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Kinetics of the Fe-Atom Condensation Based on FeConcentration Measurements
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The condensation of Fe atoms was studied over the temperature range-dfiGI0K at pressures between

0.3 and 0.45 bar behind incident shock waves based on Fe concentration measurements. Atomic resonance
absorption spectroscopy was applied to follow Fe atoms in gas mixtures containing Fagd©h precursor,

highly diluted in argon. At the upper experimental temperature limit, the experiments showed constant Fe-
atom concentration levels after decomposition of the precursor. At a lower temperature, a time dependent
decrease of the Fe concentration was observed showing an inverse temperature dependency. A simplified
reaction mechanism consisting of a one step decomposition of the precursor and various iron consumption
reactions was proposed for the simulation of the signals. The major initial reactions for the understanding of
the condensation process were found to be the formation and the decompositier{s&e-eactions R2 and

R3 in the text). The rate coefficients of both reactions were determined experimentallyjkio=b&0'° cm?

mol~2 st andks = 1019-63:040exp(—17800+ 700 K/T) cn® mol~* s~ (for reactions R2 and R3, respectively).

Introduction The aim of the kinetic studies of Bauer and Frigmd Jenséh

is to understand the growth of iron clusters neglecting the
kinetics of iron precursor decomposition. Krestinin et'%l.
performed shock tube studies using iron pentacarbonyl (IPC,
. ) . _Fe(COj}) as iron precursor in the temperature range of 800 K
which the gas-phase synthesis belongs to. It allows the produc < T < 1400 K. The formation and consumption of Fe atoms

tion of very small particles of uniform, clean composition. For as observed spectroscopically. and a strond influence of

a better understanding and description of those formation erv P pically, g infiuen

processes, kinetic data are necessary. intermediate species of the precursor decomposition dur!ng Fe
The syn’thesis of iron particles via the gas-phase route is cluster formation was found. In addition to former mechanisms,

strongly controlled by the decomposition of the precursor and the d_eco_mp03|_t|on pro_duct FeCO was conS|der_ed as an important
the kinetics of the iron cluster formation. The group of Bauer SPECIES In the!r reaction mechanism to explaln the iron cluster
published a series of articles about different aspects of the ironforma’uon. Th|13 mpdel was later theoretlcglly extenc}ed by
particle formation. Kung and Bauepresented a shock tube Warnatz et a}. A Q|fferent approach for Fhe |nterpr?tat|on of
technique for the determination of the temperature dependencyFe'fonsuénpﬁonkS;gEals was _usedtby S_tem;geg]dell_ét &Lhey

of the critical supersaturation of iron vapor by measuring the ptra]aorbme ; sti onc u (tarexperlmferrl isru:mtg m dats |rt(i3nnpr|(:ac:1t[ior
turbidity and the thermal emission of clusters as an indicator and absorption sSpectroscopy for iron atom detection. For the
for particle formation. In a second shock tube stidye interpretation .Of the measured Fe_ decay times, only the
homogeneous condensation was followed by turbidity measure-smomChOWSkl co_agula_tlon_ was applied. . .

ments and a laser-schlieren technique was applied to provide In the present investigation, the condensation of iron atoms

rates and enthalpies of exothermic condensation reactions. TheVas studied in a shock tube in mixtures of IPC highly diluted

effect of the heat of condensation on the iron cluster size was " 390" The formation and consumption of Fe atoms behind
investigated, too. Frurip and Badeneasured the temperature

incident shock waves was followed by atomic resonance
dependency of critical supersaturation ratios of the iron nucle- 22SOrption spectroscopy (ARAS). Also molecular resonance
ation in a shock tube by turbidity measurements and compare

dabsorp'[ion spectroscopy (MRAS) was applied to measure the
the results with different nucleation models. For the kinetic

side product CO during the IPC decomposition. For the
interpretation of the iron particle formation, Bauer and Frurip ?nterpretation of '_[he s_ignals, a simplifie_d reaction mechan_ism
presented a self-consistent kinetic model for the homogeneousIs proposgd Wh'c.h is able to describe all measured iron
nucleation of iron vapor. The model is based on rate coefficients concentration profiles af > 730 K.
estimated by Lennard-Jones potentials and assumed thermody- . .
namic properties for the reverse reactions. Bauer and Witgox  EXPerimental Section
extended and applied this kinetic model to other metals and  The experiments were carried out in a conventional stainless
species. In flame studies of Jengea,similar kinetic model  steel, pressure-driven diaphragm shock tube having an internal
was used and applied for modeling the particle size evaluation. diameter of 80 mm, a driver section of 3.5 m, and a driven
- - ~ section of 6.5 m in length. Downstream of the measurement
65:th3I€thf(]:3;ed to Prof. Dr. Eberhard F. Wassermann on the occasion of his section, a tube extension of 0.5 m in length was installed to
*To Who%'correspondence should be addressed. Phone: 0049-203 37gorovide sufficiently long test times behind incident shock waves.
3426. Fax: 0049-203 379 3087. E-mail: roth@ivg.uni-duisburg.de. The driven section can be baked out and pumped down to a
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The magnetic and electronic properties of iron open a wide
field of technical applications for iron particles. Various
techniques for the synthesis of nanopowders are khdan
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pressure below 5 1078 mbar. The gas mixtures used were 1.0
prepared manometrically in a stainless steel ultrahigh vacuum
vessel. The gases and liquids used were of high commercial 08
purity: Ar > 99.9999%, CQ> 99.997%, and Fe(C@} 99.5%. "
The IPC, which is liquid at room temperature, was injected in § 06
a separate stainless steel vessel and afterward freezed and <
pumped for degassing. “é
The Fe-atom resonance absorption diagnostie 271.9 nm) S 04
consists of a pulsed Fe-hollow cathode lamp, the optical path §
length, a 0.25 m Jarrel-Ash monochromator, and a photo- § 02
multiplier. Perpendicular to the Fe-ARAS system, the CO-
MRAS diagnostic { = 151 nm) consisting of a microwave 0.0
excited discharge lamp, a 0.5 m McPherson vacuum ultraviolet 1.0
monochromator, and a solar blind photomultiplier was arranged.
The lamp was operated with a flowing gas mixture of 1%,CO 0.8
in He maintained at a constant pressure of 6 mbar and a é
microwave power of about 45 W. Both diagnostics require 8 o6
calibration due to the unknown spectral profiles of these line 2
emission-line absorption techniques. Therefore, a series of 8
shock-wave experiments with known concentrations of Fe and 5 04
CO have been performed to relate the measured absorptions to 8
the corresponding concentrations. The CO calibration is based g 02
on 0.5-500 ppm CO/Ar mixtures. The calibration of the Fe <
diagnostic was performed with mixtures of 6.100.0 ppm 0.0 i 4

Fe(CO} in Ar at temperatures above 1200 K. At these PSS U T R R
conditions, the Fe-atom equilibrium concentration, which is 0 200 400 600 800 1000
equal to the initial Fe(CQ)concentration, is established after Reaction Time / us

reaction times of only a few microsecontds.

Figure 1. Fe- and CO-absorption profiles for a 100 ppm Fe(§A)
mixture at different post-shock temperatures.

Results
1.0 T T T T T T T T T —

The condensation of Fe atoms was studied behind incident
shock waves in the temperature range of 678 K < 1150 K
and pressures of 0.3 to 0.45 bar in gas mixtures of BID
ppm Fe(COydiluted in Argon. In all experiments, the resonance
absorption of Fe atoms and CO molecules were measured
simultaneously.

A typical example illustrating the temperature dependency
of the Fe-atom and CO-molecule resonance absorption in a 100
ppm Fe(COgy/Argon mixture is given in Figure 1. All Fe and
CO absorption profiles show a fast increase due to the thermal
decomposition of IPC to form Fe atoms and CO molecules. In 0.0
the case of the highest temperature of 1110 K, the Fe absorption
shows after a few microseconds a constant absorption level,
indicating no further reaction within 1 ms. A decrease of the
experimental temperature leads to a decreasing Fe-atom absorp-
tion with an inverse temperature dependency. At temperatures
below 950 K, a subsequent Fe consumption within 1 ms was
measured. At the lowest temperature of 710 K, the Fe absorption
level does not reach its maximum value of 0.82 absorption units.
It seems that the kinetics of the precursor decomposition is no
more significantly faster than the Fe consumption process. A
further decrease of the experimental temperature (not shown)
causes a further reduction of the Fe-absorption maximum, r 675K —4IM 740 K
respectively. The simultaneously measured CO-absorption 10 N R T o L
profiles (lower part of Figure 1) show a fast increase due to the 0 200 400 600 800 1000
decomposition of the precursor. The subsequent constant Reaction Time / us
absorption levels during the whole observation time indicate
the complete decomposition of the precursor and no further
reaction of the CO. No time-dependent light extinction by
particles was observed. The Fe concentrations seems to be too
low to interfere the absorption profiles due to particle formation. is similar, but the temperature at which the first Fe consumption
Figure 2 shows a second series of absorption experiments andappears is shifted to lower values. In case of the 100 ppm IPC
the corresponding Fe-concentration profiles with lower initial mixture, it occurs aff ~ 1080 K and for a 30 ppm mixture at
IPC concentration. The general behavior of the measured specie§ ~ 940 K.
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Figure 2. Fe absorption and concentration profiles for a 30 ppm
Fe(COYAr mixture at different post-shock temperatures.
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TABLE 1: Simplified Reaction Mechanism for the T T T T T
Nucleation of Fe Atoms 14 - =
k= A x expTaT) -3 S [Fe(CO)], -=-=-=v=-=- 3
rate coefficient w0l ]
reaction Alcmmols  Ta/K ref e F
o L -
Fe(CO} Decomposition N 8 |
1 Fe(COy— Fe+5CO 1.9x 1° 8700 14 T 6l
Formation and Dissociation of Small Clusters E r
2 Fet+Fe+M—Fe+M 1.0x10¥ this study = 4r
3 FetM—Fe+Fet+ M 4.3 x 10* 17800 this study
4 FetFe+M—Fe+M 1.0x10° estimated 2
5 Fg+M—Fe+Fe+M 1.0x10®° 19200 estimated I
6 Fe+Fe+M—Fe+M 1.0x 109 estimated 0
7 Fe+M—Feg+Fe+M 50x107 21600 estimated 80 |- i
8 Fet+Fe—Fe 5.0 x 10t estimated BB
9 Fe—Fe+Fe 1.8x 108 23200 estimated
10 Fet+Fe—Feg 5.0 x 10 estimated 60 |-
11 Fe—Fe+ Fe 1.7x 108 24400 estimated ""E
12 Fet+Fe—Fg 5.0 x 10t estimated S
13 Fe—Feg -+ Fe 1.7x 108 25400 estimated © 40
14 Fe+Fe—Fa 5.0 x 10 estimated Ay B
15 Fg—Fe +Fe 1.6x 108 27000 estimated o
16 Fet+Fg—Fs 5.0 x 10t estimated O,
17 Fe—Fe+ Fe 1.5x 108 28100 estimated 20 -
18 Fe+ Fa,— Fau 5.0 x 10t estimated
Coagulation of Clusters o ) . .
19 Fe+Fe—Fe+Fe 5.0x 10 estimated 0 200 400 600
20 Fe+Fe— Fg 5.0 x 10" estimated . i
21 Fe+Fe—Fe 5.0 x 101 estimated Reaction Time / us
22 Fe+Fe—Fe+Fe 5.0x 1012 estimated Figure 3. Fe- and CO-concentration profiles for an experimeni at
23 Fet+Fe—Fe 5.0 x 1014 estimated = 740 K and 30 ppm Fe(C@Ar mixture. The full line is the result of
24 FetFe—Fe 5.0x 10 estimated a simulation using the reaction mechanism of Table 1. The dashed lines
25 Fe+Fe—Fey 7.5x 10 estimated represent a simulation based on the reaction mechanism of Krestinin
26 Fe+Fe—Fe& 5.0 x 10% estimated et allo
27 Fe+Fe—Fe 5.0 x 10t estimated
28 Fe+Fe—Feqs 7.5x 10 estimated
29 Fa+Fe—Fe 7.5x 10 estimated takes a few microseconds and increases significantly at the lower
30 Fe+Fe—Fe 7.5x 1&2 estimated temperature end of this study. Figure 3 shows Fe and corre-
31 Fa+Fa—Fau 75x1 estimated sponding CO concentration profiles of an experiment at 740 K
Discussion (grey line). The Fe concentration does not reach its maximum

value of 1.24x 10 cm™3, indicating that the decomposition
The observed consumption of Fe atoms showing an inverseof IPC is not fast enough compared to the consumption process.
temperature dependency must mainly be caused by clusterThe maximum concentration of iron atoms can be3lorders
formation and the thermal stability of critical clusters. Although of magnitude lower than the initial iron pentacarbonyl concen-
the thermal decomposition of IPC to form Fe and CO is known tration1® Therefore, strong interactions of the intermediate
to be very fast, an influence of intermediates cannot be excluded.species on the iron cluster formation are most probable for these
Itis accepted in the literature that the further growth of clusters reaction conditions. For their consideration, a detailed knowl-
to form particles mainly proceeds by coagulation with rates edge about the kinetics of the IPC decomposition is necessary.
nearly equal to collision frequenéy It is expected that those At elevated temperatures, no experimentally determined kinetic
coagulation processes only weakly affect the disappearance ratenechanism for the various steps of Fe(§@composition is
of Fe atoms. According to Table 1, a simplified reaction available in the literature. Lewis et ¥.and Didenkulova et
mechanism has been proposed, which contains the above-all” measured with different techniques the kinetics of the first
mentioned subsystems: Fe(G@ecomposition, formation, and  decomposition step. Smirn8measured the first step and the
dissociation of small clusters and coagulation of clusters. It is formation of Fe atoms in a shock tube and calculated bonding
easy to realize and will be shown later that the bottleneck in energies by using RRKM calculations. Different estimated
the above mechanism is the recombination of Fe atoms and thekinetic decomposition models are available in the literdfid®

reverse reaction with estimated rate coefficients based on bonding energies.
Especially at low temperatures, an influence of the intermedi-
Fe+ Fe+ M * Fe,+ M (R2) ate species must be considered. Krestinin & mgarded FeCO

to be a very reactive species. In their reaction mechanism, the

K IPC decomposition is modeled in two steps. The first is the
Fe,+ M —Fe+Fe+ M (R3) decomposition of Fe(C@)o form FeCO and 4 CO, and in a

second step, FeCO decomposes to Fe and CO. In their further

These above reactions were identified to be most important, mechanism, FeCO is an important species in iron cluster
initiating all further Fe-condensation steps. formation. Other intermediates were excluded to limit the
Fe(CO) Decomposition Model.Woiki et al1* showed that complexity of the problem. We tried to model our experiments
the IPC decomposition proceeds via CO abstraction. At tem- with their mechanism. In Figure 3, the Fe and CO concentration
peratures above 1000 K, the time for the total decomposition profiles of an experiment at 740 K are shown. The mechanism
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TABLE 2: Bond Dissociation Energies for the Abstraction 12 —
of CO from Fe(CO), in kd/mol

n=1 n=2 n=3 n=4 n=5 method ref 10 | q e

32+ 12 109+ 12 149+ 8 138+12 159+ 12 calculation 18 [ i‘! Ij
29+ 13 14148 137+13 130+ 17 calculation 21 8 I
34+ 15 154+15 122+24 117+ 37 experiment 22 g

166+ 10 experiment 16
96+29 96+29 135+29 19+39 232+48 experiment 23

[Fe]/ 10" cm®

of Krestinin et alt® yields an Fe profile which is much too low
and in its shape completely different from the experimental
findings, see dashed line. Also the calculated CO concentration B E >

profile is significantly below the experimental line and shows . , TTeT =
a completely different time behavior, see dashed line. This 0 200 400 600 800
illustrates that the model is unable to predict our Fe and CO Reaction Time / us

profiles. Furthermore, different experimental and theoretical Figure 4. Fe-concentration profile for an experimentTat= 815 K

studies on bonding energies of iron carbonyls are available in using a 30 ppm Fe(C@Ar mixture. The full line represents a

the literature, see Table 2. The values scatter very much, but asjmylation based on the reaction mechanism of Table 1. The dashed
certain tendency can be observed. The first decomposition stepines show the sensitivity of the reaction mechanism on variations of
seems to have the highest bonding energy. It is followed by k.

three steps with comparable reaction enthalpies, whereas the

reaction enthalpy of the last step is significantly lower. If this the cluster dissociation reactions. Because of a lack of thermo-
small bonding energy for FeCO is correct, it will become a dynamic data of Fe clusters, the equilibrium constant of the

minor species and the other iron carbonyls Fe(C likely reaction between Fe atoms and Fe clusters cannot be calculated
to have a longer lifetime and may have a stronger influence with reasonable accuracy. For @ set of high temperature
and should be implemented too. thermodynamic data is given in the LandeRornstein data-

In this study, we have restricted ourself, on the kinetic base3* but the accuracy of the data and the method used to
interpretation of experiments with fast IPC decomposition. In obtain them is not given. Ab initio calculations of the binding
the mechanism of Table 1, the decomposition of IPC was energies of Fe clusters are avail#Bleut no entropy data are
therefor modeled by the simplified one step reaction mechanismcalculated. Bauer and Frufipused estimated enthalpy and
of Woiki et al14 entropy values to calculate equilibrium constants of iron clusters.

Their theoretical considerations show that the cluster becomes

more stable with increasing size, and the decomposition rate is

decreasing. Jenstnalculated temperature-dependent equilib-
rium constants for small Fe clusters based on molecular
Cproperties and standard enthalpies of the reactions. The uncer-

tainties are considered to be as high as a factor of 10.

According to Table 1, rate coefficients for cluster decomposi-
tion were calculated from the rate coefficients of the forward
reactions and the temperature-dependent equilibrium constants
fof Jenseh except for reaction R3. They show the same size
dependent tendency like observed by Bauer and FPurip.
Reaction R3 is for the present experimental conditions most
important to explain the measured Fe behavior. Based on the
reaction mechanism of Table 1, computer simulations were

K, performed to determine the rate coefficignt Figures 3 and 4
Fe+Fe+M—Fe, +M (R2) show the result of fitting procedures for two experiments
performed at different temperatures, see full lines. The rate
coefficients of R3 were determined to k740 K)=5 x 10°
cm® mol~! s7t andks(815 K) = 2 x 10 cm?® mol~! s71. The
dashed lines in Figure 4 indicate the sensitivity of the Fe
concentration to variations of the rate coefficiégby factors
of 2. Best fit values oks obtained from all experiments are
summarized in the Arrhenius diagram of Figure 5. The data
points scatter around a straight line, which can be approximated
by the following Arrhenius expression:

ky
Fe(CO)— Fe+5CO (R1)

The full lines in Figure 3 represent a simulation using the
reaction mechanism of Table 1 based on the one step IP
decomposition. Both, the Fe and the CO formation process are
represented well, showing the applicability of this simplified
model.

Formation and Dissociation of Small Clusters.A major
Fe-cluster growth mechanism is considered to be a process o
Fe addition to iron clusters. The formation and removal of
clusters is represented by reactionsf2L.8 and is initiated by
R2 and R3

Fe,+ M ->Fe+ Fe+ M (R3)

The rate coefficient of the exothermic formation reaction R2
was determined by fitting the decay of an experiment at
conditions, where the reverse reaction is negligible. The value
obtained isk, = 1.0 x 10'° cmf mol~2 s~1, which is in quite
good agreement with the theoretically determined value of Bauer
and Frurip &1.7 x 10" cmf mol~2 s71).5 The rate coefficients
for the other reactions of single clusters with Fe atoms were
estimated to be of the same magnitude like R2 and were defined ky=1
to bek = 1.0 x 10 cmf mol~? st and 5.0x 10 cm® mol~t
s 1 for termolecular and for bimolecular reactions, respectively. The activation energ¥a s = 148 & 6 kJ/mol is of the same
The valuen = 5 at which the transition from termolecular to  magnitude like the heat of reactiohHy ; = 134 kJ/mol of
bimolecular kinetics is assumed to occur is based on theoreticalKrestinin et al It is also close to the experimentally determined
considerations of Jensén. bond dissociation energy of 125 kJ/mol of Moskovits etal.
With increasing temperature, the Fe-atom consumption is and the reaction enthalpy (7)$H{)’4 = 111 kJ/mol calculated
slowing down, indicating a strong temperature dependency of from thermodynamic dat&?* but is significantly lower than

01963090 gy n(— 17800+ 700 K/T) cn? mol *s7*
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Figure 5. Arrhenius plot of the rate coefficiet determined with tht Reaction Time / us

:’fﬁt‘c“ot‘ rgeg:hamsm tﬁf 'fl'abledl andt_ com£grlsog tvf‘\:ltht the vatlues Figure 6. Normalized sensitivities of the mechanism in Table 1
etermined by using the forward reaction (R2) and the temperature- showing the influence of the individual reactions on the Fe-atom

dependent equilibrium constant of Jerfsgiashed line). The dashed concentration. The sensitivities are calculate for the reaction conditions
dotted is based on an equilibrium constant calculated kpamd the of Figure 4

thermal properties of Péand Fe.?* The dotted line represents the

results of Krestiniq et & The square is based on a theoretical model 30
of Bauer and Frurip. & 30 ppm Fe(CO), / Ar
O 100 ppm Fe(CO), / Ar

the ab initio value of 217 kJ/mol proposed by Biez et af®

The empirical expression for the bonding energy of Freund and
Baue® is 146 kJ/mol, which is in very good agreement with
our experimental findings.

A comparison of the present values kf with data from
literature is also presented in Figure 5. The result of Krestinin
et allCis significantly lower, see the dotted line. This is mostly
due to the fact that they favor FeCO reactions to be the major
cluster formation channels which is in disagreement with our ]
observations. Bauer and Frurip estimated the coefficient at 1600 10 L ) . . ) ) )
K to beks(1600K) ~ 5.0 x 10 cm? mol~* s~ which is higher 8 9 10 11 12 13 14 15
than our value, see the square. A calculation of the rate 10000 K/ T
coefficient determined by the forward reaction R2 and the
equilibrium constant of Jens&is also plotted in Figure 5, see  Figure 7. Equilibrium constantK. calculated fromk, and ks. An
the dashed line. It shows a comparable activation energy but?stlmatlon by Jenséris represented by the dotted line. The dashed

. . - line showsK; calculated from the thermal properties of Fe and Fe
the absolute values dlffe_r t_’y an order Of magnltude. This \ith the thermodynamic data given in the literatéd€’ The full line
corresponds to the error limits of the equilibrium constant of s calculated with the modified heat of formation for,Fe
Jensefi to be about a factor of 10. The dashetbtted line
shows a second calculation based on the forward rate coefficientA typical result of calculated sensitivities for the reaction
k» and an equilibrium constant determined from the thermody- conditions of Figure 4 is presented in Figure 6. At an early
namic properties of Péand Fe.24 This results in a much higher ~ reaction timet < 55 us, the IPC decomposition reaction R1 is
rate coefficient than determined by the present experiments andmost important. At > 110us, its influence disappears nearly
is not able to describe the measured iron profiles properly. completely, and the sensitivity goes mostly to the recombination
Therefore, a more detailed discussion of the thermal propertiesreaction R2 and the balancing dissociation of B reaction
of F& must be performed. R3. At reaction timeg > 100 us, other nucleation reactions

Coagulation of Clusters. The coagulation process is con- Such as R4 and R6 are getting some importance. The other

sidered by reactions R¥&R31. For simplification, equally sized ~ "€actions of the mechanism of Table 1 have minor sensitivities

iron clusters are supposed to have the same structure and ar@" the time behavior of the measured Fe concentration.
treated as individual chemical components of the gaseous |hermal Properties of Fe. From the kinetically determined
mixture. For the modeling, clusters with a size up to four atoms "ate coefficientse; andks for the formation and destruction of

are considered as collision partners. The estimated rate coefr € itS thermal properties can be estimated, althoughitelf

ficients are based on collision frequencies. could not be measured. The ratio of the two rate coefficients is
o . . . equal to the equilibrium constamt, which is presented as a

. Sensitivity Analy5|_s of the Reac_tlpn MeCha”'S"?-Th.e_ function of temperature in Figure 7, see the points. The mean

influence of the various rate coefficients of the simplified

reaction mechanism of Table 1 on the measured Fe concentratioﬁ/ alue can be approximated by

was studied by a detailed sensitivity analysis using SEN®IN.
The normalized sensitivity to the measured Fe concentrationis K, =
defined as

N
(&}
T

N
o
I

In (K, / mol cm™®)

—_
)]
I

E2= 10 0630490 oy n(17800+ 700 K/T) cnt mol ™
3
The equilibrium values calculated by Jerseased on estimated

S = LE partition functions are also shown as dotted line in Figure 7.
[Fe] ok The temperature dependency is similar, but the absolute value
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is about a factor of 10 lower, which is within the error limits of
the Jensen study. A calculation of the equilibrium constant
determined from the thermodynamic data ofand Fe?* is
plotted as a dashed line, which is significantly lower than our
values.

The discrepancies in the equilibrium constant of Figure 7 are
mostly a result of the not precisely known thermodynamic
properties of F& We have therefore tried to determine the heat
of formation of Fe from our experimentak, values. For this
purpose, an average heat capacity and the standard entropy
Fe, were assumed to &, = 45 J/molK andS’ (298)= 248.3
J/imol K, respectively* A best fit value for the heat of formation
of Fe, (see solid line in Figure 7) was obtained with a value of
AH? = 675+ 4 kJ/mol. This value is about 6% lower than the
literature valué* and fits the experiments nearly exactly.

Conclusion

The nucleation of Fe atoms was investigated by measuring

Fe-atom concentrations behind incident shock waves in Fg(CO)
mixtures highly diluted in argon at temperatures between 670
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