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The gas-phase association reactions of ground-state manganese, iron, and ruthenium atoms with nitric oxide

are reported. The transition metal atoms were produced by the 248 nm photodissociation of 2-methylcyclo-

pentadienylmanganese tricarbonyl, ferrocene, and ruthenocene. Detection of these transition metal atoms was

by laser-induced fluorescence. Manganese was found to be the least reactive with nitric oxide of the transition
metals in this work. The limiting low-pressure third-order rate conskgnof Mn + NO + Ar can be expressed

as (9.54 2.5) x 10733 exp[-1.5 & 0.4 kcal motY/(RT)] cm® molecule? s™L. k, for Fe + NO + N, at 296

K is (2.3 £ 0.5) x 10732 cm® molecule? s™%; this reaction is independent of temperature over the range
296-622 K. Ruthenium was found to be the most reactive toward NO. In Ar buffers (7.3 + 1.0) x

1030 cmf molecule? s™1 and the limiting high-pressure rate constint= (3.84+ 0.8) x 10~ cm?® molecule?

s! for a fixed broadening factor of; = 0.6. The uncertainties here represent precision. Recent density
functional theory calculations on transition metal mononitrosyls were combined with RRKM calculations to
estimate the binding energies of the MNO and Fe-NO adducts.

Introduction tive to binding energie$.If the Mn + NO and Fe+ NO
reactions proceed with negligible barriers, as observed with
many TM+ NO reactions, then their reaction rates should be
of a comparable order of magnitude. Even though a binding
energy is not available for RuNO, the kinetic results can be
used to determine if the RUNO adduct is more strongly bound
fthan MnNO and FeNO.

The chemistry of gas-phase transition metal (TM) atoms is
an attractive field of study because of the relatively large number
of low-lying states in many TM atoms. The low-lying states in
a particular TM atom may be of different orbital occupancies
and hence may exhibit varying degrees of reactivity with a
particular reactant. It has been shown that the reaction rates o
TM atoms depend, in part, on the orbital occupancy of the TM
atom. In particular, states deriving frontds! electron con-
figurations, wheren = number of valence electrons, are Details of the experimental arrangement have been described
generally more reactive than those 8f#? configurations. For in detail elsewheré® and are only summarized here. The laser
example, a survey of dioxygen complexes of 3d TM atoms has photolysis/laser-induced fluorescence (LP/LIF) technique was
shown that TM atoms with singly occupied valence s orbitals used in this work. The reaction chamber was a stainless steel
are reactive relative to those with doubly occupied valence s cross with gas inlet and outlet ports, a viewport for LIF
orbitals! TM + NO association reactions might follow the same detection, and windows for passage of the laser beams; the
trend. Complex formation of Fe(3£) with NO has been found  chamber was contained in a convection oven capable of attaining

Experimental Section

to be less efficient than complexation of Crfddt), Mo(4cP- temperatures up to 623 K. The TM precursors were methylcy-
54h), Rh(4d5sY), and Pt(586sh) with NO.2-¢ The association  clopentadienylmanganese tricarbonyl (MMT), ferrocene, and
reaction of Re(58) with NO has also been studiédzven ruthenocene. For a given experiment, the precursor was

though ground-state Re has a closed s subshell, its reactivityentrained in a flow of buffer gas (argon or nitrogen) and carried
toward NO is comparable to those of Cr, Rh, and Pt. This to the reaction chamber. For MMT, the carrier gas entrained
observation has been discussed in terms of the better size matckthe MMT and the mixture was then passed through a mass flow
between the 5d and 6s orbitals compared to the 3d and 4scontroller. The carrier gas passed through a mass flow controller
orbitals. prior to entraining the other two precursors. A slow flow of

In this paper, the association reactions of ground-state Mn- buffer gas passed over the windows in order to minimize the
(3cP49), Fe(3¢4<Y), and Ru(4dss) with NO are reported. This  deposition of the precursor and photofragments. The buffer gas,
study not only allows the determination of falloff parameters window gas, and reactant passed through mass flow controllers
and barrier effects but it also allows the comparison of the prior to admission to the reaction chamber. Total flows were
reactivity of TM atoms with different electron configurations. between 150 and 8000 sccm, depending on the total pressure.
Molecular parameters and binding energies of the mononitrosyls Total flows were varied to test for temperature equilibration
of first-row TM atoms have recently been calculated by density and to make sure that the reaction rates did not depend on the
functional theory (DFT) methodsThe DFT calculations predict  overall flow rate. Partial pressures of the individual components
binding energies 0f50 kcal mot?* for Mn—NO and Fe-NO. were determined by their relative flows and the total pressure
Limiting low-pressure third-order rate constants are very sensi- in the reaction chamber. Pressures were measured by Baratron
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manometers, and temperatures were measured with a thermo- 10
couple attached to the reaction chamber. L ]
Fe and Ru were produced from their respective precursors 8l 4

by the focused output of an excimer laser operating on KrF
(248 nm) at 21 Hz. The laser beam was unfocused for MMT.
Photolysis fluences were between 0.1dah J cnT? in the
reaction chamber. Detection of the TM atoms was by LIF using
laser light from an excimer-pumped dye module. The photolysis
and dye beams counterpropagated through the chamber. Neutral
density filters were used to ensure that the dye laser fluence
did not affect the kinetic results. Dye laser fluences were less

Relative LIF Signal
N

than 1 mJ/pulse. Mnf&s);) was excited at 403.076 nm, Fe- 0r . . o i
(a°Dy) at 371.994 and 344.061 nm, and RiFg at 372.803 0 20 40 60 80 100
nm11~13 Subsequent LIF was detected on resonance using

interference filters. A photomultiplier tube and lens focusing Detay Time (us)

system, situated 9Qo the laser beams, collected the LIF signal, Figure 1. Typical decay profile. Data are for Rt NO + Ar at 295

which was subsequently sent to a gated boxcar sampling moduleK. Pno = 181 mTorr, P = 127 Torr. The solid line is an exponential

and the boxcar’s output was stored and analyzed by a computerfit from which 7 = 17.2;45 is obtained. The inset is the same data in
All kinetic results are based on the disappearance of the TM the form In(LIF) vs time.

atoms under pseudo-first-order conditions where the number — T

density of the TM, [TM], was significantly less than the number 0.06

density of NO. Reaction time was taken as the delay time

between the laser pulses. For a given experimental run, the delay r

time was varied by a digital delay generator controlled by a - J

computer. Minimum delay times were typically-B us in order

to prevent overlap of the prompt emission with the LIF signal.

The trigger source for these experiments was scattered pump

laser light incident upon a fast photodiode. LIF decay traces

consisted of 2086500 points, each point averaged over1D

laser shots. LIF intensities were proportional to TM number 0.00 ]

1 1 1 L 1 F | 1

densities. 0 50 100 150
Reagents.The following reagents were used as received:

MMT (Aldrich, 97%), ferrocene (Aldrich, 98%), ruthenocene NO Pressure (mTorr)

(Aldrich, 97%), Ar (Potomac Airgas, Inc., 99.998%), and N Figure 2. Typical plot for determining the second-order rate constants.
(Potomac Airgas, Inc., 99.998%). Nitric oxide (Liquid Carbonic, Same conditions as those in Figure 1 except for the changing NO pres-
99.0%) had to be purified for the Mn and Re NO studies. ~ sure. The slope yields= (9.65+ 0.15) x 10~*>cm® molecule™ s™%.

;I'he NQ Watf] passhe?hthroughfii cold trtap”at aS. Otr? prlort. TABLE 1: Measured Second-Order Rate Constants for the

0 passing through the mass flow controller. Since the reactions geaction Mn(aSy),) + NO + N,

of Mn and Fe with NO are relatively inefficient, the use of
purified NO was important in these systems. The RINO

k (10~*cm?® moleculet s™1)2

system did not require purified NO. Prota (Torr) 295K 402K 505K 622K

) ) 50 0.11 0.19 0.32

Data Analysis and Experimental Results 100 0.29 0.59 0.34 0.52

Experiments were generally carried out in the temperature 388 8'22 (1)';3 8'53 2'38
range 295-622 K and in the total pressure range B0 Torr. 400 1.1 16 1.7 18
A typical decay plot is presented in Figure 1; the data are for 500 1.3 1.8 1.8 2.3
Ru+ NO in Ar buffer. Note the growth at relatively short delay 600 16 2.3 2.5 2.9

times. The growth, attributed to the collisional deactivation of ~ Uncertainties are-40% in the 95% confidence limit.

excited states to f[h_e ground States,_was overf As and had TABLE 2: Measured Second-Order Rate Constants for the
no effect on obtaining the pseudo-first-order rate constant, 1/ Reaction Fe(&D,) + NO + N,

wherert is the lifetime of the LIF signal. I/is given by

k (10" cm® moleculet s71)2

1l = 1k, + kINO] (@) Piota (TorT) 296 K 523K 622K

20 2.16 1.37 1.26

wheret, is the lifetime of the TM atom without added nitric 100 7.36 3.99 3.85

oxide. Second-order rate constarkswere obtained from the %88 iﬁ'i 1‘1'%2 ;'gg
slopes of plots of I/ vs NO pressure such as that shown in 400 19.2 ' 115
Figure 2. Note that thg intercept is approximately zero. The 500 22.2 13.8
y intercept, which is equal to 44, was relatively small for all 600 24.0 156

700 29.3

experiments and represents the loss of TM atoms from reactions a Uncertainties are-30% in the 95% confidence limit
0 0 .

with precursor and photofragments and from diffusion out of
the detection zone. The measured second-order rate constants The reaction of Mn with NO was studied predominantly in
are tabulated in Tables—13. The overall uncertainties include  Ar buffer; a few experiments were performed in buffer, and
statistical scatter, reproducibility in the measured values, and rate constants identical to those in Ar buffer were obtained. The
instrumental uncertainties. rate constants in Table 1 indicate that atomic Mn is very
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Figure 3. Third-order kinetic behavior of M- NO + Ar. The solid Figure 4. Arrhenius plot ofk, for Mn + NO + Ar. Error bars represent
lines are linear regression fits from which the third-order rate constants +20 precision. See text for results of fit.
are obtained. See text for results of fit.

TABLE 3: Measured Second-Order Rate Constants for the ;"’ I |
Reaction Ru(&Fs) + NO + Ar at 295 K ‘v 2L i
Protal (TOIT) k (107*2cm?® molecule! s™4)2 §
5 1.20 E I ° l
7.5 1.66 o 1
10 1.93 = " )
15 2.40 o
20 2.85 < r
30 4.10 e 0
40 4.20 MY 7
60 6.30 L . L . L
75 7.26 0 1 2
100 8.30 19 3
127 9.65 [M] (10" molecules cm™)
150 11.0
200 13.0 Figure 5. Falloff behavior of Fet- NO + N,: (@) 296 K; (O) 622 K.
300 15.3 The solid lines represent fits to eq 2. See text for results of fit.
400 19.1 ,
500 20.8 Fe with NO does not depend on temperature over the-296
600 24.8 622 K range. The solid lines through the data are fits to the
20 (523 K) 0.601 Lindemann-Hinshelwood expressién
aUncertainties arec25% in the 95% confidence limit. kO[M]
inefficient in depleting NO. Figure 3 shows the plots of the k=—1 + kMK, (2)
rate constants as a function of the total number densities, [M].

The solid lines through the data are linear regression fits from . N .
which the limiting low-pressure third-order rate constigtis wherek, is the limiting high-pressure second-order rate constant.
9 P J Results of the fits are listed in Table &, is treated as an

obtained. Table 4 l'St.s the result§ Of. the ms.; note that the third- estimate because of the relatively long extrapolation to the high-
order rate constants increase with increasing temperature. The

third-order rate constants are plotted in Arrhenius form in Figure pressure limit,

o ; . The falloff behavior of Rut+ NO in Ar buffer is shown in
. 1
4; an activation engrgEa 0f 1.5+ 0.4 kca! mo’r is obtained, Figure 6. Ru is more reactive toward NO, and more points are in
where the uncertainty represent®c precision.

The rate constants for F& NO, shown in Table 2, were the falloff region; thus, we were able to use Troe’s formaliém,
measured in Blbuffer. Several rate constants in argon buffer
o : K [M] log F, ) -
2

were also measured at 296 K; they were found to be identical, logk = log

to within experimental uncertainty, to those measured jn N 1+ (k[M]/k,) 1+ [log(k,[M]/ k)]

buffer at the same temperature. The room-temperature rate

constants at 100, 200, and 500 Torr are in agreement with thosein obtaining the falloff modeling parametefs;, is the broaden-
of Mitchell and Hacket Figure 5 shows that the reaction of ing factor. Relatively large uncertainties feg and F. were

TABLE 4: Falloff Modeling Parameters for the Reactions of Mn, Fe, and Ru with NO?

™ buffer T (K) ko (cmf® molecule? s™%) k. (cm® molecule! s72) Fc Ea (kcal mol-t)P
Mn Ar 295 (8.2£0.2) x 10734 15+ 04
402 (1.6 0.1) x 10733
505 (2.1+£0.2) x 1073
622 (3.0+£0.1) x 1073
Fe N 296 (2.3 0.5) x 10732 (6.7£2.9)x 10713 0
622 2.7+ 0.3) x 10732 (44+£1.1)x 10713
Ru Ar 295 (7.3 1.0)x 107 (3.8£0.8)x 1071 0.6 (fix)

aThe uncertainties represe#2o precision.? Determined from experimental data.
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Figure 6. Falloff behavior of Rut+ NO + Ar at 295 K. The solid line
represents a fit to eq 3, witR. fixed at 0.6. See text for results of
fit.

obtained in the initial fits. Therefords. was fixed at 0.5, 0.6,
0.7, and 0.8. Smaller overall uncertainties were obtaineédfor

= 0.6. The parameters are listed in Table 4. The reaction rate
of Ru with NO in Nb buffer was found to be identical to that in
Ar buffer. Table 3 shows that the rate constant at 523 K and 20
Torr is smaller than the rate constants at 295 K, an indication
of no barrier to adduct formation.

Discussion

McClean et al.

TABLE 5: Input Parameters for RRKM Calculations 2

ground-state MnNO
(quintet) of the transition
MnNO adduct state
MnNO bond angle 141.41 141.4%
Mn—N bond length 1.753 A 3.75A
N—O bond length 1.218 A 1.15A
vibrational frequencies 1564 crh 1903 cn1?
551 cnrt
289 cnrt 120 cn?
dissociation energy 20 kcal mdl
barrier height 2 kcal mot
collisional energy transfer down  35@00 cmt
Leonard-Jones parameters 5.0 A and 250 K
excited state FeNO
(quartet) of the transition
FeNO adduct state
FeNO bond angle 140.09 140.09
Fe—N bond length 1.688 A 3.70A
N—O bond length 1.205 A 1.15A
vibrational frequencies 1629 crh 1903 cn1?
686 cnrt
252 cnt 60 cn1?
dissociation energy 36 kcal mdl
barrier height 1 kcal mot
collisional energy transfer 350 crh

5.0 A and 250 K

aThe molecular geometries and frequencies were taken from
ref 8.

Leonard-Jones parameters

The results presented above indicate that 1:1 complexes areyaye small or negligible barriers, the third-order rate constants

formed:

TM + NO + Ar (or N,) = TMNO + Ar (orN,)  (4)
Abstraction is not thermodynamically feasible for any of these
reactionst>16The relative values df, of the reactions indicate
that Ru(4d5s' &Fs) is the most reactive toward NO followed
by Fe(3ds? @D4) and then Mn(3t4s &8Ss);). On the basis of

can be used to determine the relative thermodynamic stabilities
of the formed adduct, is very sensitive to the binding energy,
Ep.? Thus, the binding energies fall in the ord&(MnNO) <
En(FENO) < Ex(RuNO).

RRKM calculations were performed on the MnNO and
Fe+ NO systems using the UNIMOL program suite of Gilbert
et al22 The necessary molecular parameters of the adducts were
taken from the DFT work of Blanchet et &knd are listed in

the orbital occupancy argument presented above, it is no surpriseTable 5. The Leonard-Jones parameters and the collisional

that Ru is significantly more reactive than Mn and Fe. Any filled
s subshell is likely to introduce repulsive effects in the reactions.
The first excited state of Mn with an! sonfiguration lies
17052.29 cm? above the ground statéFor Fe, the first excited
state with an Sconfiguration lies only 6928.280 crh above

the ground staté! Thus, the higher reactivity of Fe might be
due to the relatively greater accessibility to potential surfaces
evolving from ¢ occupancies as reaction proceeds; i.e., mixing
between thesand € occupancies may be more probable for
Fe. The reactivity of TM ions (TM) has also been found to
depend on their electron configurations. TM ions with empty
valence s orbitals are generally reactive, whereas TM ions with
occupied s orbitals are not as reactiVeThe orbitals that
participate strongly in the 3d TMNO bonding are the 3d and
4s atomic orbitals of the TMs and ther mnd sz* molecular
orbitals of NO8 It seems likely that the d, &, andz* orbitals

will also play dominant roles in the bonding of the 4d TMs
such as Ru with NO. The reaction of Mn with NO is
characterized by an activation barrier of 1.5 kcal mol
Considering the relatively ineffectiveness of this reaction, the
barrier is surprisingly small. MA- NO might proceed entirely

on the ground-state surface, which presumably would have a
shallow minimum, sincé, is small. The same possibility exists
for the formation of FeNO, which is also inefficient and
proceeds with a negligible barrier. The reactions of other TM
atoms with NO have also been found to proceed with little or
no activation barrier$18-22 Since the reactions reported here

energy transfer dowAeChave not been determined experimen-
tally for these systems. However, experimental values of these
parameters for several gases are provided in the texts of Gilbert
and Smitf and Reid et a#* On the basis of these tabulations,
we chose to estimate these values as presented in Table 5.
Similarly, the geometry and vibrational frequencies of the
transition states for these systems have not been determined.
Thus, we estimated these values as follows. We assumed that
the reaction proceeds along the Fitrogen bond. The length
of this bond was varied from slightly longer than the length in
the adduct to 6.0 A. The length of the\D bond was also
varied from the length in the adduct to the NO molecular bond
length. The rotational constants were calculated for each
geometry, and the geometry presented in Table 5 gives the best
fit to the experimental data. The vibrational frequencies in the
transition state were determined by assuming that the-TWM
vibration is the degree of freedom that represents the reaction
coordinate. For the two remaining vibrations, one was varied
between the value of the NO vibration in the adduct and its
value in the separated NO molecule, and the other one was
allowed to assume any value and was adjusted to fit the data.
The values reported in Table 5 for the vibrational frequencies
and geometry of the transition state are not necessarily the real
values, but they provide the correct density of states at the
appropriate temperatures.

Reasonable agreement between calculated and experimental
rate constants could not be obtained using the DFT binding
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Summary and Conclusions

The association reactions of Mn, Fe, and Ru with NO have
been investigated as a function of temperature and pressure.
These reactions exhibited little or no activation barriers. The
relative reactivity of these TM atoms falls in the order Mn
] Fe < Ru. Results are interpreted in terms of the orbital occu-
pancies of the TMs; i.e., TMs with arit sonfiguration such as
Ru are generally more reactive than TMs witltenfigurations
1 such as Fe and Mn. Recent density functional theory calculations
on transition metal mononitrosyls were combined with RRKM
L . ! s L calculations to estimate the binding energies of the-N©
0 1 2 and Fe-NO adducts: E,(Mn—NO) = 20 kcal mot?; Ep(Fe—

19 3 NO) = 36 kcal motl. A binding energy for RaeNO > 36

[M] (10"~ molecules cm™) kcal moltis inferred from the relatively large third-order rate

Figure 7. RRKM results for Mn+ NO + Ar. constant.
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