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Photoacoustic phase study on the frequency dependence of phase angle
and triplet state lifetime of Nd(III)-acetylacetonate
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Abstract

The amplitude and phase of the photoacoustic (PA) signal generated in the rare earth complex powder of Nd(III)-acetylacetonate (Nd(AA)3)
were examined. By using the reasonably simplified formula about phase angle at the wavelengths assigned to�–�* transition of ligand and f–f
transitions of Nd3+, the instrumental contribution to phase angle at different chopping frequency was calculated. The frequency dependence
of sample phase angle, the relative phase angle shift caused by instrumental factors and the calculation of triplet state lifetime of sample
under study were also discussed. Being independent of sample, the instrumental contribution to phase angle was regarded as a parameter
representing the situations of instruments and measurement and it became an approach to calculate the relaxation time of ligand in rare earth
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. Introduction

Photoacoustic spectroscopy (PAS) is a technique used in
he study of optical absorption. The PA response is gener-
ted when optical absorption causes a rapid local heating

n the sample under investigation. The subsequent thermal
xpansion generates a pressure wave that is detected acousti-
ally [1]. From the analysis of the PA signal, the information
bout the absorption of the sample is obtained. PAS is being
sed extensively in the optical and thermal characterization of
ide spectrum of materials[2]. For instance, some researches
bout rare earth complexes were reported[3–5]. The great

nterest in the study of rare earth complexes is mainly due
o their close relationship to rare earth structure chemistry,
are earth functional materials, environmental chemistry and
iochemistry[6–8].

One of the important characteristics of PAS is that it
rovides information about both amplitude and phase of
esponse of a sample. Phase information contains contribu-
ions from a number of sources associated with the sample

∗

under study, the geometry of the photoacoustic cell,
response of the detecting system, etc. In actual mea
ments, many of the non-sample related parameters are a
regarded constant. In this paper the influence from the c
ping frequency to the instrumental contribution of ph
angle and the relaxation time of ligand are discussed. T
method to calculate the triplet state lifetime of Nd(AA)3 by
instrumental contribution at different chopping frequen
is presented.

2. Theory

In the Rosencwaig–Gersho’s model of PA, the nonra
tive relaxation process was supposed to occur instantane
[9]. The first use of PA phase signal to measure the no
diative relaxation time was employed by Merkle and Po
[10]. Then Mandelies presented a phase formula for opti
opaque and thermally thick samples[11]:

φ = tan−1(−ωτβ) + tan−1(ωτ) − tan−1

(
−1

1/2

)
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whereτ is the lifetime of the excited states,ω = 2πf andf is the
chopping frequency of the light,τβ = 1/β2αs is a characteristic
relaxation time for the system corresponding to the thermal
transit time from a depthµβ (=1/β) within the solid.

In the PAS investigation of rare earth complexes, both
R–G model and Mandelies model are used. Since the triplet
state lifetime of ligand is not low enough to neglected while
the absorption coefficientβ of ligand is very high, Eq.(1)
is simplified to Eq.(2). While the relaxation process of rare
earth ion is essentially fast, the R–G model, Eq.(3) is used
[12].

φ = tan−1(ωτ) + π

4
(2)

φ = tan−1
(

1 + 2

βµs

)
(3)

µs is the thermal diffusion length. In fact, the experimental
value of phase angle includes a relative phase angle shift due
to the instrumental parameters. Eq.(2) and (3)are rewritten
as

φE(ligand) = φ0 + tan−1(ωτ) + π

4
(4)

φE(central ion)= φ0 + tan−1
(

1 + 2

βµs

)
(5)
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4. Results and discussion

4.1. Photoacoustic spectra and phase information

The amplitude spectrum of Nd(AA)3 (Fig. 1) shows
that there exists a very strong absorption in the wave-
length around 330 nm, which is assigned as the�–�*

electronic transition of AA. The peaks at 530 nm and
584 nm are assigned correspondingly to the f–f transitions
(4I9/2→ 4G7/2, 4I9/2→ 4G5/2 + 2G7/2) [10,15].

To learn about the frequency dependence of phase angle
and instrumental contribution, the PA amplitude and phase
information were obtained at different chopping frequency,
from 9 to 470 Hz. The phase angles at 330 nm, 530 nm and
584 nm versus different chopping frequencies are shown in
Fig. 2.

Fig. 2. PA phase shift vs. chopping frequency.
whereϕE is the experimental phase angle andϕ0 is the instru-
mental contribution, which includes phase shifts due to
resonance, the positioning of the sample with respect t
light beam, and the positioning of the monochromator
with respect to the chopper slots[13].

3. Experimental

3.1. Synthesis of rare earth complex

The complex was synthesized according to the proce
given in Ref.[14]. Nd2O3 was converted to NdCl3 by treat-
ment with concentrated HCl. A solution of the chloride
absolute ethanol was added to a solution of acetylace
(AA) in the same solvent. The precipitation was acc
plished by addition of ammonia. The element analyses
infrared spectra were indicative of the structure formula

3.2. PA measurement

The PA spectra were obtained on a single-beam spec
eter. A 500 W Xenon lamp, a CT-30F monochromator a
PA cell fitted with an ERM10 electret microphone were us
The output signal of the microphone was fed to a loc
amplifier (LI-574A) and was collected on an A/D conve
and dealt with by computer. The PA amplitude and ph
spectra were recorded in the region of 300–800 nm, an
amplitude spectra were normalized against the carbon
to account for the variation due to the light source and s
trometer.
Fig. 1. PA amplitude spectra of Nd(AA)3.
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The phase angles change irregularly with the increase of
chopping frequency. At the low frequency region, the rela-
tionship betweenΦE andf is nearly linear. Whenf increases
to high value, the phase shift becomes saturated.

4.2. Calculations of instrumental contribution and
relaxation time

First, considering that the optical absorption coefficient
β of AA around 330 nm is high enough,τβ in Eq. (1)
was neglected reasonably and tan−1(−1/(1−(2ωτβ)1/2)) was
regarded as a constant. Based on Eq.(4), ϕE(330 nm)was given
as:

φE(330 nm)= φ0 + π

4
+ tan−1(ωτ(AA) ) (6)

Second, because the energy levels of Nd3+ are often inter-
mixed and the relaxation process undergoes a nonradiative
channel most readily. The relaxation process of Nd3+ is
very fast,τ → 0, which means that the Eq.(5) is available.
When the chopping frequency is chosen,µs keeps constant,
and β varies directly with the PA amplitude (A), so βµs
can be written as the form ofKA. Eq. (5) were rewritten
as

φ −1
(

2
)
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Fig. 3. tan−1(ωτ) of a seriesτ vs. chopping frequency.

4.2.2. Method of plot-comparing
Since the lifetime of triplet state is about 10−3 s, it is logi-

cal to evaluateτ to be from 10−3 to 20× 10−3 s.Fig. 3is the
plot of tan−1(ωτ) versus chopping frequency at eight values
of τ. The value of tan−1(ωτ) closes toπ/2 along with the
increase of frequency. The same trend is presented in the plot
of ϕ0 versus frequency at differentτ (Fig. 4). ϕ0 can be also
acquired from Eq.(6) instead of calculating from Eq.(7) as
mentioned before.ϕ0 obtained in this way is defined asϕ∗

0

φ∗
0 = φE(330 nm)− π

4
− tan−1(ωτ(AA) ) (8)

Whenf = 12 Hz,ϕ∗
0 covers from−343.6◦ to −291.5◦ corre-

sponding to differentτ, with the shift extent of 52◦. While
f = 470 Hz,φ∗

0 is from 70.9◦ to 88.3◦, with the shift being
only 17.4◦. It is difficult to distinguish the dots from each
other in high frequency region for they gather tightly, while
in the low frequency region, they can be resolved clearly.
E(λ) = φ0 + tan 1 +
KA(λ)

(7)

ith λ, the wavelength of PAS peaks of central ion. Base
q. (7), PA information about Nd3+ at 530 nm and 584 n
ere collected to calculateϕ0 in different chopping fre
uency. The results ofϕ0 were shown inTable 1andFig. 5.

There are two methods to acquire theτ(AA) . One is metho
f calculating, and the other is method of plot-comparing
escribed below.

.2.1. Method of calculating
BecauseϕE(330 nm) is obtained directly from experimen

(AA) can be acquired based upon Eq.(6) and the value ofϕ0
n Table 1.

able 1

0, the instrumental contribution to phase angle in different chop
requency

(Hz) ϕ0 (◦) f (Hz) ϕ0 (◦)

12 −141.1 180 190.3
22 −64 200 228.5
31 −29 220 221.2
39 −7.7 240 237.7
55 15.5 260 244
59 33.4 280 245.3
69 42.9 310 254.7
70 47.1 370 266.7
80 71.4 420 270.9

100 112 470 269.4
160 181.0
Fig. 4. ϕ0 at a series ofτ vs. chopping frequency.
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Fig. 5. Method of curve-comparing to obtainτ(AA) .

It is explained that the contributions from different triplet
state lifetime to the value of phase angle become closer and
closer to each other along with the increase of chopping
frequency.

Compare theϕ0 in Table 1with the data inFig. 4. The dots
in Fig. 4who match the curve ofϕ0 best should be regarded
as compatible theoretical results, and theτ described by those
dots is regarded as the value of triplet lifetime of AA. There
is one point should be noticed that the values of PA angle
during the processes of different calculations may shift with
one period, which is 180◦.

4.3. Discussion and application of the method

It is clear that the curve representingτ(AA) matches those
dots corresponding toτ = 0.009 s and 0.007 s well in low fre-
quency region while is much closer to dots corresponding
to τ = 0.001 s in high frequency (Fig. 5). It is believed that
the simplifying method of Eq.(1) to (2) and(4) has no good
adaptability in high frequency region. Although theτβ in Eq.
(1) is a small value, the section of tan−1(−ωτβ) is neglected
reasonably only whenω is not high. With the increase of
ω, tan−1(−ωτβ) begins to show its influence to the process
of calculatingϕ0, and further more to that ofτ(AA) . Being
lacking one positive section,ϕ∗

0 gotten from Eq.(8) becomes
s ion.
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Fig. 6. Method of calculating to obtainτ(AA) .

Table 2
ϕ0 andτ(AA) in different chopping frequency

f (Hz) ϕ0 (◦) τ (AA) (s)

9 −178.8 0.0070
12 −140.1 0.0083
15 −102.0 0.0075
18 −73.3 0.0067
21 −51.3 0.0083
24 −29.5 0.0055

results ofτ(AA) keep consistent very well. It explains that
only in a limited region the frequency has hardly any influ-
ence to the calculation of triplet state lifetime. And in the same
region,ϕ0 is linear with chopping frequency, which makes
ϕ0 the parameter representing the instrumental measurement
conditions.

5. Conclusions

Instrumental contribution to PA phase angle is not always
the constant and has an irregular relationship with chop-
ping frequency, which is linear in the low frequency region.
For optically opaque and thermally thick samples, instru-
mental contribution is independent of samples and is one
of parameters representing the situations of instruments and
measurement. Instrumental contribution can be applied to
acquired the triplet state lifetime of ligand in complex, and
the lifetime is also influenced by chopping frequency, because
the simplified model of PA is not always available in whole
frequency region. It is helpful to select proper chopping
frequency region to study the lifetime by PAS. When the
chopping frequency is in the region where the triplet state
lifetime keeps constant, it is efficient to investigate the instru-
mental contribution to phase angle, the relaxation process of
maller than should be, especially in high frequency reg
It is also proved by theτ(AA) acquired from method o

alculating.
Fig. 6shows thatτ(AA) decreases with the increase of f

uency. When the frequency is in the region below 30
(AA) gathers around 0.007–0.009 s. When the frequen
nhanced above 200 Hz,τ(AA) begins to close to 0.001
hich accords with the method of plot-comparing.
To obtain the value ofτ(AA) , chopping frequency was co

rolled in low region and measurements were done again
esults are shown inTable 2. In this frequency region,ϕ0 has

good linear relationship withf. It is also evident that th
 complex and calculate the lifetime of ligand.
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