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The non-radiative quantum efficiency for the S? - Sg transition in the uranyl formate monohydrate systen was estimat-
ed from companson between optical absorplion and photoacoustic data obtained from powders of this materal, by nicans
of an extension of a method introduced by Rockley and Waugh

1. Introduction

For all materials, optical excitation leads to onc or
more of the following three deexcitation options [1].
(1) radiative decay accompanied by the emission of a
luminescence (fluorescence or phosphorescence) pho-
ton, (1) production of new chemucal species via photo-
chemistry, possibly accompanied by the absorption or
release of heat, and (1) non-radiative deexcitation
with full conversion of the absorbed energy into heat.

Since these processes compete with one another to
the extent of their relative quantum efficiencies 7(1),
energy conservation considerations impose the general
relation

2:3w>=1. ()

This can be written explicitly as:
1(hv) + n(photochem) + n(non-rad) = 1, ()

where n(hv), n(photochem), and n(non-rad) are the
quantum efficiencies for luminescence, photochemistry
and non-radiative transitions, respectively. In the gen-
eral case where all the above processes are present dur-
mg deexcitation of a phystcal system, the observed ex-
cited state lifetime can be defined as [2].

r=[.,Ek(i)]_l, ?)

where 7 1s the relaxation time required for a given ex-
cited state population to decay to the 1/e of its onginal
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value and k(') denotes the deeacitation ratc via process
(1). Since the hifcume 7(1) associated with deexcitation
process (7) 1s given by

7()=k@)", )
eqs. (3) and (4) may be combined to mive

1= E 7'(1)’l . ()

i

It can be shown further that 2]
n0) =71/7(). (6)

Measurements of the excited state population deple-
tion rate will provide a decay curve with a2 time con-
stant equal to the total relaxation time 7. The magni-
tude of the time-dependent decay curve is proporttonal
to the quantum efficiency of the monitored process|3].

The photoacoustic (PAS) signal depends hnearly on
the quantum efficiency of non-radiative deexcitations
[4]. For solids which do not exhibit lununescence or
photechemistry at room temperature this efficiency 1s
usually taken to be 100% [4,5]. In tius case the non-
radiative process 1s assumed to be instantaneous and
eqs (5) and (6) give.

7 = 7(non-rad) (7a)
and
(7b)

From this simple situation 1t can be seen that an ac-
curate independent measurement of the non-radiative

n(non-rad) = 1.
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hifetime r{non-rad) associated with a physical system
is possible only 1n the hinut where 7(non-rad) is the
shortest charactenstic fime involved m the deexcita-
tion process. When other competing deexcitation pro-
cesses are present, the PAS signal will depend on the
total excited state hifetime 7 which will affect both the
amphlitude and the phase shift [6]

If photochemical reactions are involved, the ampli-
tude of the photoacoustic signal will also depend on
the quantum efficiency n(photochem), as such reac-
tions may contnbute to the heating rate of the matenal
either by adding heat (exothermic), or by using up
heat to catalyze the reaction (endothermic) For exam-
ple, the gas-phase endothermic dissocration of NO, at
3979 A and below [1] exhibits a sharp drop in the
PAS signal strength at this wavelength not observed in
the optical spectrum

The uranyl formate monohydrate system is of in-
terest, because 1t ealubits radiative and non-radiative
deexcttation processes, as well as photochermstry {7].
Furthermore, 1t is a2 matenal for which Iugh photo-
chemical quantum yields have been estimated [8,9]
without taking into account the non-radiative deexcita-
tion processes. Photoacoustic data presented 1n this
work suggest that this decay path 1s significant

2. Experimental ¥. photoacoustic spectroscopy of
U0, (HCO0);-H,0 powders

Fig 1 shows the excited-state manifold of the
uranyl formate monohydrate, UQ,(HCO0),-H,0 sys-
tem {7] including the various proposed deexcitation
processes (Jablonsky diagram). The system is excited
upon absorption (A) of a photon of incident radiation
to the level S};. Subsequently, it is shown to deexcite
in a multichannel manner- (1) radiatively {fluorescence
(F) and phosphorescence (P)); (i1) non-radiatively (in-
ternal conversion (IC), vibrational relaxation (VR), in-
tersystem conversion (ISC) and energy transfer (ET)),
and (1) photochemically (PC). The complexity of the
deexcitation process S, Sg in UO,(HCOO);-H,0 is
charactenstic of many condensed-phase systems [10].
The consideration of the kinetics of the complete ex-
caited-state manifold 1s complicated. Previous investiga-

¥ Work accomphished at Prnceton Umiversity, Apphed Physics
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'y 1 Jablonsky diagram of uranyl formate monohydrate,
UO,(HCO0),-H20. A optical absorptien, I C.- mternal con-
version, I S.C.. intersysicm conversion, F fluorescence, P
phosphorescence, V.R  vibrational refaxation, L.T.. energy
transfer, = raduative transitions, ~ npon-radative transitions,
-» photochemeal processes (from ref [7]).

tion has indicated that the photoexcited uranyl ion
rapidly loses its energy through internal conversion pro-
cesses, until 1t arnves at the S‘l) excited electronic state,
whose lifetime 1s on the order of 10~%sat 298K [8].

Fig. 2 shows the photoacoustic amplitude spectrum

obtained from a powdered specimen of U0, (HCOO),

H50 using a 1000 W aenon lamp and an Instruments
S.A. H 20 holographic /4, /4.2 monochromator with
a 2 nm resolution. These results show that this fluores-
cent matenal has a strong photoacoustic response at
room temperature and is, therefore, a good candidate
for non-radiative quantum efficiency measurements.
The PAS spectrum in fig 2 1s compared to an optical
absorption spectrum [11] measured using an opahzed
sthicon mull techmque.

Any photoacoustic measurements on the uranyl
formate monohydrate systemn are expected to be com-
plicated by the change in the spectral features of the
system due to the presence of the photodecomposition
products. These can be produced by radiation of wave-
length below 490 nm which corresponds to the energy
required for the transition leading to the first electron-
ically excited state, as determined by fluorescence [12]
and by absorption [13] studies, Fig. 3 shows a series of
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« g 2. Optical absorption spectrum (Courtesy D McClure) und
photoacoustic spectrum of uranyl formate monohydrate,
UO2(HCO0),- H,0 Modulation frequency 50 1z, resolution
2 nm (for PAS spectrum).

PAS spectra of the UO4(HCOOQ); H, O, normalized by
the black absorber spectrum These spectra were taken
by scanning the wavelength of the incident hight from
700 nm down to 250 nm, The data shown m fig 3 are
the result of smoothing out the expenimental data

using a smoothing technique [14] m order 1o reduce
the effect of random errors and improve the signal-te-
noise ratio According to thss technique each of the
data points F, was replaced by. F, =(F,_y + £, + F,;;)/3
Spectrum | was taken on a previously unirradiated sam-
ple and s ssmular to that shown n fig 2 Spectra 2--5
were taken after trradiation at 468 nm for times equal
to 30 nun, | h, 2.5 hand 10 h respectively. Two new
bands at =650 and 550 nm are scen 10 have grown
during these irradiations while the indyvidual absorp-
tion bands between 300 and 500 nim charactenstic of
the uranyl group have disappeared.
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Fig. 3. Smoothed-out photoacoustic spectra of U0, (HCO0),-H30. (1) unirradiated powder, (2) —(5)- wrradiated at 468 pm for
30 min(2), 1 h(3):25 h (4); and 10 h(5) Modulauion frequency 50 Hz, resolution 2 nm. Filtenng time-constant of loch-mn am-

phfier 1 5.
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3. Analvsis and discussion

The fluorescent quantum efficiency at 298 K has
been found to be mdependent of the wavelength of the
exciting radiation below 500 nm, and equal to4 5 X
10~ [8]. The overall photodecomposition reaction -
volves a change 1n the valence state of the uranium ion
from UVl in the monohydrate to UTY in the photode-
composition product, UO(OH)HCOQO. The decomposi-
tion reaction takes place n two stages, one of which s
directly associated with the absorption of photons and
the other a dark reaction. The reaction steps suggested
by Sautereau {7] are.

UOF* + (A < 490 nm) = U03* (S;)",

U0%+(S3)‘ mternaf conversion UO%*(Sl)* ,

U03*(S)" = U03*(Sp) + hw(fluorescence),

U03*(S;)* + HCOO™ ~ [UO3*. .HCOO™ |*
~ U0} + HCOO",

HCOO - CO,(g) + H',

U0} +H - UO,H* or UO(CHY",

UO(OH) HCOO.H,0 - UO(OH) HCOO + H,0(g).

Uranium(V) appears as an intermediate product of
the photodecomposition with an estimated quantum
efficiency 0832 0.13 [8], or 0 96 £ 0.09 [9]. In the
above quantum efficiency caleulations no account was
taken of the non radxatwe decxcitation processes that
are possible from the S excited electronic state. The
strength of the photoacoustic signal below 490 nm,
fig 1, indicates that a non-zero non-radmtlve quantum
efficiency is associated with the Sl >S9 transition.

A rough estimate of the non‘radtatwe quantum ef-
ficiency, n{non-rad) of the S0 - So transition in the
uranyl formate monohydrate system may be given by
an extension of the method presented by Rockley and
Waugh [15]. These authors used the S, S, transition
probability as an internal standard lor comparnson with
the 5| —+ §; radiationless transition probabuihity, both
probabilities being measured by photoacoustic spec-
troscopy Assuming a rapid non-radiative decay of the
S level of UO, (HCOO),-H,0 to the lowest excited
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state, ST, with an efﬁcxency close to 100% [7], for
every photon of energy £ (S,,) the r raction of the ener-
gy corresponding to [E(S )—E(8) )]/E(SO) will 1m-
mediately appear as heat coming from the sample, The
measured PAS signal is proportional to the tota] heat
emitted by the sample. If the proportionality constant
is &, then the PAS signal, p,,, from excitation into S,,
and S, states, respectively, can be described by the
equations.

by =k{E(S") “E(SI)

+E£(S) [1 ~ n(w) — n(photochem)]} (8)
and
Py = k {E(Sm) - E(S])

+E(S)) {1 ~ nhw) — n(photochem)]}, )]

where eq (2) was used. Defining H = g(w) + n(photo-
chem) and dwviding eq. (8) by eq. (9) gives:

PplPw = [ES,) — HES I/ E(S,,) — HE(S})]. (10)
Eq. (10) can be wntten as

Pulpm = [E(S,) — E(S)H[E(S,) — E(S))H(11)
where o = E(S,,,)/E(S,,). Eq. (11) mves
H=Ra~1)yR~1), (12)

where R=p,/p,, and v = E(S; )/E(S,). The optical
absorption spectrum of U043 (HCOO),.H,01n fig.2
shows that at two wavelengths, 374 and 444 nm, the
sample has equal optical densities. Therefore, the same
fraction of incident photons is absorbed at each wave-
length. At the same wavelengths the normalized PAS signal
intensities give. R = p3q4/paqq = 1.34 and @ = E(Sy44)/
E(8374) =0 84, The first excited state is at 492.5 nm
according to Sautereau [7], so that y = E(S4g9 5)/
E(8374) =0.76. Using these values in eq. (12), it 1s

seen that:

H=052.

This result mdlcates that the quantum efficiency for
the S - SJ non-raduative transition 15 ~0.48, No previ-
ous estimates of 7(non-rad) for UO, (HC0O0),-H,0
have appeared in the literature, however, the high value
found here 1s consistent with the strong photoacoustic
signal observed from this material. Assuming that the
hifetime of the §, excited electronic state 15 on the or-
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der of 10~4 5 at 298 K [8], eq. (6) mves:
759 . 5§ (non-rad) =2 X 10-4s.

The bands centered around 550 nm and 650 nm,
which grow after irradiation of UQ,(HCOO0); H,O be-
low 500 nm, have been 1dentified by Herdt and Moon
[£6] as due to the presence of UV as a photolysis
product. Fig. 3 shows that the individual absorption
bands below 495 nm associated with the uranyl com-
plex disappear gradually after repeated irradiations
This, however, 1s not the case with optical transmission
data [11}. The different behavior under the PAS probe
may be associated with an increasing thickness of a
photoproduct surface layer with tofal irradiation time.
At these wavelengths the photoproducts may absorb
lhight differently from the unreacted matenal, whose
frequency domain PAS signal, attenuates exponential-
ly with increasing thickness of the protoproduct over-
fayer [6]. Thus photoproduct growth would result in
depletion of the spectral features of the substrate from
the PAS spectrum for overlayer thicknesses larger than
a few thermal diffusion lengths and would be accom-
panied by enhancement of the spectral charactenstics
of the photoproduct layer.
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