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DISCLAIMER

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal liability 
or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference 
herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise does not 
necessarily constitute or imply its endorsement, recommendation, or 
favoring by the United States Government or any agency thereof. The 
views and opinions of authors expressed herein do not necessarily 
state or reflect those of the United States Government or any agency 
thereof.

DISCLAIM ER

Portions of this document may be illegible in electronic image 

products. Images are produced from the best available 

original document.
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Pulsed Laser Phofcotheraal Spectroscopy of Liquids and Solids 

Progress Report Abstract

Published papers have coapared the advantages of piezoelectric and op­

tical detection of photoacoustic signals in sanple liquids and have 

demonstrated the superior capabilities of thernal lens aeasurenents on time 

scales as short as a few hundred nanoseconds. Coaputer programs have been 

developed to coapare theoretical and experimental photoacoustic pulse shapes 

in liquids with a view to deteraining triplet state quantum yields and 

radiationless decay lifetimes with greater accuracy. Non-radiative quantum 

yields of 1.0, 0.9 and 0.5 have been measured for nonaqueous solutions of 

Crystal Violet, Evan's Blue and Nile Blue A respectively. Pulsed photother- 

aal radiometry experiments have yielded thermal diffusivity data for a room 

temperature molten salt system. Microphonic photoacoustic signals obtained 

by illuminating solid samples with synchrotron X-rays have been enhanced 

with volatile liquids, and the results have been coapared with theory.

NOTICE

This report was prepared as an account of work sponsored by the United 
States Government. Neither the United States nor the Department of Energy, 
nor any of their contractors, subcontractors, or their employees, makes any 
warranty, express or implied, or assumes any legal liability or respon­
sibility for the accuracy, completeness, or usefulness of any information, 
apparatus, product or process disclosed or represents that its use would not 
infringe privately-owned rights.
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Two major objectives were set for the April 1f 198? to March 31» 1990 

grant period:

1. A quantitative comparison was to be made between experimental 

pulsed laser photothermal spectroscopy curves obtained with sample liquids 

and curve shapes predicted by theory. Such comparisons would lead to more 

accurate determinations of quantum yields and lifetimes for radiationless 

decay processes in liquids.

2. In a parallel study, a pulsed laser system would be used to explore 

the capabilities of pulsed photothermal radiometry (PPTR) for revealing the 

properties of opaque solids.
la KIn two early papers ' we reported a useful combination of the thermal 

lens and an optical detection photoacoustic technique and a comparison of 

the advantages of piezoelectric detection and optical detection of 

photoacoustic effects in liquids. Neither study directly addressed the 

first of the two objectives described above. Recently, Dr. S. J. Komorowski 

has developed computer programs in PASCAL for an IBM PC that permit a cal­

culation of the shape of photoacoustic curves in liquids from theoretical 

expressions. Before returning to Poland (from Utah) in December, 1989* 

he will determine whether the fitting of these computer generated curves to 

experimental data significantly facilitates the determination of radiation­

less decay lifetimes in liquids.
liStefan J. Isak, a graduate student, has shown that the thermal lens 

method is more effective than photothermal beam deflection and piezoelectric 

detection of acoustic waves for determining submicrosecond radiationless 

decay lifetimes in liquids. Isak has used a combination of all three 

photothermal methods to investigate radiationless decay in a group of
c

photothermal sensitizing dyes. These are dyes that lose practically all of
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photomultiplier
tube

razor edge prism

dia- beam _
praghm splitter sample cell

computer

Nd:YAG laser

oscilloscope

Dye laser

Fig. 1. Apparatus for making thermal lens, beam deflection and photoacous­
tic measurements in liquid samples.

their electronic excitation energy through radiationless decay rather than 

by fluorescence. They have been used to selectively kill cancer cells in 

new laser surgical procedures ("photodynamic therapy") being developed in 

the University of Utah College of Medicine. Among the dyes being considered 

are several triphenylmethane dyes such as Crystal Violet and diazo dyes such 

as Evan's Blue, that absorb red light (in our case at 610 nm.). Red light 

is transmitted by undyed (nonmallgnant) biological tissue.

The experimental set-up used in determining non-radiative quantum 

yields, $np, and triplet state lifetimes, tt, is shown in Fig. 1. The 

design allows for several types of photothermal measurements to be made such 

as thermal lens (TL), photothermal beam deflection (PBD), and photoacoustic 

(PA) measurements, where the respective signals are all detected optically.
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There are several problems with the chemical systems under study that 

must be resolved before the results can be confidently interpreted. For ex­

ample, most organic dyes have broad absorption spectra in the visible 

region. The absorption bands for the dyes we are studying extend from the 

green into the infrared making most cw laser sources, such as a HeNe or Ar+ 

laser, somewhat unsatisfactory probe lasers. Thus the observed PBD signal 

varies with the power of the HeNe beam, and it is necessary to work at very 

low signal levels at which essentially no absorption of the HeNe laser probe 

beam is occurring. It is also necessary to work in the linear absorbing 

region of the dyes so that we are restricted to the use of very dilute solu­

tions. Fortunately, these dyes have very large extinction coefficients, on 

the order of tens of thousands. The high extinction coefficients as well as 

the short (picosecond) excited state lifetimes of some of the dyes combined 

with the relatively long (nanosecond) pump laser pulse duration are an in­

vitation for non-linear absorption effects. Thus, the behavior of the dyes 

with respect to the pump beam energy must also be characterized. A plot of 

PBD signal amplitude versus pump beam energy would ideally yield a straight 

line through the origin. The shape of the experimental curves in Fig. 2 in- 

dicates signal saturation. '' Log/log plots of such data should yield 

curves whose slope at any one point will be equal to the apparent number of
7photons being absorbed by the system. For most, but not all, of the dyes 

we are studying we have obtained an apparent one photon absorption at the 

lower pump energies. More experimental data will be needed at very low pump 

energies to avoid extrapolation errors. He have obtained a consistent non- 

radiative quantum yield of 1.0 for Crystal Violet and reasonable values for 

non-radiative quantum yields of about 0.9 for Evan's Blue and about 0.5 for
g

Nile Blue A in the solvents studied. A manuscript
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Fig. 2. Pump bean energy versus signal amplitude for Evan's Blue in 
nethanol at two different molar concentrations.

reporting non-radiative quantum yields and triplet state lifetimes for a 

group of these dyes will be ready for publication in early 1990. Interest 

in this work will arise from the fact that this type of data is less com­

monly available for non-fluorescing dyes than it is for fluorescing dyes. 

Daryl P. Cobranch!, a graduate student, and Dr. Nelia F. Leite, a

postdoctoral coworker from Brazil, carried out a series of pulsed photother-
o

mal radiometry (PPTR) experiments that yielded the thermal properties of 

both solid and liquid samples. A pulsed visible laser source of ~ 10 ns 

duration was used to excite the samples. In PPTR, this induces a tempera­

ture increase in a solid sample. Hie surface temperature variation is 

monitored by infrared detection. A schematic of the PPTR experiment is 

shown in Fig. 3* The signal S(t), for a semi-infinite (i.e. thermally 
thick) solid is given by^®*^
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Sample

Gold
coated
mirror HgCdTe detector 

fitted with Si window
Trigger

NdYAG Dye laser

Zenith

Oscilloscope

Fig. 3* Schematic of the experimental apparatus for pulsed photothermal 
radiometry experiments (PPTR).

S(t) = -§££5 [6 exp(a2Dt) erfc(a2Dt)1/2 - 0 exp(B2Dt) erfcfB^t)1/2]
B -cT

(1)

where a and 8 are the bulk and surface absorption coefficients, D is the 

thermal diffusion coefficient of the sample, erfc is the complementary error 

function, and C is a constant. In the special case where a » 8 equation 

(1) reduces to

2 21/2S(t) = C* exp(B Dt) erfc(B Dt) (2)

It should be noted that equation (1) is symmetric with respect to a and 8t

i.e. the value of S(t) does not vary if a and 8 are interchanged. This 

creates an ambiguity as to which of the coefficients pertains to each 
property.^'^ The uncertainty can be resolved by modifying the surface be­

cause the infrared absorption should not change with only a surface

modification.
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He have used the PPTR technique to aeasure the thernal and optical

properties of several solids such as the Y-Ba-Cu-0 high temperature super-
12conductor and a lead brick. However, the application of PPTR to liquids 

has turned out to be aore interesting and has cuIninated in a paper accepted 

for publication. ^ In this paper (preprint attached) we have reported ther- 

nal diffusivity data for the 1-aethyl-3-ethylinidazolium 

tetrachloroaluminate [AlCl^/HEIC] room temperature molten salt. This liquid 

has been touted as an electrolyte for batteries.

For most aqueous solutions the PPTR signal is described quite satisfac­

torily by equation (2). Thus, for example, the thermal diffusivity 0 of 

water can be deduced ^ from PPTR measurements on an optically opaque aqueous 

solution of KMnO^ and then the optical absorption coefficient 8 can be 

deduced for an aqueous crystal violet solution from the PPTR curve shown in 

Fig. H using the diffusivity D of water.

Other accomplishments during the grant period that were not forseen by
14the original research proposal include the following: A review chapter

15has been prepared on photoacoustic instrumentation; a study of microphonic

photoacoustic signal enhancement by volatile liquids is nearing completion;
7 16and finally, 'Li-nmr spectroscopy is being used to determine complex ion

stability constants in the AIC&^/MEIC wolten salt solvent.

Microphonic photoacoustic enhancement by volatile liquids was first
17reported by workers in India a few years ago. He became interested in the 

technique in February, 1988 when we made some X-ray photoacoustic measure­

ments at a Japanese synchrotron in collaboration with Prof. Tsutomu 

Masujima. He have since conducted additional X-ray photoacoustic experi­

ments at the Brookhaven synchrotron (in April and September, 1989)•
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PPTR decay curve for 6.16 x 10 

aqueous crystal violet.

02D = 325 +/- 7 secs"'

0 = 473 +/- 5 cm"’

TIME (msec)

Fig. i|. PPTR curve leading to the optical absorption coefficient B of 
Crystal Violet in aqueous solution.

18The present focus of our effort is the extension of a theory of 

photoacoustic signal enhancement by volatile liquids from the visible 

wavelength region for which it was derived to a quantitative accounting for 

our X-ray photoacoustic data.
7

Our Li-nmr study is presently focused on the identification of the 

most appropriate method of calculating complex ion stability constants from
7Li-nmr data.
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Pulsed Laser Photothernal Radloaetry and Photothermal Beam Deflection 
Spectroscopy: Determination of Thermal Dlffuslvltes of Liquids

Daryl P. Cobranchi, Nelia F. Leite, Stefan J. Isak, Stanislaw J. Komorowski, 
Achim Gerhard and Edward M. Eyring

Department of Chemistry, University of Utah, Salt Lake City, UT 84112,
U.S.A.

Abstract. A comparison of the relative merits of both pulsed photothermal 
radiometry (PPTR) and photothermal beam deflection spectroscopy (PBOS) for 
the determination of thermal diffusivities of liquids is presented. Also 
reported are data for the thermal diffusivity of the room temperature molten 
salt system l-methyl-3-ethylimidazolium tetrachloroaluminate at several 
temperatures.

Introduction

The thermal diffusivity, D, plays a critical role in the various 
photothermal spectroscopies. Thus, the photothermal effect has been used to 
probe the thermal properties of many condensed phase materials including 
thin polymer filmsfl], high T superconductors[2], and stainless steel
sheets at elevated temperatures[3].

In most aqueous solutions the PPTR signal as a function of time is 
given by[4]

S(t) = C exp(e2Dt) erfc(B2Dt)1/2 (1)

where 8 is the excitation wavelength absorption coefficient and erfc is the 
complementary error function.

For photothermal beam deflection spectroscopy, the 1/e signal decay 
time, t, is given by(5]

2

Here u>0 is the radius of the focused laser spot on the sample. The present
study employs both the above techniques to determine the thermal diffusivity 
in several aqueous solutions and in the room temperature molten salt system 
l-methyl-3-ethylimidazolium tetrachloroaluminate.

Experimental

l-methyl-3-ethyl1midazolium chloride (MEIC) was prepared following the 
method of Wilkes et al.[6). Aluminum chloride (anhydrous, Fluka) was 
sublimed under vacuum.

PPTR: The output from a frequency doubled Nd:YAG laser illuminates the 
sample. The emitted infrared radiation is collected with a gold coated
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Figure 1. Schematic diagram for Figure 2. Schematic diagram for 
PPTR experiment. PBDS experiment.

mirror and directed into the liquid nitrogen cooled HgCdTe detector. The 
signal is amplified and sent to a digital oscilloscope. A schematic of the 
apparatus is shown in Fig. 1.

PBDS: The Nd:YAG laser pumps a dye laser. The output from the dye 
laser is focused co-linearly with the output from a HeNe probe laser. The 
fluctuation in position of the HeNe beam is monitored by a fast 
photomultiplier tube. This experiment is shown schematically in Fig. 2.

Results and Discussion

PPTR: A 0.100 molar aqueous solution of KMnO^ was prepared to test the
feasibility of measuring the thermal diffusivity of a liquid. For this
solution the molar absorptivity at 532 nm is 1.94 x 10 cm mole" . Using

-3 2 -1this value, the calculated D is (1.40 ± 0.02) x 10 cm sec in good
-3 2 -1agreement with the accepted value(7] of 1.45 x 10 cm sec .

PBDS: A sample of 50 mole % AlCl^/MEIC was placed in a constant
temperature cuvette. After allowing the solvent temperature to equilibrate
for at least 30 minutes, several exponential decay curves were generated by
signal averaging at least 100 laser pulses. After all the data were
gathered, the molten salt was removed from the cuvette without disturbing
its position. Several dilute solutions of colored molecules in various
solvents were then introduced into the cell to determine or. from the known

o
thermal diffusivities. The spot size w0 measured was (57.2 ± 0.4) pm. The
calculated thermal diffusivities are presented in Table 1.

Both PPTR and PBDS generate accurate values for the thermal diffusivity 
of liquids. Each technique has its advantages and disadvantages. The main 
advantage of PPTR is the ease of set-up and operation of the experiment. 
Alignment of the laser is not critical, and the entire experiment can be set 
up in a few minutes. The primary disadvantage is the need to know the 
absorption coefficient in the very opaque sample solutions. This drawback 
forced us to carry out the PBDS experiment.



Table 1. PBDS thermal diffusivities of 50/50 AlCl^/MEIC room temperature
molten salt. Uncertainties are the standard deviations. 
Calculations employed a value of (57.2 ± 0.4) ym for wo.

Temp., °C t, msecs 2 -1D, cm sec

10 7.86 ± 0.12 (1.04 ± 0.03)xl0"3

20 8.24 ± 0.10 (9.93 ± 0.04)xl0-4

30 9.03 ± 0.24 (9.06 ± 0.13)xl0'4

40 9.03 ± 0.23 (9.06 ± 0.12)xl0”4

50 9.02 ± 0.33 (9.08 ± 0.22)xl0"4

60 8.64 ± 0.41 (9.47 ± 0.33)xl0~4

PBDS complements PPTR in several ways. Beam deflection works in 
solutions which are not optically dense and does not require knowledge of 
the absorbance. This property is important in mixed solvent or molten salt 
systems where mole fractions are not fixed. The major drawbacks to PBDS are 
the critical alignment of two lasers and the need for many optical 
components.
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