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Unimolecular decay rates and monomer-dimer branching ratios of gold clusters AuN
+ �N=7–27� have been

measured as a function of excitation energy in photodissociation experiments on size-selected clusters stored in
a Penning trap. Part of the data set has previously been used to extract model-free values of dissociation
energies �Vogel et al., Phys. Rev. Lett. 87, 013401 �2001��. Other parts of the data set do not allow this
analysis. We use these data to extract tentative dissociation energies, based on the systematics of deviations
between an Arrhenius analysis and the model-free values. The observed systematics also allows an estimate of
the true frequency factor which often is much higher than the Arrhenius value but in good agreement with the
expected detailed balance value. The data are also reanalyzed including radiative cooling which may explain
part of the discrepancy between model-free and Arrhenius dissociation-energy values.
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I. INTRODUCTION

Gold clusters in general and their stability in particular
have been investigated for a considerable period of time
�1–19�. One reason for this extensive interest is the potential
application of gold surfaces and clusters in, e.g., catalysis
�13�. At the same time, gold remains a challenge for theorists
because relativistic effects play an important role for the
electronic and geometric structures �20–33�. As with other
monovalent metal clusters, gold clusters show shell structure
and odd-even effects in the binding energies �1,7�. These are
observed in measurements of ionization potentials �8� and
photoelectron spectroscopy �6,9�, where the electronic struc-
ture is probed directly, as well as in abundance spectra of
hot, evaporating clusters �1,7�. The abundance spectra reflect
the total binding energy of clusters, BN, with respect to N
free atoms. This, in turn, is determined by an interplay be-
tween geometric �3,4,10,12,23,24,27–29� and electronic
structure �1,5,27,29,34� of the particle. Experimental values
of the binding energy would therefore provide a stringent test
of theoretical structure calculations. Unfortunately, the total
binding energy is difficult to determine experimentally for all
but the smallest clusters. Alternatively, one may measure the
differential binding energy, DN=BN−BN−1. In the absence of
an activation energy for the attachment of an atom to a clus-
ter of size N−1, this difference in ground state energies is
also the energy barrier �activation energy� for the evapora-
tion of an atom from the cluster of size N. The dissociation
energy DN can be probed by use of evaporative processes,

because the rate of these depends strongly on the value of the
dissociation energy. One method is to use metastable frag-
mentation probabilities �35,36�. Another, related method, is
to use abundance variations in ensembles with broad mass
distributions to extract dissociation energies �37–39�. Unfor-
tunately, only relative variations can be obtained with these
methods unless a calibration to absolute energies can be
found.

Alternatively, if energy-resolved decay rate constants,
kN�E�, are available, one may extract the dissociation ener-
gies by simple inversion of the theoretical expression for
kN�E�. However, the conversion from measured rate con-
stants to activation energies is not completely straightfor-
ward. Even disregarding the ambiguity presented by the con-
siderable number of different expressions for kN�E� on the
one hand, and the potential experimental problems with, e.g.,
preparing samples with a well-defined excitation energy on
the other, one may still encounter systematic uncertainties in
the modeling.

One of those uncertainties is the possibility of a compet-
ing decay channel. For size-selected cationic metal clusters
most problems of this kind are posed by radiative cooling
�40–45� which is not easily observed directly. Another un-
certainty is the level density of the clusters involved in a
decay process. Any realistic expression for the evaporative
rate constant requires knowledge of the level densities of the
precursor and the product. Whereas these functions are com-
putable for small molecules for which spectroscopy has pro-
vided good values for the vibrational frequencies, this is
rarely the case for clusters. For example, clusters may have a
phase transition akin to bulk melting �46,47�, with param-
eters which are size dependent and can be different for pre-
cursor and product. This imparts some systematic uncertainty
in the dissociation energies extracted from rate constants
with the use of standard level densities.
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It is therefore highly desirable to have methods available
which are independent of the level density or the caloric
curve. This is accomplished with a recently developed
method to measure the dissociation energies �14–19,48�: It is
based on a comparison of sequential and simple decays that
lead to the same product. This “model-free” method has been
used to determine the dissociation energies of gold clusters
AuN

+ �N=8,14–25� with an accuracy better than 5%.
The availability of precise dissociation energies allows

tests of the assumptions that are used to calculate rate con-
stants for the specific systems. With an expression for the
rate constant as a function of the excitation energy and the
dissociation energy, the dissociation energy can be found by
solving this equation with the values measured experimen-
tally for a given excitation energy. This should yield disso-
ciation energies independent of the excitation energies. How-
ever, the application of both detailed-balance theory �49–51�
and RRKM theory �52–54� to the measured rate constants
give fitted values of the dissociation energies that depend on
the excitation energy �14�, less strongly for the detailed-
balance rate constant, but still with a statistically significant
amount. In general, a variation of the activation energy in
rate expressions is not impossible, e.g., when electronic ex-
citations are taken into account �55–59�, but the magnitude
of the variation observed here is much larger than expected
from this effect. As another indication of nontrivial behavior,
Arrhenius-type plots result in frequency factors which are up
to eight orders of magnitude smaller than the Debye fre-
quency of the bulk, and more than ten orders of magnitude
smaller than the expected frequency factor in any approxi-
mate Arrhenius expression, like the detailed-balance rate
constant used in the following. Similarly, the fitted values of
the dissociation energies are up to a factor 4 too low. The
Arrhenius plots rely on a conversion of the excitation energy
to an effective temperature, i.e., for this conversion a caloric
curve must be entered.

These problems indicate that one or more of the assump-
tions, the shape of the caloric curve and/or the absence of
competing channels, is incorrect. In the following, an ex-
tended set of time-resolved photodissociation measurements
on gold clusters AuN

+ �N=7–27� will be presented, and the
possible explanations for the failure of the theoretical expres-
sions will be examined. In addition, the dissociation energy
for cluster sizes for which the model-free values have not
been measured, but for which decay-rate constants are avail-
able, will be calculated based on the systematics of the
model-free values and on a parametrization of the error in the
Arrhenius plots of the observed rate constants.

II. EXPERIMENTAL SETUP AND PROCEDURES

The cluster ions are produced in a laser vaporization
source �60� and transferred to a Penning trap where they are
stored and size-selected by resonant ejection of all other ions.
The size-selected ensemble is centered radially and thermal-
ized to the trap temperature by use of argon gas pulses �61�.
The clusters are photoexcited with a pulsed Nd:YAG-
pumped dye laser �frequency-doubled when needed�, with a
pulse length around 10 ns. The laser can be tuned to photon

energies from 2 to 6 eV. After a variable delay period be-
tween 10 �s and 60 ms the remaining precursor and frag-
ment abundances are analyzed in a time-of-flight �TOF� mass
spectrometer with single-ion counting in a Daly-type detec-
tor. More details on the experimental setup and procedure
can be found in Refs. �62–65�. As an example, Fig. 1 shows
TOF spectra before and after photoexcitation of Au7

+ clusters.
By variation of the storage period between photoexcitation
and ejection it is possible to monitor the delayed dissociation
process time-resolved.

For monovalent metal clusters such as gold clusters two
decay channels are observed, depending on the cluster size
and excitation energy: neutral monomer and neutral dimer
evaporation �66–70�. In some cases there is an energy-
dependent competition between the two channels �71,72�.
For N=3 and N=5 gold-cluster cations, dimer evaporation is
the only observed decay pathway, while for all even-size
cluster cations and for N�15 only monomer evaporation has
been observed �71�. For odd-size cluster cations in the inter-
mediate region from N=7 to N=15 neutral dimer evapora-
tion competes with neutral monomer evaporation
�66–69,71,72�. As an example, the case of Au13

+ is shown in
Fig. 2, where the relative intensities of initial and product
clusters are plotted as a function of the delay time between
photoexcitation of Au13

+ clusters and ejection for mass
analysis. Both monomer decay Au13

+→Au12
++Au and

dimer decay Au13
+ →Au11

+ +Au2 are observed.
Figure 3 shows an example for a sequential decay, the

dissociation of Au25
+. Photoexciation leads to a decay to

FIG. 1. Top: Mass-selected ensemble of Au7
+ cluster ions before

photoexcitation. Bottom: Product spectrum 60 ms upon laser exci-
tation with a photon energy of E�=3.49 eV at a pulse energy of
30 �J.
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Au24
+ and then further to Au23

+. Note that in contrast to a
competition of decay pathways the decay and appearance
rates of precursors and products in general have different
values. In addition, the intermediate fragment Au24

+ shows a
finite abundance at the shortest measured delay time due to
the fast first step of the sequential decay on time scales out-
side the experimental time window, i.e., shorter than approxi-
mately 10 �s. In this particular case both the decay from
Au25

+ to Au24
+ �absorption of two photons, see Table I� and

the further decay from Au24
+ to Au23

+ �absorption of three
photons, see Table II� is observed. For a detailed discussion
of the general characteristics of a sequential decay in the
Penning trap, see, e.g., Ref. �73�.

For one-step decays, the measurement also yields the rela-
tive pathway intensities of product clusters AuN−1

+ and
AuN−2

+, f1 and f2, respectively, with f1+ f2=1, as listed in
Table I. The branching ratios are independent of delay time
�72� and thus the values listed in the table are the average
values for the investigated delay times. In most cases the
large number of counts included in the averaging gives a low
statistical uncertainty which will be ignored in the following.
For a few cases, however, indicated by “-,” only the decay
rate constant is determined from the precursor yields.

III. EXPERIMENTAL RESULTS

Table I gives the measured decay rates of AuN
+

�N=7–27� as a function of the photoexcitation energy E�.
The total excitation energy Etot is given by the sum of the
photoexcitation energy E� and the initial thermal energy Eth
of the cluster before laser irradiation. For the present room-
temperature experiment the latter is set to Eth=Neff
�0.063 eV, based on an extrapolation from the bulk heat
capacity �14�. Neff=N−2 is the effective number of atoms in
the cluster that contribute to the heat capacity. The use of Neff
is warranted if the heat capacity is carried by the motion of
the nuclei. Since the heat capacity of the valence electrons is
very small at room temperature, this should be a good ap-
proximation.

Table II gives the rate constants of the final decay step in
two-step sequential decays of the type AuN

+→AuN−1
+

→AuN−2
+, i.e., the appearance rates of the AuN−2

+ signals. As
described earlier, the first decay occurs very fast as compared
to the time scale of the last decay which can be observed
time-resolved. Therefore, the first decay has no influence on
the determination of the dissociation rate in the last decay of
the sequence �17�.

FIG. 2. Initial and product cluster intensities as a function of
delay time between laser excitation and detection for mass-selected
Au13

+ cluster ions irradiated with a laser pulse of 50 �J at a photon
energy of 4.40 eV. The lines are exponential fits to the data �note
the logarithmic abscissa�.

FIG. 3. Initial and product cluster intensities as a function of
delay time between laser irradiation and detection for mass-selected
Au25

+ cluster ions irradiated with a laser pulse of 120 �J at a photon
energy of 3.99 eV. The lines are fits to the data with a single expo-
nential decay or two sequential decay-growth curves as described in
the text.
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TABLE I. Experimental values for the decay rate k of the initial cluster AuN
+ and the relative fragment

yields of direct fragments AuN−1
+ �f1� and AuN−2

+ �f2� as a function of excitation energy Etot=E�+Eth. In this
and all other tables, the number in the parentheses is the 1-� uncertainty in units of the last digit given.

N E� �eV� Etot �eV� k �103 s−1� f1 f2

3.31 3.62 2.6�5� 0.03 0.97

7 3.40 3.71 5.3�11� ¯ ¯

3.50 3.81 9.1�9� 0.04 0.96

2.56 2.94 1.9�7� 1 0

2.59 2.97 2.8�8� 1 0

8 2.64 3.02 4.9�8� 1 0

2.70 3.08 8.6�16� 1 0

2.76 3.14 13�4� 1 0

2.82 3.20 16�3� 1 0

3.65 4.09 0.07�1� 0.16 0.84

3.81 4.25 0.19�3� 0.17 0.83

9 4.00 4.44 2.7�5� 0.20 0.80

4.21 4.65 10�4� 0.25 0.75

4.40 4.84 59�14� 0.30 0.70

2.53 3.03 0.18�7� 1 0

2.59 3.09 0.33�6� 1 0

2.64 3.14 0.55�14� 1 0

10 2.70 3.20 0.90�17� 1 0

2.76 3.26 2.3�3� 1 0

2.90 3.40 9.5�14� 1 0

2.95 3.45 14.3�16� 1 0

3.60 4.17 0.15�5� 0.04 0.96

3.81 4.38 0.41�6� 0.06 0.94

11 4.00 4.57 1.5�3� 0.07 0.93

4.10 4.67 3.7�6� ¯ ¯

4.21 4.78 18�2� ¯ ¯

4.40 4.97 24�12� 0.07 0.93

3.60 4.23 2.5�13� 1 0

12 3.81 4.44 5.5�10� 1 0

4.00 4.63 12�2� 1 0

4.10 4.73 14�3� 1 0

4.40 5.09 0.13�5� 0.19 0.81

4.51 5.20 0.14�2� 0.20 0.80

13 4.70 5.39 0.19�2� 0.24 0.76

5.00 5.69 0.52�8� 0.29 0.71

5.30 5.99 8.8�18� 0.39 0.61

3.65 4.41 0.11�1� 1 0

3.81 4.57 0.13�3� 1 0

3.99 4.75 0.19�2� 1 0

14 4.21 4.97 0.35�4� 1 0

4.40 5.16 1.03�13� 1 0

4.51 5.27 2.0�3� 1 0

4.70 5.46 3.0�5� 1 0
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TABLE I. �Continued.�

N E� �eV� Etot �eV� k �103 s−1� f1 f2

5.30 6.12 0.23�2� 0.67 0.33

15 5.64 6.46 0.76�5� 0.77 0.23

6.02 6.84 5.7�8� 0.80 0.20

3.99 4.87 0.06�2� 1 0

4.51 5.39 0.12�2� 1 0

16 4.70 5.58 0.17�2� 1 0

5.00 5.88 0.30�3� 1 0

5.30 6.18 1.4�2� 1 0

5.64 6.52 6.6�4� 1 0

3.99 4.93 0.04�3� 1 0

4.51 5.45 0.05�2� 1 0

5.30 6.24 0.06�1� 1 0

17 5.64 6.58 0.20�1� 1 0

6.02 6.96 0.68�5� 1 0

2·3.49 7.93 6.9�9� 1 0

3.99 5.00 0.04�2� 1 0

5.30 6.31 0.15�2� 1 0

18 5.64 6.65 0.24�2� 1 0

6.02 7.03 0.32�5� 1 0

2·3.99 8.99 1.6�4� 1 0

6.02 7.09 0.04�1� 1 0

19 2·3.49 8.06 1.4�2� 1 0

2·3.99 9.05 27�7� 1 0

5.30 6.43 0.09�1� 1 0

5.64 6.77 0.18�2� 1 0

20 6.02 7.15 0.26�3� 1 0

2·3.49 8.12 1.7�3� 1 0

2·3.99 9.11 3.5�7� 1 0

2·3.49 8.19 0.12�1� 1 0

21 2·4.10 9.40 2.7�5� 1 0

2·4.21 9.62 5.7�9� 1 0

6.02 7.28 0.11�2� 1 0

22 2·3.49 8.25 0.79�8� 1 0

2·4.10 9.46 15�3� 1 0

23 2·4.10 9.52 1.1�1� 1 0

2·4.21 9.74 2.7�5� 1 0

2·3.49 8.37 0.09�2� 1 0

24 2·4.10 9.58 0.75�14� 1 0

2·4.21 9.80 1.43�17� 1 0

2·4.40 10.18 2.3�3� 1 0

2·3.99 9.43 0.19�3� 1 0

2·4.10 9.65 0.21�4� 1 0

2·4.21 9.87 0.20�5� 1 0

25 2·4.40 10.25 0.40�8� 1 0
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Table III gives the rate constants of the final decay in
three-step sequential decays of the kind AuN

+→AuN−1
+

→AuN−2
+→AuN−3

+. Again, the first two decays do not have

any effect on the determination of the dissociation rate in the
last decay of the sequence.

The data set in the tables above-mentioned were used to
determine dissociation energies by the method mentioned in
Sec. I and described in detail in Refs. �14–19�. One version
of this method uses the monitoring of the decay rate con-
stants as a function of excitation energy. Sequential decays of
the type

A → B → C �1�

�see Table II� are compared to the decay involving only B
and C,

B → C �2�

�see Table I� such that the reaction B→C takes place at the
same rate constant k. Effectively, the process in Eq. �2� acts
as a calorimeter. When the two excitation energies in Eqs. �1�
and �2� are tuned to give identical values of k, the dissocia-
tion energy, Dmf, is given by Dmf=�E�−K+�Eth, where �E�

is the difference in photon excitation energy of the two clus-
ters, K is the kinetic energy release, and �Eth is the differ-
ence in initial thermal energy of A and B. This method has
been used to determine the dissociation energies of gold
clusters AuN

+ �N=8,14–25� with an accuracy of a few %
�see Table IV�. The resulting uncertainty is small because the
rate constants depend very strongly on the excitation energy.

TABLE I. �Continued.�

N E� �eV� Etot �eV� k �103 s−1� f1 f2

2 ·5.00 11.45 1.9�4� 1 0

3·3.49 11.92 22�3� 1 0

26 2·4.21 9.93 0.28�14� 1 0

27 2·4.51 10.59 0.35�13� 1 0

TABLE II. Experimental values for the appearance rate con-
stants of fragments AuN−2

+ in two-step sequential decays as a func-
tion of excitation energy Etot=E�+Eth.

N E� �eV� Etot �eV� k �103 s−1�

14 2·3.99 8.74 0.24�5�

2·3.49 7.81 0.11�2�
15 2·3.99 8.80 0.79�13�

2·4.18 9.18 3.4�13�
2·4.30 9.42 42�16�

2·3.99 8.86 0.06�1�
2·4.21 9.30 0.7�2�

16 2·4.30 9.48 1.78�18�
2·4.40 9.68 5�2�
2·4.51 9.90 5.2�12�

2·3.99 8.92 0.04�1�
17 2·4.21 9.36 0.26�7�

2·4.30 9.54 0.65�15�
2·4.51 9.96 4.4�7�

2·3.99 8.99 0.04�3�
18 2·4.51 10.03 0.24�4�

2·5.00 11.01 1.9�5�

19 2·5.00 11.07 0.36�6�

20 2·5.00 11.13 0.20�4�
3·3.49 11.61 0.99�8�

21 2·5.00 11.20 0.36�6�

2·5.00 11.26 0.10�1�
22 3·3.49 11.74 0.70�7�

3·3.99 13.23 3.0�5�

23 2·5.00 11.32 0.13�1�
3·3.49 11.80 0.70�10�

24 3·3.49 11.86 0.07�2�

25 3·3.99 13.41 9�2�

TABLE III. Experimental values for the appearance rate con-
stants of fragments AuN−3

+ in three-step sequential decays as a
function of excitation energy Etot=E�+Eth.

N E� �eV� Etot �eV� k �103 s−1�

17 3·3.99 12.91 0.10�3�

18 3·3.99 12.97 0.22�4�
3·4.30 13.91 11�2�

19 3·4.30 13.97 0.10�2�
3·4.51 14.59 0.67�7�

3·4.10 13.43 0.06�2�
20 3·4.30 14.03 0.14�4�

3·4.51 14.66 0.29�5�

21 3·4.30 14.09 0.03�1�
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Details of the procedure are described in Refs. �14,17�, and a
discussion of the calculations of the relatively small kinetic
energy release can be found in Refs. �17,74�.

IV. DISSOCIATION ENERGIES FROM DECAY RATES

A single measured rate constant allows the extraction of
the dissociation energy provided some parameters of the de-
caying system are known. These are the capture cross section
�N−1 for the inverse process

AuN−1
+ + Au → AuN

+ �3�

and the level densities of the reacting cluster and the product.
In the absence of competing decay channels, the measured
rate constants for monomer evaporation can then be approxi-
mated as �49,50�

kN�E� �
8�g��N−1

h3 �kBTd�2�N−1�E − DN�
�N�E�

, �4�

where g=2 is the electronic degeneracy of the free gold
atom, � the reduced mass of the channel, �N−1�E−DN�,
�N�E� the level densities of the internal degrees of freedom
of the species and energies indicated, and �N−1 the geometric
cross section for capture of an atom, �N−1=�rs

2��N−1�1/3

+1�2, with the bulk value rs=1.59 Å. The temperature Td is
the microcanonical temperature of the product cluster,

1

kBTd
=

d

dE
ln��N−1�E − DN�� . �5�

The approximate nature of expression �4� relates to the cross
section, which is assumed constant here �note that this ap-
proximation should not be used when calculating kinetic en-
ergy release distributions�, and to the neglect of angular mo-
mentum constraints in the calculation of the phase space of
the product state.

The remaining unknown quantities, the level densities, are
related to the caloric curves, E�T�, of the clusters in the ca-
nonical ensemble. As a reference point we will use the high
temperature relation E= �3N−6��kBT−	
D /2�, which holds
for a crystal with 3N−6 identical frequencies 
D �Einstein
crystal�. The value of the Debye temperature TD=	
D /kB is
165 K for the bulk �75�, and we neglect the corrections in-
troduced by a more realistic description of the vibrational
modes of the clusters, and the deviation of the average fre-
quency from the maximum of the Debye spectrum. The Ein-
stein spectrum has the well-known high-energy level density
�76�

�N�E� =
�E + �3N − 6�	
D/2�3N−7

�3N − 7�!�	
D�3N−6 . �6�

Inserting this into Eq. �4� gives basically the Engelking result
for the rate constant �50�:

kN�E� =
8�g��N−1

h3 �kBTd�2� 	
D�3N − 8�
E − DN + �3N − 9�	
D/2

�3

��E − DN + �3N − 9�	
D/2

E + �3N − 6�	
D/2
�3N−7

, �7�

where the approximation �3N−7��3N−9���3N−8�2 was
used. The quantity cubed is essentially 	
D /kBTd, and hence

TABLE IV. Measured energy differences �E�, calculated kinetic
energy releases K�N� and model-free dissociation energies Dmf�N�
=�E�−K�N�+�Eth for clusters AuN

+ �N=8,14–25 �monomer
evaporation� and N=9,11,13,15 �dimer evaporation��. For dimer
evaporation the term K�N� also includes the energy loss in the ro-
tational and vibrational modes of the emitted dimer. The abbrevia-
tions in the “Method” column refer to the calorimeter process: R
=rate constants, B=monomer-dimer branching ratio, and the length
of the decay chain: S=single sequential decay, M=multisequential
decay.

N �E� �eV� K�N� �eV� Dmf�N� �eV� Method Reference

Monomer dissociation

8 3.05�6� 0.46�5� 2.65�8�a BS �62�

14 3.25�8� 0.13�3� 3.18�9�a RS �14�
3.31�5� 0.13�3� 3.24�6�a BS �15�

15 3.65�10� 0.19�3� 3.52�10� RS �14�

16 3.12�9� 0.18�3� 3.00�10�a RS �14�
3.15�7� 0.18�3� 3.03�8�a BS �15�

17 3.47�6� 0.16�2� 3.37�6�b RS �14�
3.70�7� 0.38�4� 3.38�8� RM �17�

18 3.41�6� 0.17�2� 3.30�6� RS �14�
3.54�8� 0.32�3� 3.28�9� RM �17�

19 3.95�7� 0.22�2� 3.79�7� RS �14�
4.10�8� 0.33�3� 3.83�9� RM �17�

20 3.62�8� 0.19�2� 3.49�8� RS �14�
3.85�7� 0.34�3� 3.57�8� RM �17�

21 3.99�6� 0.24�2� 3.81�6� RS �14�
4.15�8� 0.31�3� 3.90�9� RM �17�

22 3.55�10� 0.19�3� 3.42�10� RS �14�

23 3.92�8� 0.23�3� 3.75�9� RS �14�

24 3.81�10� 0.24�3� 3.63�10� RS �14�

25 4.01�21� 0.22�3� 3.85�21� RS This work

Dimer dissociation

9 4.59�8� 1.06�9� 3.66�12� BS �18�
11 4.91�11� 0.77�8� 4.27�14� BS �18�
13 4.99�9� 0.62�7� 4.50�11� BS �18�
15 4.72�10� 0.56�6� 4.29�12� BS �18�

aThe slightly larger uncertainties of the previously published disso-
ciation energies were calculated differently than in the present
work, where the statistical and systematic uncertainties are always
added in square.
bThe dissociation energy value DN=3.36�6� eV for N=17 cited in
Ref. �17� differs by a small rounding error.
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kN�E� =
g��N−1
D

3

�2kBTd
�E − DN + �3N − 9�	
D/2

E + �3N − 6�	
D/2
�3N−7

. �8�

For future reference a numerical estimate is useful. With
the value of �N−1 and � pertaining to the decay of N=15, and
daughter temperatures of kBTd=0.1 eV, the frequency factor
is


 =
g��N−1
D

3

�2kBTd
= 3.6 � 1016 s−1 = e38.1 s−1. �9�

Although this factor depends on size and excitation energy,
the variations are relatively small for the relevant parameter
values. For completeness we mention that also the electronic
degeneracies in the ground state will give contributions to
the value of the frequency factors. Strong odd-even effects,
as those present in gold clusters, involve the spin degeneracy
and the detailed balance expression in Eq. �4� gives correc-
tions of a factor of 1 /2 for odd electron number clusters and
of 2 for even electron numbers �for more details see Ref.
�57��. We will disregard this effect.

The rate constant, the precise value of which obviously
hinges on the physical assumptions made, was used to invert
the experimental data to find the dissociation energies. In the
calculations the full expression in Eq. �8� was used. A similar
inversion was performed in Ref. �14� with a level density
which was calculated with a slightly more complicated algo-
rithm, yielding a presumably more precise caloric curve. The
differences between the heat capacities in that calculation
and the one used here are small and the quantitative conclu-
sions are similar.

The results are twofold: First, the fitted dissociation ener-
gies show a persistent increase with the parent excitation
energies �14�. A similar trend will also be reflected in the
Arrhenius-type plots discussed in the following. The strength
of the dependence of the dissociation energy D on the exci-
tation energy E can be characterized by a parameter p�N�,

p�N� 	 �3N − 6�
dD

dE
. �10�

Ideally, p should be zero, i.e., there should be no change in
the resulting value of the dissociation energy when the exci-

tation energy is varied. The factor of 3N−6 is introduced to
facilitate a comparison with the ratio of dissociation energy
and temperature, i.e., the argument of the Boltzmann factor
in the rate equation. This ratio is the Gspann parameter �77�
discussed in the following, and takes values of typically
D /kBT�20–30 for experiments on the microsecond to mil-
lisecond time scale. The values of p�N� are shown in Fig. 4
and are of the same order of magnitude, suggesting a strong
variation of the fitted values of D with excitation energy.

Second, however, the absolute values of the dissociation
energies deduced from the measured decay constants are
close to the model-free values. To make this statement quan-
titative, we have calculated the mean of all fitted
dissociation-energy values for all excitation energies/rate
constants for the individual cluster sizes. The result is shown
in Fig. 5. Given the good agreement between the average
values of the dissociation energies found by inversion of the
detailed balance rate constants of Eq. �8� with the model-free
dissociation energies, we will apply the expression for the
rate constant also to the cluster sizes for which the model-
free values have not been measured.

The relevant cluster sizes are N=7,9–13,26,27, and the
values are given in Table V. The uncertainties are estimated
as twice the standard deviation of the fitted values, plus an
average of 0.13 eV from the uncertainties on the model-free
values for N=8,14–25. For the two largest clusters, N
=26,27, where only one rate constant has been measured,
the uncertainties have summarily been set to 0.4 eV.

The dissociation energy D�N ,1� for monomer and
D�N ,2� for dimer evaporation are related by a thermody-
namic cycle:

D�N,2� + D�2,1� = D�N,1� + D�N − 1,1� , �11�

which allows a consistency check. For N=9 this gives a
monomer dissociation energy of D�9,1�=3.30�15� eV,
where all uncertainties have been added in square. The value
only depends on a single new parameter, viz. the dimer bind-
ing energy of D�2,1�=2.29�2� eV �78�. The value of 3.3 eV

FIG. 4. The variation of the fitted dissociation energies with
excitation energy, p�N�, as a function of cluster size N �for details
see the text�. Rate constants consistent with Eq. �7� require a value
of zero.

FIG. 5. Comparison of the mean dissociation energies fitted with
the detailed-balance rate constant in Eq. �8� �Ddb� and the model-
free values �Dmf�, relative to the latter. The average values close to
zero indicate that the typical rate constant is well described by the
detailed-balance equation with the simple harmonic level density
used. The uncertainties indicate the tendency for the fitted dissocia-
tion energy to change with excitation energy.
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is in good agreement with the 3.5 eV derived from the ap-
plication of Eq. �8� to the measured rate constants. For N
=11 the values of D�N ,2�+D�2,1� and D�N ,1�+D�N
−1,1� are 6.56�14� and 5.7�4� eV, and for N=13 they are
6.56�11� and 6.4�5� eV. The deviation for N=11 is twice the
standard deviation, i.e., marginally significant. The remain-
ing process for which the data can be used as a check is the
decay of Au15

+ for which all terms in Eq. �11� have been
measured. The equality was found to hold very well �16�.

Figure 6 summarizes all dissociation energies, model-free
and not, and compares the values with the liquid drop ap-
proximation. The latter is calculated as

DLDM�N,1� = A − B � �N2/3 − �N − 1�2/3�

− C � �N−1/3 − �N − 1�−1/3� �12�

for monomer evaporation and

DLDM�N,2� = 2A − B � �N2/3 − �N − 2�2/3�

− C � �N−1/3 − �N − 2�−1/3� − D�2,1�
�13�

for dimer evaporation where A=3.81 eV is the bulk cohesive

energy, B=4��rs
2=3.00 eV represents the surface energy,

and C=e2 / �8��0rs�=4.53 eV is the coefficient of the classi-
cal Coulomb term �79,80�.

The liquid-drop dissociation energies represent the
smooth part of D�N ,1� reasonably well, although the differ-
ence at the high mass end is clearly significant. For the com-
parison, it should be kept in mind that the most important
liquid drop parameters, A and B, have been determined for
macroscopic bodies and the application to particles com-
posed of a few atoms is far from guaranteed.

V. FREQUENCY FACTORS

The conclusion of the previous section is that the absolute
values of the rate constants are reasonably well reproduced
by the simple equations used, but that the rate constants vary
too slowly with excitation energy. In terms of Arrhenius plots
�14� these observations are equivalent to an approximately
correct value of the dissociation energy D=D�N ,1�, but an
erroneous slope dD /dE. Thus an error in the experimental
slope will give both an incorrect dissociation energy, and an
incorrect extrapolation to zero inverse temperature, i.e., an
incorrect frequency factor. Furthermore, these errors are cor-
related. Quantitatively,

ln�k� = ln�
� − D/kBT Þ ln�
Arrh� = ln�k� +
DArrh

kBT
, �14�

where the subscript Arrh refers to the �possibly incorrect�
values derived from an Arrhenius plot. The correct value of

 corresponds to DArrh=Dmf, where Dmf are the model-free
values given above. We therefore also have

ln�
� = ln�k� +
Dmf

kBT
. �15�

Combining Eqs. �14� and �15� gives

ln�
Arrh� = ln�
� −
Dmf − DArrh

kBT
. �16�

Since, for a given cluster size, the range of temperatures
covered in the experiments is reasonably small we can use a
mean value, 
TN�. Furthermore, we can replace this mean
temperature by the ratio of the dissociation energy to the
Gspann parameter G �77�:

kB
TN� � DN/G 	 DN/ln�

t�� , �17�

where 
t� is an average measurement time, or in this case, an
average inverse rate constant. The value of DN is the model-
free dissociation energy. Hence we have

ln�
Arrh� = ln�
� − ln� 



k�
�Dmf − DArrh

Dmf
. �18�

The application of the equation requires knowledge of the
true dissociation energies. Conversely, if this knowledge is
available it allows one to derive the value of 
, which can be
obtained from a plot of ln�
Arrh� vs �Dmf−DArrh� /Dmf. Since
both the slope and the intercept depend on the frequency
factor, and this is the only unknown, the plot also provides a
consistency check.

TABLE V. Dissociation energies calculated from the rate con-
stants, Eq. �8�, and the thermodynamic cycle, Eq. �11�.

N DN �eV� Eq. �11� DN �eV� Eq. �8�

7 3.4�3�
9 3.30�15� 3.5�3�
10 2.4�2�
11 4.16�24�a 3.3�3�
12 2.9�3�
13 3.9�3�a 3.5�4�
26 3.7�4�
27 3.8�4�

aFor the calculation the monomer dissociation energies DN, N
=10,12, as deduced from Eq. �8� have been used.

FIG. 6. Dissociation energies for AuN
+. Closed symbols: model-

free values for monomer evaporation �N=8,14–25, circles� and for
dimer evaporation �N=9,11,13,15, triangles�. Open circles: Aver-
ages over several excitation energies calculated with the theoretical
rate constant given in Eq. �8�. The bulk binding energy per atom is
3.81 eV �75� and the solid and dashed lines give the dissociation
values according to the liquid drop model �LDM� as deduced with
Eqs. �12� and �13�, respectively.
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To test the relation in Eq. �18� we have fitted the experi-
mental rate constants as a function of the reciprocal micro-
canonical temperature Tm which is related to the excitation
energy E as

�3N − 7�kBTm = E − DN/2 + �3N − 6�	
D/2. �19�

The subtraction of DN /2 is the finite heat bath correction
�81�. This gives

k � 
Arrh exp�− �DN,Arrh + 3	
D/2�/�kBTm�� . �20�

Fits of the data with this and similar equations give the large
discrepancies between the model-free and fitted dissociation
energies which were described in Ref. �14�. Also the values
of ln�
Arrh� show strong variations with cluster size. The
incorrect dissociation energies here are caused by the varia-
tion of the experimental rate constant with energy. These
values may differ strongly from dissociation energies which
were extracted from the values of the rate constants and com-
pared with the model-free values in Fig. 5.

As an alternative to the application of the finite heat bath
correction and an Arrhenius plot, we have also analyzed the
data with

�E + �3N − 6�	
/2� � kN�E�1/�3N−7�

= 
1/�3N−7��E + �3N − 6�	
/2�

− 
1/�3N−7��DN + 3	
D/2� , �21�

which is easily obtained from Eq. �8� with the abbreviation
for 
 used in Eq. �9�. Plotting the left hand side versus �E
+ �3N−6�	
 /2� gives straight lines with intercept and slope
from which 
 and DN can be calculated.

The fits of the data with the Arrhenius expression Eq. �20�
and with Eq. �21� differ somewhat, but both yield similar
straight lines when Eq. �16� is plotted with the two sets of
data. Figure 7 shows the data from fits with Eq. �20�. Both
analytical methods give intercepts for DArrh−Dmf=0 of
ln�
 / s−1�=35.4±0.5. This value should be compared with
the theoretical value in Eq. �9� calculated from the detailed-

balance equation in Eq. �8�, 
=e38.1 s−1. The difference is a
factor of e2.7�15, which is a reasonably good agreement for
an analysis based on Arrhenius-like plots. For comparison,
an uncritical application of the fitted Arrhenius parameters
gives a discrepancy of up to e26�1011 �14�.

The slopes of the Arrhenius fit, Eq. �20�, and the fit of Eq.
�21� are slightly different, −29.1±1.0 and −32.3±1.4, respec-
tively, but still in reasonable agreement. After inclusion of
the term 
ln�k / s−1��=6.5, which is the grand total logarith-
mic average of the measured rate constants, the slopes give
the two values ln�
 / s−1�=36 and ln�
 / s−1�=39, which
bracket the expected value of 38.

The frequency factor derived from this analysis depends
on the heat capacity used to extract the Arrhenius parameters
from the measured rate constants. This dependence arises
because the energy needs to be translated into a temperature.
We have estimated the effect of a different heat capacity with
a simple model, where all heat capacities are scaled with a
factor � above the Debye temperature. This moves the points
in Fig. 7 on the abscissa and changes the slope and the in-
tercept by the same amount, ��−1�ln�
 / 
k��. The expected
frequency factor of e38.1 s−1, on the other hand, varies in the
opposite direction with the amount −3��−1��ln�Td /TD�−��.
An increase in heat capacity used in the Arrhenius fits thus
increases the value fitted from the line in Fig. 7 and at the
same time reduces the expected value. Given that these three
values are already reasonably close, there is little room for
variations of the heat capacity in this analysis of the data.

VI. COMPARISON WITH THEORETICAL BINDING
ENERGIES

Before comparing our data with theoretically predicted
values we should mention possible differences in the physi-
cal meaning of the experimental and theoretical values. One
reason the comparison between experiments and theory
could be misleading is the kinetic energy release. This is a
quantity which presently is only calculated as a correction to
the experimental data. If the evaporation of an atom or a
dimer proceeds without any activation barrier for the reverse
process, this calculation is rather robust, and possible modi-
fications within this assumption can change the final disso-
ciation energies only by an amount which is within the error
bars. If, however, there is a reverse activation barrier for
attachment this barrier will have to be added to the ground
state separation energy for the process, i.e., to the difference
between the ground state energies of the parent and product.
The absence of a reverse barrier is consistent with the behav-
ior of bulk gold, but that in itself does not guarantee that this
is also the case for clusters. One should keep in mind that the
model-free dissociation-energy values are sensitive only to
the kinetic energy release in the decay of the initial cluster
species in the sequential decay. The corresponding tempera-
tures are well in excess of 1000 K and a comparison with
barriers calculated at zero temperature would most likely be
misleading.

The high temperature is also an important fact to keep in
mind when considering isomers. This problem is particularly
acute with the observation that the crossover from planar to

FIG. 7. The relation between the logarithm of the frequency
factor and the error in fitted dissociation energy in an Arrhenius-
type analysis using Eq. �20�. The closed circle corresponds to the
theoretically expected value of e38.1 s−1, calculated in Sec. IV. The
horizontal line is the average of the logarithm of all measured rate
constants. The cluster sizes are, in order of increasing abscissa, N
=23,15,19,21,16,25,8 ,22,17,24,14,20,18.
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three-dimensional structures takes place in the calculated
structures at sizes covered by our experiments, around N
=7,8, but isomers are calculated to be present in other size
clusters also �82–84�. One indication that this does not influ-
ence our values is the comparison of the dissociation ener-
gies obtained with sequential and multisequential decays.
The latter has a precursor which is one atom bigger than that
of the sequential decay, and consequently is excited to an
energy which is higher by the corresponding dissociation en-
ergy. The dissociation energies obtained with these two
variations of the method are identical within the uncertainty
for all five cluster sizes for which both variations have been
applied �N=17–21�. This demonstrates that if isomers do
influence the values, at least the effect is insensitive to a
temperature increase of DN /kB�3N−6� on top of already very
high temperatures. The most likely explanation is that the
relevant isomeric states are effectively sampled by barrier
crossing.

In Ref. �85� values for monomer and dimer dissociation
energies up to N=13 were calculated and structures selected
based on a comparison with mobilities, and a comparison
with our experimental data is thus possible for the sizes N
=7–13. The picture is very clear: if the dimer dissociation
energy of N=11 is excluded from the comparison, then six
out of nine values are more than two standard deviations
below the experimental values. The clusters with odd elec-
tron numbers fare worse than the even species. The theoret-
ical result is an exaggerated odd-even structure, and a too
low average value. The incorrect energies in Ref. �85� do not
rule out that the associated geometric structures are correct,
of course.

The data given in Ref. �86� allow the comparison only
with the monomer dissociation energy of N=8. The value is
1.54 eV, low by 1.1 eV. This discrepancy is comparable to
the one found in Ref. �85� �0.7 eV�. The calculations in Ref.
�87� fare quite well. The comparison encompasses monomer
dissociation energies from N=7 to 13, and differences to the
experimental values are both positive and negative. Only in
the cases N=8,9 do the theoretical values differ from the
experimental with more than 2�, in both cases overestimat-
ing the dissociation energy.

VII. EFFECT OF RADIATIVE COOLING

At this point we have demonstrated the systematics in the
failure of an Arrhenius-type analysis of the data, and have
shown how this can be used to corroborate frequency factors
in the rate constant equation. Furthermore, based on this sys-
tematics, we have calculated dissociation energies for species
where model-free values are not available. This consistent
picture was obtained with a level density which is derived
from a representation of the vibrational degrees of freedom
as a collection of harmonic oscillators with a known fre-
quency.

We are still left with the task of explaining the reason for
the drift of the calculated dissociation-energy values with
excitation energy, as demonstrated in Fig. 4. Two possibili-
ties present themselves. One is that the heat capacity is
higher than anticipated for certain sizes. This is not a strong

candidate for a correct explanation, because the data on dis-
sociation energies in Fig. 5, based on the equipartition value
of the internal heat capacity, show good average agreement
with the model-free values. In addition, ln�k� versus excita-
tion energy E has a positive curvature for most even-size
�odd electron number� clusters studied with N�12. It is dif-
ficult, although perhaps not impossible, to reconcile this be-
havior with an activated process.

A second possibility is that the measured rate constant is
influenced by radiative cooling �40,42,88�. We will analyze
the measured rate constants with this assumption. The radia-
tion is related to the photon-absorption cross section, �p, via
detailed balance as �41,45,89�

k�E,
p�d
p =

p

2

�2c2�p�
p�
1

e	
p/kBTRad − 1
d
p, �22�

where 
p is the photon �angular� frequency and TRad is the
microcanonical temperature for radiation. For the canonical
caloric curve E=skBT−s	
D /2, the latter is equal to TRad
= �E+s	
D /2� / �kB�s−1��, if the finite heat bath correction to
photon emission is ignored. A calculation of the competing
unimolecular decay and radiative cooling with all possible
photon energies is a very demanding task. It may also not be
unique, because the number of free parameters in the prob-
lem exceeds the number of measured points. In order to be
specific, we have parametrized the photon-absorption cross
section in terms of a single resonance with the semiclassical
expression �89�,

�p =
fq2

mec�0
Ne


p
2

�
p
2 − 
s

2�2 + �
p�2 , �23�

where q=e is the electron charge, me the mass of the elec-
tron, Ne=N−1 the number of delocalized electrons, 
s the
position of the resonance,  the width of the resonance, and
f the oscillator strength per electron �0� f �1�. The relevant
part of this cross section is the low energy tail, 
p

2 �
s
2. This

parametrization admittedly ignores some of the complicating
and interesting features of the electronic structure of gold
clusters which will influence the shape of the surface plas-
mon, see, e.g., Ref. �90�, and references therein.

We will furthermore use the approximation that the emis-
sion of a single photon is sufficient to quench the evaporative
decay. The validity of this approximation can be estimated
by a calculation of the quenching effect of a photon emis-
sion. The average photon energy is 6kBT �45�, and the de-
crease in evaporative rate constant for the emission of one of
these photons is therefore

d ln kevap

dE
�− h�� = −

Dmf

CvkBT26kBT = −
Dmf

CvT
6 � −

60

N − 2
,

�24�

where Cv=kB�3N−6� and Dmf/kBT�30 was used. This is
numerically larger than unity for all values of N considered
in this study, and we can therefore expect that the emission
of a single photon does indeed quench the evaporative decay
to a good approximation.
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We can then write the total decay constant as the sum of
the radiative and the evaporative decay constants. The cross
section in Eq. �23� is to a good approximation proportional to
the frequency squared, and the photoemission rate constant is
consequently proportional to T5 �89�. The total rate constant
is therefore

kobs = kRad + kevap = �TRad
5 + kevap, �25�

where

� =
fq2

4��0

4 � 24��5�Ne

�c3me	
2

	

�	
s�4 = 6.87 � 108Nef	

�	
s�4 s−1 eV−2,

�26�

is found by integration of Eq. �22� with Eq. �23� ���5� is the
Riemann zeta function at x=5�. The value of � depends on
f /
s

4, which will be kept as a fit parameter. The evaporative
rate constant, kevap, is in principle known because the disso-
ciation energy is known and the frequency factor is fitted
previously. However, the rate constant has a very strong de-
pendence on the parameters that enter the expression, and
some flexibility is required in the fitting procedure. We will
use the model-free dissociation energies, and the empirical
value of the frequency factor found above, and only allow
the effective number of degrees of freedom as a fit param-
eter, i.e., we will replace 3N−7 in Eq. �8� with the fit param-
eter s−1. From the derivation of the rate constant it is clear
that this is inconsistent �the rate constant contains the ratio of
level densities for two different clusters�, but as we will see
this will be a minor inconsistency. The evaporative rate con-
stant therefore becomes

kevap = �E − DN + �s − 3�	
D/2

E + s	
D/2
�s−1

e35.4 s−1. �27�

The parameter s is related to the canonical heat capacity,
Cv=skB, and in the harmonic limit has the value s=3N−6.
For most cluster sizes, the fitted value agrees with this num-
ber. The typical difference is less than 10%, with the only
exception being N=18, which exceeds the harmonic-
oscillator value by 36%. This confirms that the procedure
behind Eq. �25� is basically sound. The fitted heat capacities
depend on the frequency factor used in the fits. Both are
reasonable, however, and we will therefore accept the values
of � from the fits of Eq. �25� as a reasonable estimate of the
magnitude of the radiative cooling.

The fitted values of � can be solved for the ratio
f	 / �	
s�4 by Eq. �26�. The values vary much with size.
Everything considered, we do not expect the scatter to reflect
the intrinsic properties of the individual clusters, and will
draw conclusions only from average values. In order to com-
pare the model with experimental values on the photo-
absorption spectra �81,89–92� of gold clusters, we have used
the value 	=0.2 eV for all N and extracted f−1/4	
s. The
values range from 	
s=3.2f1/4 eV for N=8 to 9.2f1/4 eV for
N=19, with an average of 5.7f1/4 eV.

The average expected photon energy of approximately
6kBT is typically around 1 eV. This is beyond the wave-
length range probed in photoabsorption experiments, and we
are therefore forced to compare extrapolated absorption cross

sections. In Refs. �93,94� the absorption spectra of large,
deposited gold particles �diameters of 4 nm, �20 nm� were
found to have an absorption peak at 2–2.5 eV, increasing
with decreasing radius. No oscillator strengths were reported,
but the width of the resonance was measured as a function of
size in Ref. �94�, and show a decreasing trend with decreas-
ing size, reaching a value of approximately 0.3 eV �=2	� in
the 20–40 nm region. A blueshift was already seen in the
early measurements reported in Ref. �92�, where depletion
spectroscopy was used to measure the absorption profile of
neutral and positively charged AuN, N=7,9 ,11,13. These
data �for N�9� show an absorption peak around 3
�104 cm−1=3.7 eV, and a width of approximately 1 eV.
This peak resides on top of the low-energy side of a partly
measured strong absorption in the UV. For the odd-electron
number neutral clusters �still with N�9�, the spectra are vir-
tually identical apart from the appearance of a smaller peak
around 2.7 eV. Consistent with the presence of a large blue
component, the measured oscillator strength falls short of
100%. For odd electron numbers, f is approximately 0.025,
and for even electron numbers it is 0.01. Hence f1/4 is be-
tween 0.3 and 0.4 for both parities, and by use of a common
value of 0.35 for both, with the average fitted value of 	
s
= f1/45.7 eV, this gives a value 	
s�2.0 eV.

This value is below the resonance energies of 3.7 and
2.7 eV measured in Ref. �92� for the even and odd electron
number clusters, respectively, suggesting that the radiative
cooling is higher than measured in these experiments. One
possible explanation for this is that in the experiments in Ref.
�92�, the temperatures of the clusters are low compared with
the temperatures relevant for our data. Elevated temperatures
are expected to smear absorption profiles locally, giving a
stronger tail to the low energy side, effectively reducing the
resonance energy fitted from our data. This effect is presum-
ably also at work for the large UV component which appears
to carry considerable oscillator strength. A quantitative esti-
mate of this effect is beyond the scope of this article.

VIII. CONCLUSIONS

Rate constants and monomer-dimer branching ratios for
decays of positively charged gold clusters have been pre-
sented, from which a range of model-free dissociation ener-
gies have been determined previously. Several new values
have been derived, based on the observed behavior of the
measured rate constants and a detailed balance rate constant.
Frequency factors and dissociation energies have been ex-
tracted from two different Arrhenius-type schemes, with a
persistent and serious discrepancy between expected and ob-
served fit parameters. The errors in the Arrhenius-based dis-
sociation energies were found to correlate strongly with the
value of the fitted frequency factor. This correlation was used
to extract an experimental value for the frequency factor
which is in good agreement with the value expected from
detailed balance. The failure of the Arrhenius analysis was
suggested to be due to the presence of radiative cooling. The
data were fitted with this assumption and a simplified model
with a single resonance frequency. This frequency was found
to be lower than observed in low temperature spectroscopic
studies, but of the right order of magnitude.
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