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Abstract

Pulsed-laser photoacoustics is a technique which measures photoinduced enthalpic and volumetric changes on
the nano- and microsecond timescales. Analysis of photoacoustic data generally requires deconvolution for a
sum of exponentials, a procedure which has been developed extensively in the field of time-resolved
fluorescence decay. Initial efforts to adapt an iterative nonlinear least squares computer program, utilizing the
Marquardt algorithm, from the fluorescence field to photoacoustics indicated that significant modifications
were needed. The major problem arises from the wide range of transient decay times which must be addressed
by the photoacoustic technique. We describe an alternative approach to numerical convolution with exponen-
tial decays, developed to overcome the preblems. Instead of using an approximation method (Simpson’s rule)
for evaluating the convolution integral, we construct a continuous instrumental response function by quadratic
fitting of the discrete data and evaluate the convolution integral directly, without approximations. The success
and limitations of this quadratic-fit convolution program are then demonstrated using simulated data. Finally,
the program is applied to the analysis of experimental data to compare the resolution capabilities of two
commercially available transducers. The advantages of a broadband, heavily damped transducer are shown for
a standard organic photochemical system, the quenching of the triplet state of benzophenone by 2,5-dimethyl-
2,4-hexadiene.
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1. Introduction

The technique of pulsed-laser, time-resolved
photoacoustics has become increasingly popular
in the last decade and is used to address physical,
chemical and biological processes occurring on
fast timescales, principally ns and ps. Applica-

* Please address correspondence to Dr. J.R. Small (formerly
J.E. Rudzki).

tions of pulsed-laser photoacoustics have been
recently reviewed [1-6]. In addition to its use for
calorimetry and kinetics, the technique can be
used to study photoinduced transient volume
changes in molecules, such as conformational
changes in proteins [7-10]. As the applications
become more diverse, it is clear that there is
increasing need to obtain high-quality experimen-
tal data and to develop more advanced ways of
analyzing these data.

Most pulsed-laser photoacoustic methods rely
on a comparison of the photoacoustic waveform
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generated by a reference compound to that of the
sample compound of interest. Each waveform is
produced when the sample or reference solution
absorbs light from the laser pulse and responds
by releasing heat, by changing molecular shape or
dimensions, or by altering electrical charge (for
example, by proton or electron ejection into the
solution). All of these processes have the poten-
tial for rapidly changing the volume of the irradi-
ated region of the solution. The volume change
generates a transient pressure wave measurable
by the photoacoustic transducer in contact with
the sample cuvette or immersed in the solution.
The voltage response of the transducer to the
pressure wave is amplified and digitized, giving
rise to the photoacoustic waveform, the measured
voltage as a function of time.

As shown previously [11], deconvolution analy-
sis of such data gives the magnitude of the
signal-inducing event (e.g. heat release or molec-
ular volume change), as well as the rate of that
event. Photoacoustic waveform deconvolution
programs have been presented by Rudzki Small
and co-workers [11), Hethoff and Braslavsky [12],
and Melton and co-workers [13]. In this paper, we
describe the adaptation and use of a flucrescence
nonlinear least squares iterative reconvolution
program, utilizing the Marquardt algorithm [14],
for photoacoustic waveform deconvolution. The
adaptation process required changes in the com-
puter code which are of interest to both the
fluorescence and photoacoustic fields. A prelimi-
nary version of this program has been described
earlier [15], and the final FORTRAN version is
available upon request from the authors.

2. Experimental

All measurements were made at room temper-
ature (20-23°C).

2.1 Materials

Benzophenone (Gold Label), ferrocene and
2,5-dimethyl-2,4-hexadiene were obtained from
Aldrich (Milwaukee, WI). The ferrocene was sub-
limed once before use; all other compounds were

used as they were obtained. Reagent grade ace-
tonitrile was used as solvent throughout.

2.2 Photoacoustic measurements

The photoacoustic apparatus is similar to that
described previously [16]). Photoexcitation is
achieved by the output of a nitrogen laser (PRA
LN120C, 300 ps pulse width, 337.1 nm; Laser
Photonics, Orlando, FL) operated at a 1 Hz repe-
tition rate. The laser pulse is divided by a beam
splitter so that about 9 wl is incident on the
sample cuvette, while about 35 wJ is diverted to
an RjP-735 energy meter probe (Laser Precision,
Utica, NY). The energy meter (Laser Precision
Rj-7620) thus provides a measure proportional to
the pulse energy incident on the sample. The
sample is contained in a standard, 1-cm path-
length, quartz fluorescence cuvette. A lens (10-cm
focal length) is placed 7.5 ¢cm before the front
surface of the cuvette to give a beam diameter of
about 2 mm, centered side-to-side on the cuvette
face.

Volumetric changes induced by photoinitiated
events are detected by a V103, 1-MHz, or A1255,
2.25-MHz piezoelectric-element-based transducer
(Panametrics, Inc., Waltham, MA), clamped to
the side of the cuvette with a layer of silicone
grease interfacing the transducer and cuvette.
Care is taken not to disturb the cuvette /trans-
ducer arrangement while changing samples. The
transducer signal is amplified (Panametrics 5676
ultrasonic preamplifier, 0.05-20 MHz, 10* gain)
and digitized by a Tektronix (Beaverton, OR)
2430 digital oscilloscope. The oscilloscope is op-
erated at 10 ns per point (1024 points total), 20
mV per division (8-bit vertical resolution). Data
from 100 laser pulses are averaged to give one
photoacoustic waveform. The data are collected
and processed by a Tektronix PEP 301 controller
using AsYST software.

The linearity of the photoacoustic response
with pulse energy is checked in each experiment
to avoid saturation and other nonlinear effects.
Optical filters are placed at the light output of
the laser to attenuate the light such that the
incident intensity on the sample may be variable
from 9 to 2 pJ per pulse, with concomitant de-
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creases in the energy measured by the energy
meter probe. When deconvolution of reference
and sample waveforms yields consistent results,
independent of incident photon energy in the 2 to
9 wI range, the instrument is said to be operating
in a linear range. In general, adjustments of dis-
tance from the lens to the cuvette front surface
have been found to be useful in optimizing the
linearity of the instrument. Changing the position
of the lens changes the diameter of the laser
beam passing through the cuvette. While a smaller
beam diameter increases the photoacoustic sig-
nal-to-noise ratio, and theoretically the lifetime
resolution of the system [1,2,12], we have found
that photon saturation effects caused by small
laser beam diameters adversely affect the resolu-
tion of kinetic and thermodynamic parameters in
the test system of ferrocene (reference com-
pound) and benzophenone (sample compound) in
acetonitrile. Thus, our experimental system is best
operated with a laser beam diameter of 1-2 mm
passing through the cuvette.

The optical densities of the reference and sam-
ple compounds are adjusted to be within 10% of
each other in order to minimize differences in
concentration gradients of heat-producing tran-
sients. This is important because the sample ab-
sorbance affects not only the amplitude of the
photoacoustic waveform, but also the position of
the waveform on the time axis relative to laser
firing. The latter effect is geometric in origin: for
strongly absorbing samples, most of the photoa-
coustic waveform generation is from the front
surface of the cuvette rather than the interior of
the cuvette. Solution optical densities between
0.2 and 0.8 are commonly used. The actual ab-
sorbances at the excitation wavelength are incor-
porated into the data analysis by a (1 —10"4)
factor (A = absorbance), as described below. We
have found that the photoacoustic signal ampli-
tude is linear with (1-10~4), so that the (1 -
10™4) factor corrects for the dependence of the
waveform amplitude (but not time-axis position)
on absorbance.

All samples are degassed by bubbling argon
through them for 2 min and maintained under
argon atmosphere during data collection. Studies
with pyrene have shown that the degassing is

essentially complete within 2 min, to the extent
achievable by the method. The measurements
required for an experiment are: photoacoustic
waveforms for the reference and sample com-
pounds; average energy meter readings measured
concomitant with those waveforms; absorbances
of all of the solutions at 337 nm; and a waveform
baseline collected for 100 laser pulses with no
laser light incident on the cuvette.

3. Data analysis

Preprocessing of photoacoustic data is neces-
sary before waveform deconvolution is per-
formed. The waveform baseline is subtracted from
each photoacoustic waveform to yield a net wave-
form having positive and negative excursions. As
suggested by eq. (4) below and described previ-
ously [11], each point of the net waveforms must
be divided by the sample absorbance factor (1 —
1071, where A is the absorbance at the excita-
tion wavelength, 337 nm) and by the average laser
pulse energy, E,, as measured by the energy
meter. The reference waveform thus processed is
then normalized to 1.0 at its maximum amplitude,
and the same normalization factor is then applied
to the sample waveform. At this stage, the wave-
forms are ready for deconvolution.

Deconvolution is achieved by an iterative non-
linear least squares techmique adapted, as de-
scribed in this paper, from a time-resolved fluo-
rescence decay computer program utilizing the
Marquardt algorithm. Versions of the program
arc available in both asvsT and rFORTRAN lan-
guages. The reference waveform is taken to rep-
resent the instrument response to fast (<1 ns),
complete, thermally induced volume changes. The
sample waveform may represent other processes,
with different kinetics. The reference and sample
waveforms are input into the computer program,
and a portion of the waveforms is selected for
analysis. Generally, this includes the first few
oscillations, where the signal-to-noise ratio is
highest and where there are no contributions
from acoustic reflections in the cuvette. The data
are deconvolved for one or two simultancous
exponential decays, with the results expressed as
1, (lifetime) and ¢, (preexponential factor) values.
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The goodness of fit is judged by reduced x°

values, by visual inspection of the residuals, and

by the autocorrelation of the residuals. Reduced
% is defined as usual [17] by:

2 _ 1 a o 12
- (”2_n1+1)_nvari§t,[C(l) S(l)] ’

(1)

where n, and n, are, respectively, the starting
channel and ending channel of the analysis, n,,
is the total number of variables being sought (¢’s
and 7’s), and C(i) and $(i) are the values of the
convolved wave and the sample wave at channel
i, respectively. The autocorrelation of the residu-
als is given by [17]:
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where j is an index which runs from 0 to (n, — n,
+1)/2. A “good” autocorrelation is represented
by cor(0) = 1.0, cor(j) = 0.0 for j # 0.

Simulated data

Photoacoustic waveforms were modeled ac-
cording to the equation:

v/T;
V=Y K'é¢———
(1) = );] @ Ty

X {exp( —t/7;) —exp(—t/7,)

X |cos(pt) — y%__,sin(vt)”, (3)

where V(r) is the detector response, K' is a

constant (taken to be unity), v is the characteris-
tic oscillation frequency of the transducer, 7, is
the relaxation time of the transducer, ¢, is the
amplitude factor for the ith decay, 7, is the
lifetime of the ith decay, ¢ is time, and 1/7/ =
1/7,—1/7,. This eq. (3) is the corrected version
of eq. (3) in ref. [11], which was missing one set of
brackets. The origin of this equation is the point
source / point detector model of photoacoustic
calorimetry developed by Rothberg et al. {18]. We
have maintained the original terminology and
variables presented in that work. We point out,
however, that in this framework, v = 27 f, where
f is the frequency of the transducer in Hz. Thus,
waveforms simulated with » = 10° rad s™' have
an apparent period of 27 us (see Fig. 1). The
factor of 27 has no significant effect on the
outcome of either the simulated or experimental
data presented herein.

As described previously [11], eq. (3) represents
the mathematical convolution of n simultaneous
transient decays with a model transducer re-
sponse function (which may be described by n =1,
7, < 1/v and 7, < 7,). Equation (3) may be
used to simulate reference and sample waveforms
of known ¢, and 7; values. The waveforms may
then be deconvolved using the modified Mar-
quardt program described in this paper.

Simulated noise was added to waveforms by a
computer program which computes a normally-
distributed random number with a given mean
(the original, noiseless data point) and standard
deviation (specified by the user), and thus gener-
ates a new, noisy waveform based on the original
noiseless data.

4. Theory

In general, the measured photoacoustic volt-
age signal with time and temperature, V{1, T), is
given by

V(t, T)=kZ qs,.Bc(? +hm—V} Ey(1-10"4)
XM(t) = g,(t), (4



JR. Small et al. / Analysis of photoacoustic waveforms 33

where the variables are as follows (common units

are in brackets):

i is the index for the transient decay of interest;

¢; is the fraction of photon energy released as
heat for the ith transient decay;

B(T) is the thermal volumetric expansion coeffi-
cient of the solvent [K™!] (for water, B(T) is
strongly dependent on temperature);

T is the temperature [K];

C, is the specific heat of solvent at constant
pressure [cal g ' K';

p is the solvent density [g L™'];

m; is the volume change per mole of photoex-
cited molecules for the ith decay [L mol ™'];

hv is the photon energy [cal mol ~'];

E, is the laser pulse energy [call;

A is the sample absorbance at the photon fre-
quency v;

t denotes the time [s];

M(t) is the instrumental response, determined
primarily by characteristics of the transducer;

q{t) is the time-dependent impulse response
function, usually involving 7; variables, with 7;
being the characteristic relaxation time of the
ith decay;

k is the proportionality constant relating V(z, T)
to the transient volume changes in solution [V
L~']; dependent on instrumental design.

In addition, the asterisk (*) denotes a convolu-
tion integral:

M)+ a(0) = [ M) gt -w) du (5)

The form of g(t) cannot be determined a
priori, and a choice of model must be made based
on what is expected theoretically. Two models
which are commonly encountered for photoa-
coustic applications are simultaneous exponential
decays, ie. q{t})=(1/7) exp(—t/7), and se-
quential exponential decays (also characterized
by a sum of exponentials) [11].

For the data presented in this paper, the pho-
toacoustic signals are assumed to derive from
heat release only, with no contributions from
photoinduced volume changes. Thus, a reported
preexponential factor may be interpreted as a ¢;
value, the fraction of the photon energy released
as heat in the ith exponential decay.

Let R and S represent ¥{(t, T) for the refer-
ence and sample, respectively. Both waveforms
are governed by eq. (4). Care must be taken to
measurc R and S under identical experimental
geometry (i.e., same k), solvent conditions (i.e.,
same B(T), C, and p), and temperature, 7. The
sample absorbance, A, and incident laser pulse
energy, E,, should be similar; however, small
differences in A4 and £, for the sample and
reference waveforms may be corrected for mathe-

~matically. The reference compound is chosen to

be one which relaxes back to the ground state
(lifetime 7) with unit efficiency on a timescale
very fast compared to the transducer response
(frequency v, ). This feature means that, for a
reference compound, the M(s) = g,(r) term in
eq. (4) is indistinguishable from M(t):

M(1) * q(1)=M(1) for 7,<1/v,.  (5)

Note that this feature reduces the convolution in
eq. (4) to a simple multiplication, from which the
instrumental response, M(t), can be calculated.
Then:

M(t) =R(t)/k’, (7)

where k' is a constant under the conditions of
identical k, B(T), C,, p, 4, and E, for the R
and S waveforms, and m; is taken to be zero for
this discussion. It follows that:

S(¢) =k’ Ly M(2) * a,(1)
= L ¢ R(1) * a(1). (8)

In principle, then, the sampie waveform S may
be deconvolved using the reference waveform R
to yield the desired parameters, ¢; and ;.

By defining the function A{t) as:

(1) = ):‘i% q,(t) = Z‘f’i(l/ﬂ) exp(—t/7;),
(9)

where the expression given is for simultaneous
exponential decays, then eq. (8) becomes:

S(t) =R(1) * h(t). (10)

This equation is equivalent to the expression
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Compult) = E(t) * T(¢) described earlier [11], with
eXpt,(t) T(t) and E(t) equivalent to S(¢), R(t)
and A(t), respectively.

4.1 Quadratic-fit convolution program

The derivations of the equations utilized for
modifying the original Marquardt program for
photoacoustic waveform analysis are given below.
For clarity, the ¢ preexponential factor, a simple
constant in the convolution expression, has not
been included in the following equations.

4.1.1 Extension of the convolution to a later time

Given Cla) = [IRuX1/7) e “~*/" du, cal-
culate C(b) for b>a in terms of C(a) and the
convolution on R(x) over the time interval from
a to b.

C(b) = ["R(u) -0
(b) = [ R(u) e~ du
1 a
:re‘b/T{f R(u) e*/" du
T 0

+be(u) e/” du}.

Letting A=b—~aand v=u —a:
C(b)=e"%/"C(a)

+f (a+v) -—e'(“ /7 dp. (11)

The second term is the convolution of R(u) from
u=atou=a+ A=>b, with the 0 of time shifted
to g. This is the desired result. It says that C(b)
is the sum of C(a) after decaying for the time
period A, plus the separate convolution of the
exponential with R(u) in the ¢ to b interval.

4.1.2 Convolution result using the quadratic-fir ap-
proximation

R(u) 1s represented by a series of numbers
(R, photoacoustic wave amplitude at channel n)
evenly spaced on the time axis by the interval 8.
We might assume that the value of R(x) between
points is equal to the value of the following point
(“square wave” approximation), or that the value

of R(u) between points is given by a linear inter-
polation (“linear interpolation” approximation).
Instead, for the purposes of integration, we as-
sume that the value of R(u) between points R,
and R, ,, is given by a quadratic which passes
through the three points (including R, , |):
Rn _2Rn+l +Rn+2 2
v
28°
3 1
-3R,+2R, ., — 3R,

+ 24 6+l 2 n+2U+Rn

=Av?+Bv+C, with (n+1)8>u >né,
v=u-no.

R(v) =

(This equation may be verified by simply replac-
ing v by 0, 8, and 25 to give R(v}=R,, R,,,
and R, ,,, respectively.}

Given the convolution to point n (C,), the
object is to calculate the value of the convolution
at point n+ 1(C,, ) and n +2(C, ). From the
result in part A, with a =n8 and b=(n+ 1),
we can write:

Cor=C,e /T4 R, [~/
+3(1-3e7%/7)(r/8)
(1= (78]

+R, [1+2e79/7(1/8)

~2(1-e"7)(7/5)’)
PR, o[~ H(1+e707)(7/5)
+(1-e7/7)(z/8)]. (12)
Also, with @ =né and b =(n + 2)5:
C,..=C, e’”/”ar[—e‘“/’
—3(1+3e72/7)(7/8)
+(1—e /) (7/3)]]

R, [21+ e/ 7)(7/3)
~2(1-e B/ (7/8)]
+R,.4[1-3(3+e72/7)(r/8)
+(L—e /) (7/8)7. (13)
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These are the required results. As a starting
procedure it is necessary to note only that C, =0
and R;=0. Note also that, as 71— 0, C,,,—
R,.,and C, ,— R, ,,, as expected.

4.1.3 Derivatives required for Marquardt algorithm

In order to make changes to the original Mar-
quardt program, the following derivatives with
respect to 7 are necessary:

0C, /07 =C(8/7%) e/ +R,[1/25 + 27/8°
+(-3/28 - 2r/8°
~3/21 -8/ e /7]
+ R, [—4r/82+ (478
+47/8%+2/7) e70/7]
+R, 5[ —1/26+27/8°
+(=3/28-21/82 - 1/1) e7%7];
(14)
AC, .,/ =C,(25/7%) e 20/
+R,[-1/26+21/8%+(-7/28
—27/62 =3 /1= 28/1%) e /7]
+R,.\[2/8 - 4r/8"
+(6/8 + 47 /8% +4/7) e72/7]
+R,,,[—3/28 +27/8°
+(=5/28—27/8% - 1/7) e~ ¥/7].
(15)

Incorporation of the preexponential factor, ¢,
is done by multiplying egs. (12)~(15) through by
@. Thus, for the purposes of the Marquardt algo-
rithm [14], the required derivatives with respect
to ¢ will be simply C,,, and C,,. Equations
{12)-(15) were substituted into the original Mar-
quardt program utilized for fluorescence analysis.
The program was modified to prevent any value
of 7 from becoming negative; 7 is constrained to
be greater than or equal to 1 fs. No changes were
made in the a and B matrices [14], so that the
methods for minimizing y* were unchanged.

4.2 Extension of the method to sequential decays

~ In the quadratic-fit convolution program, si-
multaneous decays are assumed, with q(t)=
(1/7,) exp(—t/7;) for decay i, i=1, 2, 3,....
What if the decays are sequential rather than
simultaneous?

JABAN B NGEEN T

1t can be shown that:

1
(1) = —ex(=1/m), (16
a,(1) = — [exp(—t/7)) —exp(—t/7,)],
(17)
R S S AL
B (ry _721272"73) B~ t/72)
73

+ I ypa—— exp(—1/75). (18)
Note that the number of exponentials required
will equal the number of reactions in the se-
quence. For a two-step sequential process, only
egs. (16) and (17) are required.

It is apparent that the sums of the g,(¢) will be
sums of exponentials and, thus, analyses of data
arising from sequential decays can still be done
with the quadratic-fit convolution program. In
principle, the correct 7 values will be returned
regardless of which kinetic model, simultaneous
or sequential, is valid. However, interpretation of
the preexponential factors obtained will depend
on the model assumed. For example, given a
three-component fit by the analysis program and
assuming a three-step sequential process, one may
write:

2

PP = b, + by + by
: : 271_72 3(71_72)(71_73),
(19)
7, 2 20)

Pr=a,
T

+d,
1

(12— 7)(my—73) ,
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&

(ti=73)(m2—73) ,

77 =y (21)
where ¢#° arc thc amplitude values reported by
the quadratic-fit convolution program for the ex-
ponential decays. (In the case of only two sequen-
tial exponential decays, ¢, may be set to zero.)
The ¢, values for the sequential decays can be
obtained by solving the simultaneous equations:

(13 =7) (73— 7))

by =5 3 , (22)
T3
Ty—T T
by= PP + by——, (23)
’Tz 73“7'2
pp Tl T]Z
= 4 -I" + .
=4 d)sz_Tl ¢3(73_T|)(71_72)
(24)

It is apparent from these equations that if 7,
75, and 4 are well separated (e.g., 7, =1 ns,
7,=1 ps, and 7;=1 ms), then the apparent ¢
values are equivalent to the actual ¢ values.

5. Results

The quadratic-fit convolution program was
tested with simulated waveform data, to which
varying levels of noise were added, as well as with
experimental data obtained using two commer-
cially available transducers.

5.1 Simulated data

Figure 1 shows three typical modeled wave-
forms with varying levels of Gaussian noise added
to them. All were modeled assuming one tran-
sient decay using eq. (3), with » =10° rad s~!
and 7, =1 ms, comparable to the model studies
done previously [11]. As described previously [11],
curve a would appear the same for any lifetime
less than 1 ns; longer decay lifetimes diminish the
maximum waveform amplitude and spread the
function to longer times.

A typical data analysis problem is shown in
Fig. 2, using synthetic waveforms to which 0.01
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a b
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o
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Fig. 1. Examples of simulated photoacoustic waveforms to

which various levels of Gaussian noise have been added. The

waveforms were generated using eq. (3) in the text, with

$=1.0and r=1 ns (a), 100 ns (b), or 1 us {c). The added

noise levels are (a) none, (b) 0.01 standard deviation and (c)
(0.05 standard deviation.

standard deviation of Gaussian noise has been
added. This noise level is slightly higher than that
commonly seen in our experimental data. In Fig,
2(A), the reference waveform (curve a) was gen-
erated using eq. (3) with ¢ =1.0 and =1 fs,
while the sample waveform (curve b) was gener-
ated as a two-component decay, ¢, = ¢, =105,
t,=1ns and 7,=1 ys. In this case, the analysis
was done with the finished version of the modi-
fied analysis program. The starting guesses were
¢, =¢,=10, 7,=0.1 ns and 7, =100 ns, with
no fixed variables. The final fit is shown by curve
(c), in which the recovered parameters are ¢, =
0.502, 7, <50 ns, ¢,=0502, and r,=1.01 us.
Figure 2(B) shows the residuals of the analysis,
and Fig. 2(C) shows the autocorrelation of the
residuals, both indicating an acceptable fit.

The original Marquardt computer program, as
used for fluorescence decay analysis, failed to
accurately analyze photoacoustic data, even with-
out added noise, when the 7 value was less than
the digitization channel width. This is shown in
Table 1 for data modeled using a 50 ns digitiza-
tion channel width. While the recovered ¢ and r
values for modeled r values greater than 50 ns
are accurate, those for modeled 7 values less
than 50 ns are substantially inaccurate. This was
the incentive for modifying the numerical convo-
lution algorithm of the original Marquardt pro-
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Fig. 2. Example of the deconvolution of simulated photoa-
coustic waveforms. (A) The reference waveform {(a) and sam-
ple waveform (b} were simulated using eq. (3) in the text.
Gaussian noise (0.01 standard deviation) was added to curves
(a) and (b). This system was analyzed by the final form of the
quadratic-fit convolution computer program described in the
text. The best fitting curve returned by the computer program
is curve {c), which is the convolution of the reference wave-
form with two simultaneous exponential decays. (B). The
residuals of the fit in (A), expressed as curve (¢) minus curve
(b). (C). The autocorrefation of the residuals in (B). The
autocorrelation function is described by eq. €2) in the text.

gram. A successful analysis program for photoa-
coustic data should accurately report both ¢ and
r values for lifetimes longer than the channel

width. For a lifetime shorter than the channel
width, the program should report the correct ¢
value, as well as a 7 value which is iess than the
channel width. The data in Table 1 show that the
quadratic-fit convolution program is successful
for noiseless, single-component data. All of the
data analyses reported hereafter were done with
the quadratic-fit convolution program.

The effect of added noise on the recovery of
modeled parameters is shown in Fig. 3, which
presents the results from analyses of photoacous-
tic waveforms generated using single exponential
decays. The reference waveform was modeled
with a fs decay lifetime, while the sample decay
lifetime ranged from 10 ns to 100 ws. In general,
for noiseless data, the recovered ¢ and r values
closely agree with the modeled values, as seen by
the horizontal lines (with square symbols) in Figs.
3(A) and (B). The curves for 0.01 and 0.05 stan-
dard deviation added noise show less perfect
recovery of the modeled parameters. For mod-
eled t values less than the 50 ns digitization
channel width, the recovered lifetimes were
sometimes greater (e.g., for the 0.05 standard
deviation noise) or less (0.01 standard deviation
noise} than the true values (Fig. 3A). However,
all of those recovered lifetimes were less than the
channel width, indicating a fast decay. More im-

Table 1

Recovery of ¢ and 7 parameters from the original Marquardt
computer program in comparison with those from the version
modified for photoacoustic waveform analysis

Modeled * Recovered

Original program Modified program

¢ T ) T ) T

1.0 1ns 0557 946ns 100 0.998 ns
1.0 10ns  0.850 17.6 ns 1.00 9.99 ns
1.0 S0ns  0.995 50.9 ns 1.00 50.0 ns
1.0 100 ns 1.00 100 ns 1.00 100 ns

10  lps 100 100 us  1.00 1.00 ps
1.0 10ps 1.00 10.0 us 1.00 10.0 us
1.0 100us 100 100 us 1.00 100 us

2 Modeling was done using eq. (3) in the text, with » = 10°
rad s7', ro=1 ms, and with time sampling done every 50
ns. The reference waveform was generated with ¢ = 1.0,
r=1 f5s. The sample waveform was generated using the
values listed. All data are without added synthetic noise.
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Fig. 3. Recovery of photoacoustic waveform parameters for
single exponential decays with varying levels of noise. The
waveforms were simulated using eq. (3) in the text, with
y=10° rad s~', 7;=1 ms, and a 50 ns per point sampling
interval. The reference waveforms were generated with ¢ = 1.0
and 7 =1 fs, while the sample waveforms were generated with
é=100r0.5 and r = variable from 10 ns to 100 ps (reported
as the X-axis variable). The Y-axis values are the recovered 7
(A) or ¢ (B) parameters, divided by the values used to
generate the data. Thus, a Y-axis value of 1.0 indicates good
recovery of the modeled parameter. For both (A) and (B), the
solid, dashed and dotted lines (with square, triangle and circle
symbols) represent 0.00, 0.01 and 0.05 standard deviation of
Gaussian noise, respectively, added to the reference and
sample waveforms. The arrows indicate the time value of 50
ns, which was the sampling interval for the simulations. The
starting guesses were ¢ = 1.0 and 7 = 20 or 100 ns.

portant from the photoacoustics point of view,
the recovered ¢ values were unaffected by the
noise level for such fast decays (Fig. 3B).

The 0.05 standard deviation data in Fig. 3(A)
show considerable scatter about the modeled
values for large 7, e.g. 107> to 10™* s. This is also
true for the recovered ¢ data in Fig. 3(B). The
reason for this is that the amplitude of the wave-
form oscillations has dropped to or below the
magnitude of the added noise. The true data are
thus “lost in the noise”, and there is considerable
uncertainty in the recovered parameters.

The next consideration is the recovery of data
from waveforms generated from two simultane-
ous exponential decays. The first criterion for
distinguishing a two-component decay from a
one-component decay is the reduction in y?
which occurs upon allowing a second component
in the least squares analysis. For noiseless two-
component data, indicated by the squares in Fig.
4(A), there is a substantial decrease in y? in
going from one-component (open squares) to
two-component (solid squares) analyses. The ex-
ception is in the region of v, =7,=1 us, where
the y? values coincide. Similar results are seen
for 0.01 and 0.05 standard deviation added noise
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Fig. 4. Ability to resolve two decay components from simu-
lated waveforms with varying levels of added noise. The
waveforms were simulated using eq. (3) in the text, with
v=10° rad s, r,=1 ms, and a 50 ns per point sampling
interval. The reference waveforms were generated with ¢ = 1.0
and 7 =1 fs, while the sample waveforms were generated with
d1=¢;=05, 7=1 us and r, = variable (reported as the
X-axis variable). The Y-axis values are the y? values recov-
ered for one-component (open symbols) and two-component
( filled symbols) analyses. Shown are the results for analyses of
waveforms with no noise (squares, part A), and 0.01 and 0.05
standard deviation of Gaussian noise (triangles and circles,
respectively; part B) added to the reference and sample
waveforms.
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data (Fig. 4B; triangles and circles, respectively),
except that the reduction in y? in going from
one-component (open symbols) to two-compo-
nent (solid symbols) analyses is less dramatic, and
the higher y? values reflect the noise levels. The
data with moderate added noise (0.01 standard
deviation, Fig. 4B), reflecting typical experimen-
tal data, suggest that for a 7, of 1 us, 7, must be
less than 0.5 7, or greater than 2 7, for adequate
indication that two components are present.
While not shown here, the residuals and autocor-
relation function should also be used to judge the
acceptability of an analysis [17].

Table 2 presents the results of four two-com-
ponent resolutions, each with three levels of
added noise. In all cases, the recovered parame-
ters are very close to the modeled parameters for
noiseless data. In addition, for the first data set,
the modeled = values of 1 ns and 1 us are well
separated, and the recovered parameters are very
close to the modeled parameters for all added
noise levels.

The other results in Table 2 are for somewhat
difficult two-component resolutions. For the sec-
ond data set, r,=1 ns and r,=100 ns, the

Table 2

resolution is difficult in that the digitization chan-
nal width of 50 ns is comparable to the longer 100
ns decay time. Even at the 0.01 standard devia-
tion noise level the ¢ and 7 values recovered are
considerably different than the true values. How-
ever, note that the y° values obtained clearly
suggest that more than one component is present,
even at the 0.05 standard deviation noise level.
For the third data set in Table 2, that of 100 ns
and 1 us, only a factor of 10 separates the two
lifetimes. However, at both noise levels, resolu-
tion of the two decays is attained with reasonable
accuracy. Finally, the last data set shows the
recovery of values for 1 and 10 ws modeled
decays. For 0.00 and 0.01 standard deviation
added noise, the recovered results are excellent,
while for the 0.05 standard deviation added noise
data, not only is resolution not achieved but also
the very low ratio of y?/x? = 1.03 is insufficient
to suggest that more than one component is pre-
sent. Once again, the information on the 10 us
component appears to have been masked by the
noise due to the inherently small oscillation am-
plitude for slow decay components. However, the
10 s component is being detected since the

Recovery of ¢ and r parameters from simultaneous two-component photoacoustic waveforms as a function of added noise level

Modeled ® Added noise x2 /¥t Recovered

(¢;=¢,=05) (Stand. Dev.)

1 T2 $, T &, T2 O+ 2

1ns 1 us 0.00 >10° 0.50 <50 ns 0.50 1.0 us 1.0
0.01 10 0.50 <50ns 051 1.0 us 1.0
0.05 1.1 0.51 <50 ns 0.56 1.2 us 1.1

1 ns 0.1 us 0.00 400 0.52 <50 ns 0.48 0.10 us 1.0
0.01 10 0.81 <50ns 0.20 0.28 us 1.0
0.05 1.2 0.86 <50 ns 0.15 0.37 us 1.0

0.1 ps 1 ps 0.00 >10° 0.50 0.10 us 0.50 1.0 us 1.0
0.01 5 0.40 <50ns 0.61 0.87 us 1.0
0.05 1.2 0.52 <50 ns 0.62 1.4 us 1.1

1us 10 ps 0.00 >10° 0.50 L0 ps 0.50 10 us 1.0
0.01 2 0.5¢ 099 us 0.50 9.7 us 1.0
0.05 1.03 0.08 <50ns 0.70 1.7 us 0.78

 Modeling was done using eq. (3) in the text, with v =10% rad s~

!, ry=1 ms, and with time sampling done every 50 ns. The

reference waveform was generated with ¢ = 1.0, 7 =1 fs. The sample waveform was generated using the values listed.
b The ratio of unweighted y? for a single component analysis to that for a two-component analysis.
¢ Recovered values less than the 50 ns channel width are reported only as < 50 ns.
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predominant lifetime recovered, 1.7 us, is inter-
mediate between the 1 and 10 us modeled. Table
2 thus shows as expected, that high noise levels
can significantly hamper the ability of the
quadratic-fit convolution program to resolve
closely spaced lifetime pairs, but that some rela-
tively difficult two-component resolutions are
possible when only moderate levels of noise are
present.

5.2 Transducer comparison using experimental data

Two commercially available transducers were
compared in this study. The A125S transducer is
described by Panametrics, Inc. as a high-sensitiv-
ity, narrowband, tuned transducer, while the V103
transducer is described as an untuned, broadband
transducer which provides heavily damped,
broadband performance. When used for photoa-
coustic detection, the transducers give rise to
waveforms as shown in Fig. 5. For comparison,
curve (a) represents the reference waveform for
both the A125S, 2.25-MHz transducer (Fig. 5A)
and the V103, 1-MHz transducer (Fig. 5B). It is
apparent from Fig. 5 that the A125S transducer is
characterized by a higher intrinsic frequency than
the V103, and that the V103 is much more highly
damped (shows many fewer oscillations) than the
A125S transducer. We have found that the two
transducers show comparable sensitivity to the
magnitude of fast ( < 10 ns) heat decays, with the
V103 slightly less sensitive.

The quenching of the triplet state of ben-
zophenone (Bph) by 2,5-dimethyl-2,4-hexadiene
(DMH) in acetonitrile was studied to determine
the response of the transducers to the heat gener-
ated by the photoinduced reactions, and to test
the quadratic-fit convolution program with exper-
imental data. The quenching of benzophenone by
DMH has been successfully measured previously
using pulsed-laser photoacoustics with a home-
built transducer [11]. The reactions of interest are
as follows. Photoexcitation of benzophenone re-
sults in the rapid formation (< 6 ps) of the n-w*
triplet state, T,, with unit efficiency [19]. The
benzophenone triplet can undergo triplet-triplet
energy transfer with suitable quenchers. This pro-
cess generates the triplet state of the quencher,

AMPLITUDE
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TIME, microseconds
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TIME, microseconds

Fig. 5. Photoacoustic waveforms generated using Panametrics
(A) A125S, 2.25-MHz and (B) V103, 1.0-MHz transducers. In
both (A) and (B), curve (a) represents the reference wave-
form, generated from ferrocene in acetonitrile. The remaining
curves were generated from benzophenone in acetonitrile
with varying amounts of 2,5-dimethyl-2,4-hexadiene. In part
(A), curves (b), (c) and (d) represent 0.0, 1.0 and 10.0 mM
diene, while in part (B), curves (b), (c} and (d) represent 0.0,
0.2 and 1.0 mM diene. All solution absorbances were .2 at
337 nm.

3Q, which can then decay to its ground state.
Thus, the reaction T, + Q — Bph+3Q is fol-
lowed sequentially by the decay of the triplet
quencher, *Q — Q. In the case of DMH, the
triplet lifetime is known to be 44 + 4 ns [20], and
the triplet energy is ~ 59 kcal /mol above ground
state [21]. The reference compound for the pho-
toacoustic analysis is ferrocene in acetonitrile,
which is known to give rise to a suitable reference
waveform [22].
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Table 3
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Recovered deconvolution parameters for the quenching of triplet benzophenone by 2,5-dimethyl-2,4-hexadiene (DMH) in

acetonitrile, measured using the A125S, 2.25-MHz transducer *

[DMH] ¢ " &3P T ?4 ¢z &1+ d,

(mM)
0.00 0.23 <10 ns ¢ ¢ 0.23 ¢ 0.23
0.01 0.24 <10 ns ¢ ¢ 0.24 ¢ 0.24
0.10 0.22 <10 ns ¢ € 0.22 c 0.22
0.20 0.21 <10 ns ¢ c 0.21 ¢ 0.21
0.33 0.20 <10 ns 1.10 0.45 us 0.20 1.10 1.30
1.00 0.10 <10 ns 1.01 0.14 us 0.11 1.00 111
2.00 1.11 85 ns d d L11 d 1.11

10.0 1.00 39 ns d d 1.00 d 1.00

* The data were analyzed assuming simultaneous exponential decays, yielding the ¢ values, which were then converted to values
appropriate for sequential exponential decays (the ¢; values). The conversion method is outlined in the Theory {eqs. 22-24). All
reported values are the mean of 3 to 5 determinations; the standard deviation was + [0%.

® For values of 7, of less than 10 ns (the digitization channel width), a value of 1 ns was assumed for converting the ¢7°P values
(for the simultaneous decay analysis) to the ¢, values (for sequential decays).

¢ A second component was apparent, but not well-resolved.
4 There was no resolvable second component.

The relative sensitivity of the transducers to
heat depositions of different rates was examined
using solutions of benzophenone and the diene
quencher DMH. By varying the concentration of
DMH, a variety of heat deposition rates can be
obtained, and the results may be interpreted by
Stern—Volmer analysis [11,19]. The photoacoustic

Table 4

waveform data for solutions of benzophenone
and DMH ((DMH] = 0 to 10 m M), as well as for
the reference compound ferrocene, were decon-
volved using the quadratic-fit convolution pro-
gram, and the results are presented in Tables 3
and 4. For all of the results reported here, all of
the parameters ($;*°, 7,) were allowed to vary

Recovered deconvolution parameters for the quenching of triplet benzophenone by 2,5-dimethyl-2,4-hexadiene (DMH) in

acetonitrile, measured using the V103, 1.0-MHz transducer ?

[DMH] 1 " i T2 ? ¢, )+ ¢y

(mM)
0.00 0.20 <10 ns 0.37 1.7 us 0.20 0.37 0.57
0.01 0.20 <10 ns 0.38 1.5 us 0.20 0.38 (.58
0.10 0.18 <10 ns 0.717 0.68 us 0.18 0.77 0.95
0.20 0.19 <10 ns 0.87 0.46 ps 0.19 0.87 1.06
0.33 0.22 <10 ns 0.85 0.31 us 0.22 0.85 1.07
1.00 0.17 <10 ns 0.88 0.12 us 0.18 0.87 1.05
2.00 .18 <10ns 0.91 71 ns 0.19 0.90 1.09

10.0 1.04 32 ns ¢ ¢ 1.04 ¢ 1.04

a The data were analyzed assuming simultaneous exponential decays, yielding the ¢?°" values, which were then converted to values
appropriate for sequential exponential decays (the ¢, values). The conversion method is outlined in the Theory. All reported
values are the mean of 3 to 5 determinations, the standard deviation was +10%.

b For values of 7, of less than 10 ns {the digitization channel width), a value of 1 ns was assumed for converting the &I values
(for the simultaneous decay analysis) to the &; values (for sequential decays).

¢ There was no resolvable second component.
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freely during the course of the analysis. A sample
deconvolution is shown in Fig, 6, with one- and
two-component fits of the data. No more than
two components were resolvable for any of the
data sets. The quadratic-fit convolution program
is designed to analyze simultaneous exponential
decays, but, as explained in the Theory scction,
the results may be interpreted in terms of se-
quential exponential decays. The conversion from
simultaneous to sequential kinetics affects only ¢
values, not 7 values. The series of reactions of
the quenching of benzophenone by DMH is best
described by sequential kinetics. Thus, in Tables
3 and 4, the output of the quadratic-fit convolu-
tion program is given by ¢:*f and 1, with the
corrected ¢ values for sequential kinetics given
by ¢,. In order to do the conversion of $ to
é,, values of 7, must be used (see Theory). This
presents a problem when r is less than the
channel width, which was the case for some of
the data in Tables 3 and 4, A decision must be
made as to what value to use, since different
values of 7, will yield different ¢, values in the
conversion process. In general, the closer 7, is to
7,, the more the change in ¢, from ¢;*". (For

example, in Table 4, the data for 20 mM DMH
include 7, <10 ns, 7,=71 ns. If 7, is chosen as
10 ns, then ¢ = (.18 is converted to ¢, = 0.31.
On the other hand, if 7, is chosen as 1 ns, then
¢ =0.18 is converted to ¢, =0.19, a much
smaller change.) For the data in Tables 3 and 4,
T, is expected to represent the formation of triplet
benzophenone, which occurs in < 6 ps from pho-
toexcitation of benzophenone. Thus, choosing a
7, value of the resolution limit, 10 ns, seemed
less reasonable than the compromise value of 1
ns used in the calculations for Tables 3 and 4.
For both the A125S and V103 transducers,
deconvolution of waveforms from Bph/DMH so-
lutions with [DMH] < 1.0 m M gave best fits with
two components (no fixed parameters). The re-
sylts from the A125S data gave very poorly re-
solved (3PP, 7,) values for these solutions (Table
3), while the V103 ($35", 7,) values were much
more clearly resolved (Table 4). This is most
likely the result of the V103 transducer having a
much wider bandwidth than the A125S. In addi-
tion, the V103 transducer has a lower intrinsic
frequency (1.0 MHz) than does the A125S (2.25
MHz), and thus would be more responsive to
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Fig. 6. One- and two-component fits of selected data from Fig, 5. In parts (A) and (C), curve (a) is ferrocene, the reference

compound, and curve (b} is benzophenone in the absence of 2,5-dimethyl-2,4-hexadiene. (These are identical to curves a and b of

Fig. 5B.) Part (A) shows the best one-component fit of the data, curve (c). This was generated by reconvolution with the values

¢ =027 and =76 ns (y? =1.2x1077). Part (B) shows the residuals of the data in part (A), expressed as curve (b) minus curve

{c). Part (C) shows the best two-component fit of the data, curve (c). This was generated by reconvolution with the values ¢, = 0.21,

‘1y=29ns, ¢, =047 and 7, =13 ps (y* = 5.8 1075). Part (D) shows the residuals of the data in part (C), expressed as curve (b)
minus curve {c).
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slower (us) events [11]. That three components
were not resolved is probably due to the fact that
such complex resolutions are quite difficult to
achieve accurately, even at much lower noise
levels than were obtained here [23].

The data in Table 4, which represent the best
resolution of the photochemistry occurring, can
be grouped into three sets. (i) For [DMH] < 0.1
mM, there is little enough diene present such
that there may be significant competing quench-
ing from the dissolved oxygen remaining after
degassing by argon bubbling (expected [O,]~
107% to 107% M [19]. The (¢, + ¢,) sum for
these DMH concentrations is less than the value
seen for higher DMH concentrations. Quenching
of the triplet state of benzophenone by the triplet
ground state of O, is expected to yield singlet
O,('A,), which has a lifetime of ~30 ws in
acetonitrile and an energy of 22.5 kcal /mol above
ground state triplet [19]. The 30 us decay is too
slow to be resolvable by the V103 transducer, and
the energy “tied up” by the singlet oxygen would
result in (¢, + ¢,) being less than unity. (i) For
[DMH] = 10 mM, only one lifetime is resolved,
due to having the lifetimes for all of the reactions
involved in the quenching be less than 50 ns. (iii)
In the intermediate concentration region (0.1-10
mM), ¢,, ¢, and 7, are roughly constant (about
0.2, 0.85 and <10 ns, respectively), while =,
varies.

The interpretation of the values in Table 4 is
as follows. The average of ¢, for the 0-2 mM
DMH data is 0.19. This ¢ value corresponds to a
fast 7, due to the formation of the T, state of
benzophenone. The energy of the state can be
obtained from the relationship [11] E;=E, (1~
¢,), where Eq is the energy of T, and E,, is the
photon energy (84.8 kcal/mol at 337 nm). The
average value of ¢, =0.19 gives a triplet energy
of 69 kcal /mol, in excellent agreement with the
literature value [24]. The second rate, 7,, corre-
sponds to the decay of T, by energy transfer to
the diene and/or other processes. A Stern-
Volmer plot of 1/7, as a function of DMH
concentration for 0-1 mM DMH is linear (r*=
1.00) with a slope of 7.7 X 10° M~' s™! and an
intercept of 6.3x10° s~! (Fig. 7). The slope
corresponds to the bimolecular rate constant for
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Fig. 7. Stern-Volmer plot of the quenching of triplet ben-
zophenone by 2,5-dimethyl-2,4-hexadiene (DMH) in acetoni-
trile. The data are taken from Table 4.

quenching by DMH, &, and approaches the dif-
fusion-controlled limit in acetonitrile. For com-
parison, the quenching of T, of benzophenone by
trans-stilbene in acetonitrile occurs with & =7.5
x 10° M~ s7!' [25]. The intercept indicates the
lifetime of benzophenone in acetonitrile without
quencher to be ~ 1.6 us, in good agreement with
the slow decay time obtained at very low quencher
concentrations and in reasonable agreement with
the literature value of 2.5 us [26,27]. The latter
value may be higher due to more efficient deoxy-
genation of the solution.

As judged by the Stern-Volmer results, 7,
appears to adequately describe the guenching of
benzophenone T, by DMH in the concentration
region [DMH] =0 to 2 mM. Of interest is the
subsequent decay of the resulting triplet state of
DMH. No third decay was resolvable from the
photoacoustic data without fixing parameters. In
fact, the DMH triplet is known to decay with a
lifetime of ~ 44 ns [20]. Only one lifetime is
resolved for very high concentrations of DMH (10
mM), Tables 3 and 4. This lifetime of 30 to 40 ns
is consistent with the poor resolution of the closely
spaced lifetimes of benzophenone triplet forma-
tion, benzophenone triplet quenching, and DMH
triplet decay.

While not done here, it is possible [11] to
incorporate sequential kinetics directly into an
analysis program and be able to work with ¢,
values directly, rather than 6;PP. With this type of
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program [11], a third decay was fixed with 7, =44
ns and ¢, =10.70 to represent the decay of the
DMH triplet. The ¢, value is defined as the
fraction of the photon energy released as heat for
the decay of triplet DMH. Since the triplet DMH
energy Is 59 kcal/mol above ground state [21],
this corresponds to ¢, =EPMH /E, =59/84.8 =
(.70. When the analysis was run for three compo-
nents, with three fixed parameters (7, =1 ns,
Ty =44ns, ¢; = 0.70) for [DMH] = 0.2 to 1.0 m M,
then the recovered 7, values [11] were within
error the same as the 7, values in Table 3, and
the recovered ¢, values were about (.10, the
approximate difference between the ¢, values in
Table 3 and the defined ¢,=0.70 [11]. Thus,
while parameters representing the decay of the
quencher may be incorporated into the data anal-
ysts, little new information is obtained.

The deconvolution results of data obtained
with the A125S transducer, Table 3, showed gen-
erally higher values of ¢,, with little resolution of
a second decay. An average value of ¢, =022
yields a calculated value of the benzophenone E;
of 66 kcal /mol. This is lower than the spectro-
scopic value of 69 kcal /mol [24]. Tt is not known
whether the lack of resolution of a second com-
ponent by this transducer may cause a distortion
in the analysis results of the first component. In
addition, for both transducers (Tables 3 and 4),
the value of ¢, + ¢, is slightly greater than unity
at intermediate DMH concentrations where
quenching by the diene is significant. For exam-
ple, for [DMH] > 0.2 mM in Table 4, ¢, + ¢, is
about 1.05. It is not known what factors, beyond
the +10% uncertainties in the recovered ¢ val-
ues, contribute to the value of (¢, + ¢,) being
greater than unity. Previously, the sum of the ¢
values for all resolved processes has been found
to be closer to 1.0, thus nicely accounting for all
of the absorbed photon energy [11].

6. Discussion

We have presented here the features of a
computer program which quickly and successfully
.analyzes time-resolved photoacoustic data for
sums of exponentials by means of nonlinear least

squares. Of particular importance is the ability of
our computer program to analyze fast lifetimes
on the order of the digitization channel width,
minimizing the need to fix decay parameters as
done previously [11]. The fast lifetime resolution
is extremely important for photacoustic data. In
addition, for a given number of ¢ and r vari-
ables, the program generally returns the same
fitting parameters independent of starting
guesses, provided that the starting guesses are
“reasonable” (e.g., ¢ of —0.5to 1.5, 7 of 107 %°
to 107> s for our data). Tests of the program on
simulated and experimental data demonstrate
that two decay components may be adequately
resolved, provided that the lifetimes are within
the sensitivity range of the transducer and that
the experimental noise level is sufficiently low
(within the range reported by most users of
pulsed-laser photoacoustics).

Our strategy for developing the quadratic-fit
convolution program for photoacoustics was to
borrow and modify a program from the field of
time-resolved fluoresence. The fluorescence non-
linear least squares program used in our labora-
tories is an iterative reconvolution program using
the Marquardt algorithm for y? minimization. It
utilizes Simpson’s rule approximation for the con-
volution integral. Specifically, the convolution in-
tegral is:

F (1) =a exp(—x/r)fO’Em(u) exp(u/7) du,
(25)

where F, () is the measured fluorescence decay,
E(t) is the instrumental response function mea-
sured using a scatter sample, and the fluores-
cence impulse response is an exponential decay.
The Simpson’s rule for a pair of intervals in
digitized data is:

[f(x0) +47(x)) +£(x3)].
(26)

Xy Xy — X
[ Fxydr s =——
o 6

In the original Marquardt program, the integral
in eq. (25) is evaluated using Simpson’s rule for
successive groups of data points x,, x, and x,.
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The fluorescence Marquardt program was first
modified to account for the fact that photoacous-
tic waveform analysis assumes the decay form ¢
(1/7) exp(—t/7) rather than a exp(—t/7), as
used in fluorescence. This program was then used
to analyze noiseless synthetic waveforms. As
shown in Table 1, the program failed to accu-
rately recover ¢ and 7 values when 7 was less
than the digitization channel width.

The moditied version of the Marquardt pro-
gram we developed uses an approach different
from Simpson’s rule approximation. A quadratic
expression is used to fit the digitized data repre-
senting the measured waveform. This results in a
continuous mathematical expresston for the digi-
tized data which can be utilized in the convolu-
tion integral directly.

The qualitative differences between the two
algorithms are as follows. As indicated in eq. (10),
the photoacoustic convolution integral is given by
S(t)=R(t) * h(t), where S(t) is the measured
sample waveform, R{¢) is the measured reference
waveform, and A(t) is a time-dependent function
representing heat release, for example. In the
original convolution method, A(¢) is a continuous
exponential function, R(¢) is a set of discrete
points, and the convoluted function C(t)=
R(t) = h(1) is approximated by integration using
Simpson’s rule. In the quadratic-fit convolution
algorithm, A(t) is again a continuous exponential
function, R(t)} is approximated as a series of
continuous functions (quadratic fits to sets of
discrete points, done 3 points at a time); this
permits R(#) * h(t) to be computed by direct
integration. As shown in Table 1, the modified
program performed much better than the origi-
nal.

Why did the original Marquardt program-fail?
The difficulty in using the original Marquardt
program lies in applying Simpson’s rule to the
convolution equation, eq. (10), for digitized pho-
toacoustic data. The photoacoustic waveforms are
obtained with a digital oscilloscope at a preset
time-width per channel (or “point”; the X-axis
parameter). Typically, for a 1-MHz transducer,
the waveforms are digitized at 10 or 50 ns per
channel, measured for 200 to 1024 channels per
waveform. While the § and R functions for a

1-MHz transducer are relatively broad and can
always be adequately sampled, the A(¢) function
may be very narrow, and may not be adequately
represented with 10 to 50 ns between points (the
typical channel width). For example, an exponen-
tial decay with = = 1 ns results in a decay which is
essentially complete in a time interval much
smaller than the channel width. The method of
photoacoustic waveform analysis must be able to
handle () functions with 7 values ranging from
fs to s (in principle). The goal of the analysis
program should be to identify fast decays as being
less than the digitization channel width, without
necessarily resolving the actual lifetime, and to
accurately recover the preexponential ¢ factor
associated with those fast decays. Algorithms for
integration which might be useful for the convo-
lution integral, such as trapezoidal integration or
Simpson’s rule integration, cannot be used for
situations involving fast transients, as these algo-
rithms require sufficiently close sampling points
in order to accurately approximate a function.

The quadratic-fit convolution program de-
scribed here is a significant improvement over the
original data analysis program written by Rudzki
Small and co-workers [11]. That program was
important in that it showed that deconvolution of
photoacoustic waveforms was possible and can
yield simultaneous information on the rate and
magnitude of heat release from photoinitiated
reactions. However, in that early program, the
methods of deconvolution utilized were relatively
primitive; extensive user input was required to
determine the direction of the analyses; and the
analyses were very slow. The problem of analyz-
ing fast components was dealt with accurately,
but by uwsing different algorithms for different
lifetime ranges. All of these points have been
improved upon by the quadratic-fit convolution
program presented here.

The difficulties of the original data analysis
program [11] were recognized and discussed by
Melton and co-workers [13], who devised their
own improved photoacoustic analysis program,
utilizing the Marquardt algorithm. This program
is similar to ours in that the discrete points of the
reference waveform (the “T-wave™) are not used
directly; rather, the Melton group uses a linear
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function to give the wave a functional form be-
tween data points. In our case, the reference
waveform is fit with a quadratic function rather
than a linear function. While the computer pro-
gram written by the Melton group [13] is also a
significant improvement over the original data
analysis program [11], there are no data pre-
sented on the functioning of the program for
decay times less than the digitization channel
width.

Because the quadratic-fit convolution program
was derived from a program used for fluores-
cence analysis, the applications of this new com-
puter program to fluorescence data may be con-
sidered. The very fast lifetimes of importance to
photoacoustics may be considered analogous to
scattered light in fluorescence data. Often in non-
linear least squares fluorescence analysis, a short
lifetime is fixed in an effort to account for the
scatter invariably present in fluorescence data.
The results we have presented suggest that there
may be inaccuracies involved in using a standard
nonlinear least squares program {e.g., that de-
scribed by Grinvald [28] and Grinvald and Stein-
berg [29)) for such short lifetimes (Table 1). In-
deed, Periasamy [30] has recently shown this to
be true, and has developed a modified least
squares program which uses a linear approxima-
tion of the successive data of the instrument
response function for the computation of the
convolution integral. This is similar to our
method, although we have used a quadratic ap-
proximation rather than a linear approximation.

While the photoacoustic nonlinear least
squares analyses presented here are similar to
fluorescence analyses, there are some differences
in the details of the evaluation of goodness of fit.
In fluorescence analyses, it is usual to weight the
residuals in x? calculations [17,28,29], yielding a
more statistically correct analysis and giving y’
values which tend toward unity for good fits.
Here, we have not yet implemented weighting
factors, which would require the estimation of
variance for photoacoustic data, a function of the
experimental noise. Thus, the y? values reported
here have a wide range of magnitudes, all less
than 1.0. Future work is required for the estima-

tion of the variance for instrumental noise on
photoacoustic waveforms, .

By beginning to utilize fluorescence data anal-
ysis methods for photoacoustic waveform analy-
sis, we have started to exploit the sophistication
which exists in the field of time-resolved fluores-
cence decay. The obvious next step in the imple-
mentation of nonlinear least squares is the use of
global and target analysis for the discrimination
of enthalpic, volumetric and kinetic information
from photoacoustic waveforms. This may be done
using eq. (4) and the methods of global analysis
worked out by Knutson, Beechem and Brand
[31,32]. Additionally, transform methods such as
the Method of Moments appear very successful
for photoacoustics and are actively being devel-
oped and utilized [23,33].

Conclusions

We have developed a nonlinear least squares
computer program which rapidly deconvolves
photoacoustic data while minimizing the need for
fixing parameters. The program utilizes the Mar-
quardt algorithm for y° minimization and a
quadratic-fit method for evaluating the convolu-
tion integral. The quadratic-fit method is an im-
provement over Simpson’s rule integration ap-
proximation, which did not allow accurate recov-
ery of ¢ parameters for lifetimes less than the
digitization channel width. Studies with simulated
data in the absence of noise show that the
quadratic-fit convolution program accurately re-
turns the ¢ preexponential factor, even when the
associated lifetime is less than the digitization
channel width. With synthetic noise added to
simulated waveforms in the amount of 0.01 stan-
dard deviation (slightly higher than the level usu-
ally seen experimentally), two component resolu-
tions (four independent parameters) are easily
achieved.

The computer program was tested using exper-
imental data from the quenching of benzophe-
none triplet by a diene quencher in acetonitrile.
One or two decay components were resolved
depending on the concentration of the diene and
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the transducer used for detection. The heavily
damped, broadband, 1 MHz transducer was more
sensitive to the experimental decay components
than the narrowband 2.25 MHz transducer. Anal-
ysis of the data from the benzophenone /diene
system gave good results for the benzophenone
triplet energy, lifetime, and quenching constant,
and were consistent with a short lifetime for the
excited state of the diene quencher.
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