0.10 13 4.5 3.2
pvdf° 15 0.2 0.01 33 0.20 2.7 12 0.05

*Refs. 17, 44-47.
bPolyvinyldifloride, calculated for 4@m film.
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TABLE lll. Comparison of the calculated photoacoustic signal and the ex- 0.020
perimentally observed photoacoustic signal for a stafidardhe layered
prism cell fa a 5 MHz piezoelectric transduckgiven the density of ab- 0.015 1 A
sorbed energy in nanojoules per microliter of excited volume.
density Calc. signdl  Measuredl 0.010
Solvent nJjuL mV mV Calculated/exp’t
0.005 +
heptane 138 20.1 21.6 0.9 s B
ethanol 166 21.9 17.2 1.2 o
acetonitrile 161 317 32.8 0.9 g 0.000 1
toluene 161 354 26.2 1.3 B
CCl, 161 36.0 26.2 1.3 -0.005
#Photoacoustic standaathydroxybenzophenone. 0.010 |
bf~4% for acoustic energy transfer through solvent/quartz/couplant/
transducer interface.
°Gain 20 dB, 5 MHz PZT. -0.015 -+
-0.020 + + ; ; + + t
solvent. The Sensitivity is defined as the experimental mea- 750 800 850 900 950 1000 1050 4100 1150

sured signal for a given energy density.
In any photothermal method, the LOD is controlled by

the amplitude and reproducibility of the background sigiial. 6 e ab del .
: : AT IG. 4. Comparison of the absorption and electrostriction components of a
Given the inherent absence of selectivity in phmomermaghotoacoustic signal obtained Wit 5 MHz transducer coupled to the LPC.

methods(i.e., anything that gbsorbs ”ght gives a Signal A: absorption; OHB in acetonitrileA=0.011/cm) and B: electrostriction;
absorbance by the solvent will always set the absolute LODacetonitrile.
However, in the layered photoacoustic cells, either LPC or

the LRC, the signal from electrostriction. of the solvent can  5ne of the unique characteristics of the LPC geometry is
be greater than the signal due to absorption by t'he.solvent f%e absence ofa in optically dilute solutions due to the
nanosecond laser pulses. Therefore, electrostriction can dggmogeneous expansion of the acoustic wave against the cell
termine t_he limit of detection in a photoacoustic experiment,.ois Becausera is reduced to zero for the layered cell
when using the layered cell geometry. geometry, the contribution of signal due to electrostriction of
the solvent is inversely proportional to the pulse width of the
laser,7p. Thus, Eq.(12) is reduced to

— 2

Electrostriction occurs when electromagnetic energy is amin=[(y/2nCv5) X (Cp/B) )/ 7y (13
passed through a dielectric medium. The resulting constricfor layered photoacoustic cell geometries. Using Ep),
tion of the media(solven) into the region of high electric  a,, is ~1.9X10 2 cm ! in water and 3.X10 3 cm ! in
field results in an acoustic signal. Lai and Yodhderived acetonitrile with our Nd:YAG laser(pulse width 15 ns
an analytical solution to calculate a minimal detectable abFWHM). For comparison, the absorption coefficient of
sorbance ¢, by photoacoustic methods based upon anwatef® at 355 nm is reported to be 46,0~ * cm™* signifi-
electrostriction background for several different PA experi-cantly lower than the LOD set by electrostriction. Therefore,
mental parameters. According to their approaely, is de-  electrostriction, not solvent absorbance, constrains the detec-
fined as the absorbance where the amplitude of the PA signéibn limit for optically dilute solutions and nanosecond laser
due to electrostriction is equal to the amplitude of the PApulses in any layered cell geometry. Figure 4 compares the
signal due to solute absorption. The next equation providePA signal obtained from OHB in acetonitrile in the LPC
the relationship between the minimal detectable absorbancébsorbance~1.1x10 %/cm) to the signal obtained from
amin, for a spatially Gaussian laser beam and the thermahe solvent without solute ‘“electrostriction background”
elastic properties of the solvent; the speed of sound, the (0.5 mm shim, 5 MHz transducer, 355 nm, 800 incident
heat capacity€p), and the thermal coefficient of expansion energy, 15 ns FWHM Three observations are notable: First,
of the bulk solventp), the refractive index of the media) the background electrostriction signal is “out of phase” with
the velocity of light €), and the electrostrictive coefficient the absorption signal as predicted by the wave equdthmn
(y) derived from Eq(4). Examination of electrostriction component is proportional to the derivative

_ 2 2. 2.1 of the absorption componenSecond, as predicted from Eq.

emin=[(y/2nCv5) X (CP/ B) V(7o + 72) ] (12 13, the signal due to the absorpti88 mV pk-pk) is almost
shows that the magnitude of the electrostriction signal is conthree times greater than the signal from electrostrictib
trolled by two important time scales: the pulse width of themV pk-pk), for a solute in acetonitrile with an absorption of
excitation source{p) and the acoustic transient timed). 1.1x10 2 cm L. Third, with moderate averaging, a PA sig-
The pulse width of the lasetp, is defined as the FWHM in nal can be obtained with a density of absorbed energy
units of time and the acoustic transient tima, is defined as  (Hy,/V,) down to 50 nJkL.*
the time it takes the acoustic wave to travel through the di- The magnitude of the electrostriction component in the
ameter of the laser beam in a cuvette cell. layered cell geometry can restrict its utility in analytical ap-

time {ns)

1. Electrostriction
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plications requiring very low limits of detection. While the cited stateA**, and the fraction of the absorbed photon
cuvette geometry does not provide the enhanced sensitivitgnergy released as hegatl) is proportional to

observed with the layered cell geometry, the magnitude of

the electrostriction cgmponent i?1 the cuyvette geo?“netry can ¢1=[En, (1= @)+ O(Ep, —E*) VEn, (14)
be decreased by increasing. For example, with a beam where® is the quantum yield for formation &*, E,,, is the
diameter of 1 mmgya is ~900 ns. Even ifrais 15 ns, using energy of the excitation source, a&d is the energy of the
EQ.(12), @min is ~2.5x 10 ° cm ! in acetonitrile compared excited state intermediatd*. In the subsequent step, the
to ~3.1x 102 cm ! using the layered cell geometry. There- rate of formation ofA(1/72) is dependent on the rate of
fore, the cuvette geometry can provide a LOD two orders oknergy transferk,, and the quencher concentratip@].
magnitude better than either layered cell geometry when usFhe fraction of energy released as heat is proportional to
ing nanosecond pulsed lasers. However, the analytical capa-

bilities of the layered cell geometry can be improved by us- $2=P(AH0)/Ep, , (19
ing a laser with longer pulse widths. For example, a laseiwhereAH,,, is the heat released in forming ground state
with a pulse width of a couple of microseconds would pro-from A*.

vide the same low LOD in both in a layered photoacoustic =~ Small and co-workerfé have shown that the PA signal
cell and cuvette cell geometry. [S(t)] obtained from a resonant transducer can be described
by a convolution(denoted by) of the time-dependent relax-
ation function of the transient intermediafey; (t) ], with the

instrument response functigi (t)] as shown in
Arnaut and co-workers have previously discussed meth-

ods to minimize background cell absorbance in the LRC _
t)=k [M(t (], 16
geometry?! Replacing the aluminum mirror in the original S=k2 HIM(D), e (V)] (16

d_esign with a dielectric reflector significantly reduc_:ed the vherek is an instrument constant proportional to the optoa-
signal due.to ceI.I absorban(;e. The_ only drawback is that @, stic pressure change agi is the fraction of energy re-
separate dielectric reflector is required for each laser wavgased as heat from intermediateThe instrument response,
Igngth (e.g., 266, 308, 355, or 532'r)mn addl_tIOn a sec'ond M(t), is dependent on both the resonant frequency charac-
fllter.set was necessary for experiments using the third haky istics of the ultrasonic transducar) and the geometry of
monic (355 nm pump from the Nd:YAG to further attenuate yhe experiment(layered or cuvette When the relaxation
the extraneous 532 and 1064 nm fundamental from passingction of the transient intermediatgt) can be described
through the dielectric reflector and generating a pyroelectrlq)y a first-order or pseudo first-order decay, the functjg(t)

2. Cell absorbance

signal. S can be modeled as an exponential decay as shown in
The advantage of the LPC design lies in the absence of
the reflector and consequently the flexibility to use the same  Qi(t) =(1/7)exp(—t/7), 17

cell over the entire UV-vis and near-IR wavelength region. \;nere - is the lifetime of the intermediate. The instrument

response for a particular photoacoustic experimental geom-
E. Time-resolved photoacoustic spectroscopy etry (cuvette or layered cellis obtain by using a reference
compound that has a quantum vyield of unity for internal

onversion and an excited state lifetimes 1/v; whereu;, is

the resonant frequency of the transducer. Under these condi-
tions the photoacoustic sign&(t) provides the instrument
response. On the other hand wheis comparable in mag-
: ’ 50 A .~ 'nitude to 14, the photoacoustic signal is broadened in fre-
tration or laser bgam d|ametjé’r.. _UItrasonlc. ple;oe!ectr|c guency and decreased in amplitude due to the successively
transc_iucers provu;ie the capal.:)|l|ty.to obtain kinetics on adelayed “slices” of the acoustic pressure wave arriving at
submicrosecond time scale with either the layered cell Othe detector at times out of phase with the resonant fre-

Euvetts cell geé)rtnetry. Pulsegi tzﬁ.fc?lorlmetré/ approa;:heg ency of the transducé?.Figure 5 provides a comparison
ave been used to measure both lireimes and energetics §f e instrument responsd a 5 MHz transducefr=0, ¢

excited state intermediates in the presence and absence gfl, obtained from an OHB/methanol solutjoto the heat

quenching agents™*In released from a simulated transient intermediate with a finite
1 lifetime (=10 ns, =1 and7=100 ns,$=1). If the frac-
A+hv—A** —A*, tion of photon energy released as heat is less than 1, then the
(N amplitude of the acoustic wave is simply reduced proportion-
% 72 ally in amplitude by the fractiong, released as heat. For
A* +Q—A+Q, : .
example, the amplitude of the acoustic wave generated by a
guenching of an excited state intermedia® [ by quencher transient intermediatér=10 ns, ¢=0.5) is half the ampli-
(Q) is described by two sequential reaction steps. In the firstude of the signal wherp=1. This is an important point—
step, the transient intermediafe is formed by photoexci- (1) the amplitude of the signal is directly proportional to the
tation of the ground state molecue The rate of formation amount of heat released, thermodynamics &@)dhe shape
of A*(1/71) is dependent on internal conversion of the ex-of the signal is directly proportional to the lifetime of the

Two different approaches have been used to obtain th
kinetic information from photoinduced multistep reaction
pathways: (1) deconvolution by convolution in the time
domairt’ or in the frequency domaffand (2) curve fitting
of the PA signal intensity as a function of quencher concen
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FIG. 5. Photoacoustic respon&t), obtained by convolution of the relax-
ation function of a transient intermediatgt), with the instrument response
M(t). A: M(t); =0ns and¢=1, B: S(t) 7=10ns andgp=1, C: S(t);

FIG. 6. Comparison of the instrument response functhiit), for a LPC
and a cuvette cell usina 5 MHz transducer. A: LPG;,=0, B: cuvette cell,
7,=100 ns, C: cuvette celk,=500 ns.

7=100 ns andp=1, and D:S(t); =10 ns and¢$=0.5.

ns (beam diameter-110 and 550um, respectively. The
metastable intermediatéinetics. Therefore, kinetic infor- “broadening” of the acoustic waveform bya is the basis
mation can be obtained independent of the thermodynamifor the lack of sensitivity in the cuvette geometry relative to
guantities within a given photoacoustic experiment. the layered cell geometry for an experiment with the same
absorbed energy density.

1. Comparison of the layered and cuvette cells
2. Acoustic travel time

The instrument responsB](t), as shown in
_ An additional time frame that hinders kinetic analysis in

MD=F (V). (18 the cuvette geometry is the acoustic arrival tirn@, defined
for a given photoacoustic cell geometry is a convolution ofas the time it takes for the acoustic pulse to arrive at the
the frequency response of the transdu€dt), and the tem- detector as shown in
poral profile,I(t), of the laser beam, specifically the beam

. (19
profile as dependent ora and rp. Consequently, the tem-
poral profile depends on the geometry of the photoacoustieherer is the distance between the excitation source and the
cell; the cuvette geometry is defined by a wide beam  detector and a is the velocity of sound in the media. In the
>7p, I(t)=7a], and the layered cell is defined by a narrow cuvette geometry;d depends on the velocity of sound in
beam[ra—0, I (t) < 7p]. This difference is the origin of both the solvent, whereas in the layered cell geometdy,is in-
the enhanced sensitivity and time resolution of the layerediependent of the solvent composition and depends only on
cell geometry compared to the cuvette geometry. In the cuthe thickness of the cell wall. Because the speed of sound is
vette cell wide-beam geometry, the experimentally observegroportional to the thermoelastic properties of the solvent,
photoacoustic signal is broadened because the acoustic wasay difference between the components of the sample and
generated at the top of the excitation volume arrives at aeference solutions could introduce an artifact in the ob-
delayed time from the wave generated at the bottom of theerved PA signal. Therefore, it is imperative to use the lay-
excitation volume byra=uv¢/d, wherevy is the velocity of ered cell for kinetic analysis in mixed solvents because the
sound in the solvent andl is the beam diameter. In analogy arrival time of the acoustic pulse depends only on the time-
to the exponential time-dependent release of heat from adependent relaxation function of the transient intermediate.
excited state intermediate, the successively delayed slices of Taking advantage of the ability to use the cuvette and
the acoustic pressure wave from the excitation volume arrivé PC at any wavelength in the UV-vis range, an experiment
at the detector at times out of phase with the resonant frewas performed to measure the relative differences between
guency of the transducer. The instrument response in a cihe thermal elastic properties of methanol in the presence and
vette cell is the convolution of the frequency response of thabsence of di-butyl peroxide. The peroxide has little absor-
piezoelectric transducer with a “square wave” with a width bance at 532 nm, and therefore is considered only a solvent
equal to the acoustic transient time. Figure 6 compares theomponent. lodine was used as a photoacoustic standard
instrument respons/(t) for the layered cell geometry since it has a reasonable absorbance at 532 nm to measure
(ra—0) to the cuvette cell geometry foia of 100 and 500 the difference in acoustic arrival timeA,rd, in the cuvette

rd=r/va,
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hanced time resolution of the layered prism cell is demon-

o strated using a well-characterized photochemical standard;
017 benzophenone triplet quenching by potassium iodide. In ad-
0.08 | dition, the lifetime of the reactivéert-butoxyl radical in a
006 1 mixture of organic solvents is measured using the LPC. The
o photoacoustic results obtained in the layered prism cell are
% 0.04 1 compared to those previously reported using indirect tran-
g 0.02 | sient absorption techniques.
S o
o -
1. Benzophenone triplet quenching by potassium
0021 iodide
-0.04 1 BenzophenongBp) triplet quenching by potassium io-
0.06 ; : : ; dide (KI) has previously been used as a standard to demon-
50 100 150 200 250 300 strate the time-resolved/calorimetry capabilities of pulsed PA
time (ns) spectroscopy. Photolysis of Bp results in efficient triplet for-
mation within a few picoseconds1<0.1ns,®=1). The
0-040 triplet excited state of benzophenone {By) has a lifetime
0.030 1 (72) of microseconds in the absence of a quencher, however
in the presence of K, the lifetime is decreased by an electron
0.020 transfer mechanism regenerating the ground state Bp and
_ oo | heat® as shown in.
< * * 3
;? 0.000 | Bp+3hv—>Bp 1-Bp*~, )
° *
2 0010 1 Bp*°+ KI—Bp+A.
The fraction of energy released as heat in the first &#6p
0.020 ¢ is proportional to the triplet energy of Bp as shown in
00307 ¢1=[Ep, (1= D)+ D(Ep,—Bp*) I/Ep, . (20)
-0.040 : = = The fraction of energy released as hgs) in the quenching
50 100 150 200 250 step is proportional to théH,,, of the quenching event,
‘ time (ns) where ® is the quantum yield of triplet formationd(=1)

andEy, is the energy of the excitation pul$855 nm, 80.1

FIG. 7. Comparison of the acoustic arrival timg,, in the (a) cuvette cell .
P me @ kcal/mol), as shown in

and the(b) LPC. A: 1,(A=0.3/cm) in neat ethanol, B:;(A=0.3/cm) in
15%@/v) di-t-butyl peroxide/ethanol. $2= q)(Aern)/Eh (21)
-

The lifetime of B (72=1/k,) is proportional to the sum of
{ts unimolecular decay#2’) the concentration ofKl], and
he rate of energy or electron transfég) as shown in

cell. Figure Ta), shows that addition of peroxide to a solu-

tion of alcohol leads to an observed decrease in the velocit
of sound, significantly changing the acoustic arrival time in
the cuvette cell. Figure(B) shows that the arrival timerd, 2=72"+1/Kkq[KI]. (22)
of the acoustic wave in the LPC is independent of the ther-
moelastic properties of the solvent thus demonstrating th;,l-he slope_of a plqt of 12 observed versus the quer_1cher

ability of the LPC to measure kinetics in mixed SolVen,[s_concentratlon provides the rate constant for quenching. In

. P . early work, Heihoff and Braslavsky measureck@of 7.8
H , it should b ted that in Figlby, th tud 11 o 1 X
owever, it should be noted that in Figlhy, the magnitude x10° M~1stin a 4/1v/v acetonitrile/water solution using

of the acoustic wave decreases with increasing peroxide con- . . .
cuvette photoacoustic céfl However, their time resolution

centration because the amplitude of the acoustic wave is n limited to lifetimes2> 60 ns due to broadening of th
independent of the bulk solvent properties. This fact requireg\{aS €d to firetimesr » hs due 1o broadening of the
signal by the acoustic transient time. Attempts to decrease

caution in attempting to obtain thermodynamic data for the

hydrogen abstraction pathway because the thermochemistfpe acoustic transient time by focusing the laser to a smaller
is dependent on the amplitude of the signal lameter can lead to artifacts due to photon saturation. A

laser beam diameter between 1 and 2 mm is generally rec-
ommended to avoid artifacts due to absorption of two se-
quential photons in the cuvette geometfgonsequently this
Kinetic studies of complex reaction mixtures on thewill yields ra’'s ~1 to 2 us.
nanosecond time scale with the layered prism cell are pos- Recently, Ni and Meltof? using their “front-face” lay-
sible because(l) the arrival time of the acoustic signal is ered cell design demonstrated the enhanced time-resolution
independent of the bulk properties of the solvent é)dhe  capabilities of the LRC. They measured ky, of 4
response of the piezoelectric transducer is not broadened by10° M~1s ! in a 9/1v/v acetonitrile/water solution and
the acoustic transient time. In the following section, the en-demonstrated the ability to measure lifetimes down to 3 ns.

F. Kinetic applications
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TABLE IV. Stern—Volmer analysi$l/72 vs[Kl]) for benzophenone triplet quenching in a layered prism cell
for a 1 and 5 MHz transducer. Weighted least squares analysis of 5 MHz data ¥gld$ 4.3

x10° M~1s7h
1MHz 5 MHz
[KI1] 72 Et 72 Et
mM (ng %RSD*  (kcal/mo)  (p1+ ¢2) (ng %RSO'  (kcal/mo)  (pl+ ¢2)
05 421 4.3 68.2 1.01 442 5.3 68.3 1.08
1 220 2.2 65.5 1.13 225 6.4 66.9 1.12
25 108 2.3 66.9 0.96 105 45 69.1 0.96
5 47 1 66.9 1.0 46 1.9 68.7 0.98
10 22 2.3 68.7 1.0 23 1.7 68.7 1.0
25 6.3 35 68.7 1.08 8.1 4.8 687 1.05
50 3.2 6.1 68.7 1.01 4.9 15.1 687 1.01
100 1.7 17 687 0.99 3.3 23.9 687 0.98
175 .69 55.3 685 0.97 1.8 29.7 685 0.98
250 .24 425 687 0.99 2.0 59.1 687 1.00

%6RSD error from 2—5 independent PA experiments.
bTriplet energy fixed at 68.7 kcal/mol.

A polyvinyl difloride (pvdf) transducer was coupled to their dard. Deconvolution of the photoacoustic waveforms after

LRC allowing broadband detectability, however relatively subtraction of the solvent background provides the lifetime

high concentrations of B§55 mM) were used due to the of Bp*2 as a function ofKl]. A weighted linear regression

meager sensitivity of the polymeric detector. of the observed rate of quenching £2) versus quencher

In this work, PA waveforms were collected with both 1 concentration for the 5 MHz data is shown in Fig. 9. The

and 5 MHz transducers acoustically coupled to oppositeslope of a weighted least squares fit of the data provides a

sides of the LPC. The enhanced flexibility of the prism cell is(4.3x10° M~1s™1). The fastest time resolution we were

evident from the ability to perform the experiment with ei- able to obtain with the 5 MHz transducer was 5 ns. It is

ther the XeCl excime(308 nn) or the third harmonic of the apparent from the data shown in Table IV, that the 1 MHz

Nd:YAG (355 nmj as the excitation source and the ability to transducer does not provide accurate lifetimes below 20 ns.

collect data with two transducers simultaneously. The dat# weighted linear regression of the 1 MHz data, at concen-

shown in Table IV were taken for a 7.5 mM solution of Bp trations between 0.5 and 25 mM KIl, yields kg, (4.4

in a 9/1v/v solution of acetonitrile/water with varying con- X10° M~1s™).

centrations of KI(0.5 mm shim, absorbance of Bp at 355 nm

~0.036/cel). Figure 8 shows the observed 5 MHz response2. Kinetics measurements in mixed solvents.

from photoexcitation of OHB, and Bp at 5 and 50 mM KI. Hydrogen abstraction by tert-butoxy! radical from

The heat evolved from the exothermic energy transfer resultgthy/ and methyl alcohol

in experimentally observed broadening of the sample acous- One crucial requirement necessary to obtain either ki-

tic wave compared to the fast heat evolved from a PA stannetic or calorimetric information using the cuvette photoa-
coustic cell is to match the “bulk solvent properties” of both
the sample and reference solutions. Unfortunately this re-

1.50
1.E+09
1.00
= 0.50 - _
2 = 1.E+08 +
t ) o
9 @
8 0.00 - A
s o
=
; :
0801 < 1Es07 |
2
-1.00 1
-1.50 , , . . . 1.E+06 } } }
400 500 600 700 800 900 1000 0.000 0.001 0.010 0.100 1.000
time (ns) log (KI concentration (M))

FIG. 8. Comparison of the photoacoustic signalS¢f) obtained from Bp  FIG. 9. log/log plot of 1f,,s vs [KI]. Weighted linear regression yields the
quenching by Kl to the instrument resporig&t) obtained from OHB. A:  quenching rate constant for Bbquenching by Kl in 9//v acetonitrile/
OHB, B: Bp, 50 mM KIl, C: Bp, 5 mM KI. water;k,=4.3x10° M~ts ™%,
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quirement restricts the utility of the cuvette geometry to theTABLE V. Experimentally observed and calculated lifetimestdjutoxy

study of transients derived from photoprecursors at suffifadical, generated by 308 nm photolysis oftdiutylperoxide(6% by vol-
. . oo , in mixt f methyl and ethyl alcohol.

ciently low concentrations as not to significantly perturb the“me) I mixtures of methy? and ety alcoho

bulk solvent properties. On the other hand, one of the inher-  sojvent[M}? tau (n9 Kope (M50
ent beneficial characteristics of the layered photoacoustic celMeoH] [EtOH] observed calculat&d
is the uniform and homogeneous expansion of the sample
volume. The acoustic arrival time is independent of the bulk 0 16.1 66- 8° 9.5+1.1xX10°
solvent properties, therefore, the time-dependent release of (11x10°)¢
heat can be reconstructed from the “shift in phase” of the 58 12.1 858 79+9

N 11.6 8.1 106 20 98+ 10
sample waveform from the reference waveform in mixed sol- 15, 40 135 18 131 14
vents. 232 0 198 15 2.2+ 4X 10P

As a result of the homogeneous expansion in the LPC, a (2.9x10°)¢

direct measure of the rates of hydrogen abstraction by th& - - -
alkoxy radical,tert-butoxyl radical, from a series of hydro- ES(;'I\(’: i?;tggnlcfntiaﬁﬁgoﬁo&rsged li@gﬁ’é‘g"me ot diutyl peroxide.
gen donor solvents is possible, even when concentrations @EW in "fetmﬁae'%paorte([j at 9|5-E|A) anﬁ(gencgq,'e\,d.

the radical precursor, dert-butyl peroxide are as high as “Literature value from reference.

10%-20%. However, caution must still be used in attempts

to abstract calorimetric information from the amplitudes of  The lifetimes of theert-butoxyl radical measured in neat
the photoacoustic waveforms. ethanol and neat methanol are longer than the lifetimes pre-
As shown in, viously reported by an indirect transient absorption
t-BUOOBU + hy — 2t-BuO(.), method_?4 T_he correlation be_tween the calculated anq mea-
(Iv)  sured lifetimes as a function of solvent composition as
Kabs shown in Fig. 10 provides additional confidence in our ex-
t-BuQ(.) + SH ——— t-BuOH+ S(.) + heat. perimental precision. Combined with the recent reptrat

hotolvsis of ditert-butvl id ield _ the rate of hydrogen abstraction rt-butoxyl radical from
Photolysis o |ter_t- utyl peroxide at 308 nm yields a pair tetrahydrofuran(THF) is nearly a factor of 2 slower than
of tert-butoxyl radicals. In the presence of hydrogen donor

| h b | radical ab hvd ¢ measured in the transient absorption work suggests that the
Sr? venlts t eterft— utoI;(y org 'C% "; stralcts a é/ rolgenhrom tert-butoxyl radical may not be as reactive as previously be-
the solvent to fornt-Bu and the solvent radical, SCNeme i eq Further work is in progress to examine the lifetime of

IV. The lifetime of thetert-butoxyl radical varies from afew g yort ytoxyl radical in a series of other organic solvents.
nanoseconds to a few microseconds, dependent on the hydro-
gen donating ability of the donor solvent.

The heat evolved from the exothermic hydrogen atom'v' DISCUSSION
transfer results in experimentally observed broadening of the  In the proceeding sections we have described a new lay-
sample acoustic wave compared to the fast heat evolvegred photoacoustic cell that uses a pair of prisms to couple
from a PA standard. Deconvolution of the acoustic wavethe light into and away from the fluid sample. This layered
form yields the lifetime oftert-butoxyl radical from which  prism cell(LPC) enhances the flexibility of the PA spectros-
the rate of hydrogen abstraction from etharigh§y) can be  copist. Specifically, the LPC combines the enhanced time
derived as shown in resolution inherent to the front-face irradiation scheme with

the zero background inherent to the cuvette geometry. We
1/72=Kkeiod ETOH]. 23 have shown that LPC can be used to measure transient life-

Using our measured rates of hydrogen abstraction in neat
methanol and ethanol, the lifetime of ttert-butoxyl radical 250
in a mixture of the two solvents can be calculated assuming
one solvent does not affect hydrogen abstraction in the other. 200 |
In this experiment, the hydrogen being transferred to the
alkoxyl radical is from either the C—k or B to the hydroxyl
group so we assume little interaction from hydrogen bonding
of the hydrogen atom being transferred to the alkoxyl radi-
cal. Table V summarizes the photoacoustic measured life-
time of thetert-butoxyl radical in the mixed solvents and the
calculated lifetime of theert-butoxyl radical from the com-
posite rate of hydrogen abstraction by the mixed solvent ac-
cording to

17 ops= Kops= Kmeor MEOH]+ kg0 { ETOH]. (24 0 50 100 150 200 250

The linear correlation, Fig. 10, suggests that hydrogen ab- tau Z observed (ns)
straction in methanol IS r_10t affected _by the presence of ethrig 10, Comparison of the calculated and observed lifetimernbutoxy!
anol and vice versa within the experimental error. radical.

-

T,

(=]
L

-

(=4

(=]
|

tau 2 calculated (ns)

50
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