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Experimental and computational study of the new gaseous molecules
OMnF and OMnF ,

G. Balducci, M. Campodonico, and G. Gigli®
Dipartimento di Chimica, Universitai Roma “La Sapienza,” p.le A. Moro 5, 00185 Roma, ltaly

G. Meloni
Department of Chemistry, University of California, Berkeley, California 94720

S. Nunziante Cesaro
CNR—Istituto per lo Studio dei Materiali Nanostrutturati, Sezione Roma 1, c/o Dipartimento di Chimica,
Universitadi Roma “La Sapienza,” p.le A.Moro 5, 00185 Roma, Italy

(Received 5 August 2002; accepted 19 September)2002

The new gaseous species OMnF and OMnfere identified and studied by high-temperature
Knudsen Cell Mass Spectrometry. Their thermochemical atomization energies were derived through
the study of several all-gas equilibria in the temperature range 1735-1913 K. FTIR matrix isolation
experiments together withb initio and density functional calculations were performed to determine
the molecular parameters, bond distances, and vibrational frequencies of @einé OMnF, g, .

The results allowed us to evaluate a set of thermal functions for the new species that were used
in the evaluation of the equilibrium data. The proposed atomization energies and enthalpies
of formation are A Hy(OMNF,g)=(903+5) kimol'!, AHjeg 4 OMNF,g)=(—297+5)
kJmol !, and A Hy(OMnF,,g)=(1470=70) kImol'?, A{Hjgs{OMNF,,g)=(—789+=70)
kmol'l. © 2002 American Institute of Physic§DOI: 10.1063/1.1520141

I. INTRODUCTION ab initio and density functionalDF) calculations to provide
reliable molecular parameters subsequently used in the

In contrast to the corresponding binary halides and oxevaluation of the thermal functions of the species under

ides the thermodynamic and spectroscopic properties of thetudy.

ternary gaseous oxyhalides of the first transition series met-

als have been scarcely investigated. These species may He

formed through gas—solid reactions, where a relatively un-"

volatile oxide phase and a more volatile halide of the samé\. Mass spectrometry

metal interact at high temperatures to yield the gaseous oxy- Knudsen cell-mass spectrometry has been employed in

halide species. K.nowled-g.e of the formathn cond|-t|ons anGhis investigation. This classical technique continues to be an
the thermodynamic stability of these volatile species are o nvaluable tool for the identification and thermochemical
concern in chemical equilibrium modeling of various Chemi'characterization of new gaseous molecules. The basic fea-
cal transport processes such as high-temperature materiglsas of the technique have been previously descfifeal.
corrosion, pyrometallurgy, and, more recently, in halide lampzg .1 radius of curvature, a 60° magnetic sector mass spec-
systems. . . trometer was used. A secondary electron multiplier was used
As concerns, in particular, the O-Mn—F system, SoM&yq ihe getector. Knudsen cell temperatures were measured by
molecular constants and wbra’uonall f4eatures were reported gisanpearing filament optical pyrometer, calibrated against
previously for the species BInF(g).™" No thermochemi- 5 giandard NBS certified lamp. The pyrometer was sighted at

EXPERIMENT

cal data were available. o a blackbody hole at the bottom of the cell. Appropriate win-
In the research reported here thermochemical informagq, and prism corrections were applied.
tion for the two new gaseous species OMnF and ObAwés The AL,O; liner was inserted into a molybdenum cell.

obtained from the Knudsen cell-mass spectrometK€-  rpe effusion hole was 1 mm in diameter with an estimated
MS) measurement of a number of all-gas equilibria '”VOIV'CIausing factor of 0.4. Samples were prepaireditu using

ing these species. Concurrently, some vibrational features (N;Ian(s) with a molar equivalent of Mn@) in the case of
the same OMnF and OMnFspecies were obtained from 1o OMNE and MgO,(s) for the study of the OMnEmol-
FTIR-matrix isolation experiments for which the trapped va-o¢jje. MnO,(s) was produced by oxydizing pure Mn€)(
por species were produced in effusive conditions similar tqp, 4ir at the temperature of 1050 °C.

those of the KC-MS experiments. Some very preliminary e molecular beam effusing from the cell was ionized

experimental results have been anticipated in Ref. 5. In thi§it, 70 v electrons and the electron emission current was
paper, the completed experiments were complemented Withyjated at 1.0 mA. Identification of the ions was accom-
plished by the standard proceddréhe intensities measured

¥Electronic mail: g.gigli@caspur.it for the various ions were converted into partial pressures by
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the relationP=Kf;1;" T, whereK is the instrument sensitiv- and *3MnF, (11.5. In all cases, the uncertainty in the ap-
ity constant and; a factor specific of the ion considerefj; Pearance potential is 0.5 eV. The rather low value of the
takes into account the cross sectien, multiplier gainy;,  appearance potential of the OMnHon is consistent with a
and isotopic abundancea; of the specific ion, f;  Simple ionization by electron impact.

=1/(oy:a;). An inverse square root dependence of the mul- ~ The presence of the remaining ioffIF; , ®°AIF;
tiplier gain on the mass has been assumed for all the 0B AIF", ®Mn*, “MnF", and®*MnF; , was attributed to the
served ions. The molecular ionization cross sectians, heutral precursors: Al Mn, MnF, and Mnk;, by analysis

were evaluated, from the atomic valifeby the method of of the ionization efficiency curves together with the mea-
Guido and Gigli? The resulting adopted valuegin sured appearance potentials. A contribution of the dissocia-

10 16 cn?) for all the species taken into account arg O tive ionization of Mnk to MnF" must be taken into account,

(3.13, Mn (6.75, MnO (6.35, MnF (6.21), MnF, (8.27,  despite the fact that our experimental conditions produced an

OMnNF (8.01), and OMnFK (9.14). abundance of MnF. Previous works provided spectra for
The instrument sensitivity constant has been determinethe MnF, molecule’”~**In Ref. 13, a detailed analysis of the

by the repeated quantitative evaporation of pure silver. Th&lectron impact mass spectra of the manganese fluorides was

resulting value was 0.650.08 bar K 1 A1, performed. For the Mnf-molecule the ion intensities ratios,
at 70 eV, were found to be as follows MrMInF*:MnF,
B. IR measurements =36:100:38. This spectrum was later reproduced in Ref. 14.

In contrast to the previous work, the present investigation

The experimental apparatus employed for matrix isolayegited in a ratio between MiFand MnF ions, at 70 eV,
tion measurements basically consists of Bruker IFS 113V inghat was smaller. Therefore. an experiment was performed

terferometer under rotary vacuum and a cryd#r Prod-  ith pure Mnk(s) in a nickel cell that has been prefluori-
ucts and Chemicals 202 C3Aotatable in a home made naied in order to prevent any interaction of the sample with
shroud connected to a high-temperature furnace under highe container material. Under these conditions no primary
vacuum. _ ‘MnF* was observed and the following ion intensities ratios
Blank spectra were collected for manganese tri- and diyave peen measured: MrMnF" :MnF; = 14:84:100, lead-

fluoride vaporized from molybdenum Knudsen cells withjng 14 the conclusion that in our experimental conditions a
orifices from 0.7 to 1.1 mm in the intervals 700—-1000 K andgier fragmentation occurs in the ion source. While these
1000-1500 K, respectively. Preliminary vaporizations offingings call for a full explanation, at the moment, it can only
manganese oxidéInO, MnO, and MryO,) in the approxi-  he nointed out that the difference in some feature of the ion
mate range 800-1200 K were also performed. In the matriqrces could be the origin of this discrepancy. A possible
deposition of MRO, vaporization products, a very weak ab- gypianation is the absence, in our ion source, of any magnet
sorption at 8335 cm” was observed likely indicating the - gevice that is sometimes used in order to increase the sensi-
presence of a negligible amount of MA®* Other samples ity As a consequence, a larger proportion of molecules
gave no bands in this region. Vaporizations of mixtures Ofeq g follow the primary ionization channel in our apparatus.
manganese difluoride with Mn oxides were performed fromaccording to these observations, in the subsequent conver-
a molybdenum Knudsen cell while a molybdenum doublegion of jon intensities into partial pressures, the measure-
cell was employed when studying Maixtures with MnO,  ents of the MnE and MnF ions have been corrected for

MnG,, and MO, The temperature gradient, around 200he actyal fragmentation pattern measured here.
K, was determined by the cell geometry. The fluoride was

located in the colder compartment and its vapor was allowed

to pass over the Mn oxide sample filling the hotter compart-

ment of the cell itself. The vapors were deposited on a gold. OMnF, molecule
plated cold finge(12 K) in excess argoiiCaracciolo, high
purity). Depositions lasted from 5 to 60 min. A resolution of
1 cm * or better was used.

In addition to the ions reported above, the OMnien
was also detected with an appearance potential of (10
+1) eV. No other possible precursors have been observed
in the mass spectra. This, together with the value of the mea-
IIl. RESULTS AND DISCUSSION sured appearance potential, suggests the attribution of this
A. Mass spectrometric results ion to the primary ionization of the new molecular species
OMnNF,. The possible contribution of the fragmentation by
1. OMnF molecule electron impact to the ion OMnFwas not substantiated by
The experiments were typically performed by letting thethese experiments. The ionization efficiency curves of the
system interact and degas for a couple of days at 850 °©OMnF" did not exhibit any upward break. In addition, it
before taking any measurement. Indeed, in the first stage ahould also be mentioned that in the various stages of the
the evaporation process aluminum fluorides ions were founéxperiments the ratio of the ion intensities OM#BMnF*
to be dominant in the effusing vapor. The ions identified byvaried rather largely. Indeed, in some cases no OMidh
the usual proceduféogether with their appearance potentialwas ~detectable and, when observed, the ratio
(in eV and determined by the vanishing current method OMnF, /OMnF" was found to range between 1.4 and 10.
were 3205 (12.2, *°AIF* (17), *Mn* (7), SAIF; (15.5), The measured intensities of the ions pertinent to this
IMnO* (7.5), "“MnF* (9.5), 3AIF; (14), “®OMnF* (10.5, investigation are reported in Table I.
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TABLE I. lon intensities recorded in the experiments.

TIK 1(05)/A I(Mn*)/A I((MnO™)/A I((MnF")/A I((MnF3)/A I(OMNF*)/A I(OMNF; )/A
1667 1.70E-11 1.55E-10 2.29E-11

1781 5.10E-11 3.30E-09 2.05E-11 3.21E-11 7.58E-12 6.60E-12

1789 5.20E-11 6.10E-10 3.80E-12 7.56E-12 1.86E-12

1882 5.80E-10 1.70E-09 2.10E-11 1.07E-11 3.15E-12

1962 3.70E-12 8.40E-09 6.85E-12 1.15E-11

1892 4.20E-11 2.10E-09 7.65E-12 4.95E-12 3.90E-13

1707 7.80E-10 1.60E-12 2.46E-10

1719 2.40E-12 7.80E-10 1.30E-12 1.88E-10

1741 1.40E-11 9.50E-10 3.35E-12 6.50E-11 1.26E-10

1784 2.00E-11 1.95E-09 6.80E-12 6.24E-11 4.84E-11

1832 3.00E-13 3.60E-08 1.25E-11 1.59E-10 1.46E-11 1.50E-12

1845 1.40E-12 2.30E-08 1.75E-11 1.32E-10 1.53E-11 2.60E-12

1865 4.45E-12 1.70E-08 1.70E-11 8.09E-11 7.25E-12

1884 4.50E-12 1.45E-08 1.75E-11 6.01E-11 4.31E-12 1.60E-12

1913 7.20E-09 1.50E-11 3.00E-11 1.30E-12

1705 1.55E-10 3.10E-10 4.35E-12

1735 9.60E-12 1.70E-09 6.25E-12 2.91E-11 1.53E-11 3.65E-12 5.10E-12
1772 4.00E-12 4.60E-09 7.00E-12 3.31E-11 7.63E-12 1.60E-12 2.10E-12
1767 2.40E-12 3.40E-09 4.50E-12 7.07E-12 3.10E-13

1819 3.00E-12 5.75E-09 7.60E-12 2.94E-12 1.15E-13 1.15E-12
1861 9.40E-12 6.90E-09 1.25E-11 7.55E-12 3.60E-13 2.05E-12
1886 1.70E-11 9.15E-09 1.80E-11 6.76E-12 3.25E-13 1.35E-12
1911 2.15E-11 1.10E-08 2.40E-11 4.72E-12 2.40E-13 1.30E-12
1886 1.40E-11 9.15E-09 1.60E-11 3.35E-12 1.40E-13 2.00E-13
1857 1.45E-11 5.70E-09 1.00E-11 2.40E-12

B. Thermochemical results performing these Il- and Ill-law analyses, all the necessary

The nature of the condensed phase and the interactioﬁlqermodynamic functions and ancillary atomization enthalp-
with the container material caused a large variation in thd€S were taken from Ref. 16. .
gaseous phase composition during the vaporization experi- A Similar analysis was performed for reactio(2).
ments. Therefore, it was very important to reach equilibrium’ e necessary thermodynamic functions were taken, for
in the Knudsen cell and be able to check its attainment. A€onsistency, from Ivtanthermi8. The resulting third- and
each temperature, measurements were taken after lorgcond-law enthalpies of reactid®) were A Hq(lll-law)
equilibration times while continuously monitoring the inten- =(100.3:1.5) kImol'* and A Hig{ll-law) =(100.6
sity reproducibility of the ions of interest. In addition, the *18.7) kJmofl*; this last value, when reduced © K pro-
equilibrium constant of reactions involving known gaseousvidesA Hy(ll-law) =(111.2+18.7) kI mol . Therefore, an
molecular species were measured, providing confidence iaverage value of (105:89.4) kJmol ! can be proposed for
the attainment of equilibrium in the Knudsen cell. These re-+this reaction and compared with the value of 87.1 kJthol

actions are that can be obtained from the Ivtanthermo database atomiza-
. . . ° _ 1
MnO(g) =Mn(g) + 1/20,(g), 1) tion ) energies: AaHO(Manz,g) =983.1 kI mol and
A Hy(MnF,g) =448 kmol *. However, more recently the
MnF,(g)+Mn(g)=2 MnKZg). (2 MnF, atomization energy has been redetermifieds

A Hy(MnF,,g)=(995.6+5.0) kJmol 1. For consistency, a

constants from the data in Table | and, hence, the so—caller(ﬁanaIySiS of t_he orig_inal data has b_een m E_’lde Wi_th the same
second- and third-law enthalpies. The second-law metho&, ermodynamic functions employed in this investigation. By
based on a least-squares analysis d{Jivs 1T plots, pro- taking the average of the second- and third-law result, almost
vided a value of (12928.7) kJmor'* at an averag’e tem- o variation is found in the final value for the atomization
perature of 1824 K. When reducenl@ K the resulting ll-law ~ €N€rgy.AaHo(MnF;,g) =(996.3+ 11.5) kJ mol 1. With this

reaction enthalpy is (125:08.7) kJmol . The correspond- New determination the enthalpy of reacti®) is calculated
ing third-law value, based on the relationship.Hy= to be 100.3 kI mal*. Therefore, on one hand, our results are

—RTINK,~TA[(G;—Hy)/T], is (118.5-1.5) kJ mol . to be considered in agreement with previous studies and the
From the average value of 121.8 kJ mbkhe atomization —outcome of the thermochemical analysis of this equilibrium
energy of the MnO molecule is derived to be gives confidence to the consistent use of the fragmentation
A Hy(MnO,g)=368.6 kImol!, a value identical to the pattern measured here. On the other hand, our results for
original one measured by Drowart and Sm&eg368.6 reaction(2), together with the reanalysis that led to the afore-
+7.5) kJmol'!, and in excellent agreement with the value mentioned value of the enthalpy of atomization of MnF
tabulated in the Ivtanthermo databd8&67.0 kimoll. In  allows us to propose a slightly revised downward value for

For reaction(1) it was possible to derive 22 equilibrium
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TABLE Il. The Gibbs energy functionsg;-Hg)/T (GER), and enthalpy

Balducci et al.

From the measured ion intensities of Table I, the follow-
contentsHy-H, (HCFy), for the gaseous molecules OMnF and OMnF jhg || gas equilibria could be studied in the temperature

OMNE OMnF, range 1735-1913 K:

GEFR, HCF, GER, HCF, OMnKg) +Mn(g) =MnO(g) +MnF(g), ©)

TIK JK tmol™? kJ mol* JK tmol™t kJ mol* o 15
Mn =MnK(g)+3 , 4

298.15 231.645 12.889 258.101 14.943 o) (@)+20:(9) @
1400 308.838 78.101 353.185 100.212 20Mn +Mn(a)=MnF-(d)+2 Mn , 5
1500 312.701 84.259 358.147 108.387 Ho) (@) 2(9) o9) ©®
1600 316.337 90.425 362.830 116.573 2 OMn =MnF,(a)+Mn(a)+0,(q). 6
1700 319.773 96.600 367.263 124.773 atl 2(9) (9)+0:(9) ©
1800 323.029 102.782 371.473 132.986 In principle, equilibria(3) and(4) as well as(5) and(6)
;ggg ggg-égg ﬁg'igg g;g-ggg ﬂéig‘i are not independent, being related through the dissociation of
2100 331,885 121.356 382 056 157 681 the m.olecule MDQ to atomic Mn and a molecular oxygen
2200 334578 127 556 386.457 165.928 (reacpon ). A similar observation applies to the coupled
2300 337.159 133.759 389.817 174.180 reactions(3)—(5) and (4)—(6). On the other hand, the set of
2400 339.638 139.964 393.046 182.438  points available for the study of the interrelated equilibria is

not identical. Moreover, equilibrié3) and (5) are indepen-

dent from the instrumental constant whilé) and (6) do
depend on this parameter. Since systematic errors might have
the MnF atomization enthalpyA,Hy(MnF,g)=(445.2 played a different role in the thermodynamic treatment of the
+7.4) kImol . data we preferred to study all of these equilibria.
The equilibrium constants and third-law data for all of

1. OMnF molecule

the aforementioned reactions are reported in Table Ill. The
drift in temperature of the third-law values is reported along

In order to thermodynamically characterize this newlywith the average third-law enthalpy of reaction. This drift,
identified molecule, its thermodynamic functions, the Gibbsevaluated by assuming a linear dependence of the individual
energy functions— (G3—Hg)/T (GEF,) and the heat con- points, provides a figure of merit for the absence of tempera-
tent functions H7—Hp)(HCRy), have been calculated by ture trends. Also in Table Ill, the second-law enthalpy of
using the molecular parameters determined using quantumeactions are reported. For equilib(@ and(4), the selected
mechanical computations. The resulting values are reporteehthalpies of the reaction are the average of the second- and
in Table Il. third-law results. For the reactionts) and (6), for which a

TABLE Ill. Equilibrium data and enthalpi@gor the reactiong3), (4), (5), and(6).

TIK In ky(3) AHY(3)/kImolt  Inky4) A Hgy(4)/kImol't  Inky5)  AHy(5)/kImolt  Inky(6) A Hy(6)/kImol?
1781 —26.22 87.8 —52.28 207.5 —29.29 75.6 —-81.4 315.0
1882 —23.49 86.9 —44.92 204.9
1892 —22.69 85.8 —44.86 205.9
1832 —24.58 86.9 —47.89 205.1 —27.30 73.7 —-73.9 310.1
1845 —24.18 86.7 —47.57 206.0 —26.73 73.1 —-735 311.6
1884 —22.85 85.8 —45.14 205.6 —25.36 71.8 —69.9 311.3
1913 —22.36 86.0
1735 —26.48 86.2 —55.22 207.4 —27.84 71.4 —-85.3 313.7
1772 —25.88 86.8 —50.84 203.9 —26.30 70.0 —-76.2 304.2
1767 —26.23 87.2 —52.17 205.7
1819 —25.29 87.7 —50.17 207.9
1861 —24.32 87.6 —46.97 206.6
1886 —23.70 87.5 —44.52 204.6
1911 -23.31 87.7 —43.96 206.1
1886 —23.52 87.1 —44.16 203.9
Avg. third law 86.9-0.7 205.8-1.2 72.6-2.0 311.6:3.8
trend 16 -15 -75 5.7 -25
Avg. temperature 1843 1838 1807 1807
TIK
Second Law 77.5+6.0 212.6:11.0 48-32 313-63
Aern
Second LawA Hp, 89.5-6.0 219.7211.0 58-32 31763
Selected\Hp 88.2+3.0 212.8:5.5 73£15° 311+6°
Derived 902.0+8.1 904.5-9.2 903-11 900-6
A Hy(OMNF)

#rrors quoted are standard deviations.

PError estimated from the difference between the second- and third-law values.
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very limited number of experimental points could be taken, aquantum mechanical computed atomization enésgg Sec-
second-law analysis is barely warranted. Nevertheless, wgon Il D) supports a value at the lower end of the aforemen-
preferred to perform this analysis because it gives an idea afoned range. In the situation depicted above a precise value
the quality of the primary data. Moreover, its deviation from cannot be given for the atomization energy of the OMnF
the third-law value is used here as an estimate of the error ogyolecule, even if somewhat more credit should be given to

the selected value that is the third-law result. In the last rowhe |ower value, 1470 kJ mot. Our best estimate of the
of Table Ill, the atomization energies of the OMnF moleculey,ssiple uncertainty limit on this value is a rather large one:

derived from the selected value of the various reactions are 7o kJmoll With the ancillary data of Ref. 16 the en-
reported. In deriving these values the dissociation energy qfnalpy of the formation at 298.15 K has been calculated to be
MnO(g) was taken from Ref. 15 and the molecular oxygen Hoes 1{ OMNF, ,g) = (— 789 70) kJ mol
dissociation energy from Ref. 16. The atomization energy of ' 2981 2.9 - '
MnF,, 996.3 kJmol?, recalculated from Ref. 17, and the C. Vibrational frequencies
MnF atomization energy of MnF, 445.2 kJ molproposed
here, have been employed.

From the various values df;H,(OMnF,g) presented in

The infrared spectra of the vapors produced by M)
and Mnhk(s) have been fully characterized in the pHsi2

Table Ill, an overall average value of (98%) kJ mol * is A reinvestigation with our expe_rimental _apparatus was
proposed for the atomization enthalpy of the OMnF moI_needed to study the spectroscopic behavior of the vapors

ecule. This value was calculated by weighting the number of Ver the mixture of Mnk(s) and Mnk(s) with manganese
experimental points. The corresponding enthalpy OfoX|des. ) o )
formation at 298.15 K, A¢Hjeg,{ OMNFg)=(—297 Trapping the equilibrium vapor over manganese trifluo-

+5) kamol'! has been calculated by the pertinent thermo-ide, vaporized at 750 K in excess argon, two actiye infrared
chemical cycle using the ancillary data taken from Ref. 16.bands were detected at 758.6 and 711.4 tand assigned to
Mn—F stretching modes in agreement with previous
observation$®1°The spectrum is in agreement with the pla-
The molecular parameters needed to evaluate the thefar geometry with two longer and one shorter Mn—F bond
modynamic funct_lons of OMnf were denyed from the (C,, Symmetry suggested for the MnFmolecule by elec-
quantum mechanical calculations reported in Sec. llD. Thg;q giffraction result€3 When manganese trifluoride was
comguted GE,E afnd HtChFO are retport(_at(_j n 'I;a_ltzleblll. | . heated at a temperature over 750 K, a band at 699.5' cm
~unce again from the lon Intensities ot fable 1, vanous ., o g 1o appeatr, indicating the presence in the vapor of
equilibria can be taken into account in order to derive theman anese difluoridéour blank spectra and Refs. 18, 20
atomization enthalpy of this species. The following reactions gar . . X sp S
were considered: 21). This band gained intensity with the vaporization tem-

perature and, at temperatures higher than 1200 K, was the

2. OMnF, molecule

OMnF,(g)+2 Mn(g) =MnO(g) + 2 MnHg), () only feature detected. Mixtures of Mp) and Mn oxides

OMNF,(g)=MnF,(g) + 1/20,(g), (8) showed the appearance in the spectrum of the only former
compound.

OMnF;(g) +Mn(g) =MnF;(g) +MnO(g), C) Mixtures of MnRy(s) with Mn oxides were used for the

OMnF,(g) +Mn(g) = OMnF(g) + MnF(g). (10) spectroscopic investigation for two reasons. First, at the

work vaporization temperature, Mpfvas the main or the
Only two equilibrium constants at 1735 and 1772 Konly species present in the vapor made to pass through the
could be calculated for both reactiot8) and (9) yielding  potter part of the double crucible containing the Mn oxide as
third-law reaction enthalpies of 223.2 and 231.5 kdmol  4scertained in the aforementioned preliminary vaporization
[reaction(8)], and 102.0 and 114.3 kI mdi[reaction(9)]. In pure MnR(s). In fact, the fundamental modes of MnF
were never detected when vaporizing mixtures while the

1735-1911 K. However, the resulting third-law reaction en-qvm_': stretching que of the difluoride was alwgys ob-
served. Second, owing to the lower sensitivity of infrared

thalpy values were found to be quite scattered. The valueg aratus with respect to the mass spectrometric one, a more
ranged from 203.1 to 296.3 kJ mdl for reaction(7) and PP P P '

from 116.9 to 208.5 kJ mol for reaction(10). efficient fluorination of Mn oxides was needed in order to

As a consequence of this scatter of the primary data, thg.chieve a higher concentration of oxyfluoride species in the

range of possible values for the atomization energy of the/2POr: _ o _
OMnF, molecule varies between 1470 and 1543 kJThais When trapping the equilibrium vapor over the mixture of

it can be calculated with the appropriate thermochemicaMnFs(S) and MnOg) kept at 750 and 1200 K, the funda-
cycles when the necessary ancillary atomization energies fdpental modes of Mnfwere the only feature observed, sug-
MnO* and G,,® and for MnF and OMnF proposed here are 9esting the absence of a detectable amount of reaction prod-
used. Two simple remarks can be made on the reliability ofiCts. Matrix spectra obtained when MnFapors were
these results. Within the measured range of values, small@llowed to pass over Mngs) or Mn;O,(s) were identical.
atomization energies were derived from those equilibriumin both cases new features were observed at 999.9, 988.4,
points where the OMnf ion was found to be larger and, 692.3, and 684.2 cit. Neither the vaporization temperature
therefore, less prone to measurement errors. In addition, theor the deposition time affected the intensity ratio of the new
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TABLE IV. Optimized bond lengthgin A), vibrational frequencieén cm™1), ZPE (in kJ mol %), atomization energie§n kJ mol %), and(S?) for the OMnF
molecule computed at various levels of theory using the cc-pVDZ basis set for O and F, and therG3-Basis set for Mn.

Method State -E? M Mn-o0 I M v,° vy Vs ZPE A Hy (S?)

HF I3, 1323.771516 1.496 1.751 1258 144 703 13.5 0.000
HF % 1323.878 099 1.706 1.833 685 57,175 402

HF 53, 1324.052 603 1.834 1.843 705 112 577 9.00 696 6.012
HF I 1324.049 941 1.875 1.826 727 140 570 9.43 12.00
MP2 s 1324.426 065 1.518 1.774 1154 88 659 11.9 0.000
MP2 ) 1324.445 737 1.623 1.815 1301 i 48, 170 627

MP2 ) 1324.487 901 1.778 1.834 693 110 572 8.88 887 6.012
MP2 s, 1324.242 354 1.871 2.309 615 93, 100 193 5.98 12.00
B3LYP s 1325.931 706 1.520 1.737 1155 54, 72 706 11.9 0.000
B3LYP 33, 1325.965 301 1.579 1.782 1004 i 48,183 665

B3LYP ) 1325.993 048 1.636 1.826 873 118 630 10.4 921 6.001
B3LYP s 1325.992 714 1.892 1.793 719 88 573 8.79 12.00

8 is in hartree.
by, and v are the stretching vibrational modes, angdis the bending vibrational mode.

bands suggesting their attribution to the same molecular spegested by the quantum-mechanical calculatimee below.
cies. Undetected modes are also predicted;=183.3; vs
According to the KC-MS observations, the new bands=320.9, andvg=110.5 cm .
observed could belong either to OMnF or OMnfolecules. The frequencies calculated in the quantum mechanical
Since both species have a single Mn—O group, the bands gkction are reported in Tables IV and V for the OMnF and
999.9 and 988.4 cnt, lying in the spectral region where the omnF, molecules, respectively. A comparison of the pre-
Mn—O stretching mode is expectéf;* can be interpreted as gicted vibrational levels with the experimental observations
components of a doublet likely due to a matrix splitting ef-|o54s to an assignment of the bands to the OmBlecule.
fect. Remaining peaks at 692.3 and 684.2 tirould also be In fact, the Mn—O stretching mode of OMpRvaluated at
considered a doublet, both in case of OMnF having a Singl(f‘L016 cm ! fits quite well the experimental value of the dou-

Mn—F bond and also in case of OMaiFassuming that the blet at 999.9 and 988.4 cmh. However, calculations predict

second stretching mode is too weak to be detected. Alterna- i .
tively, they can be attributed to the asymmetric and symmet‘:’l gap around 100 cif between the symmetrica() and

ric stretching modes of OMnF respectively. The lack of asymmetric by) Mn—F stretching modes largely exceeding

fluorine isotopes does not allow an unequivocal assignmerj_fpe distgnce between the bandf detected in the Mn—F stretch-
on(692.3 and 684.2 cit). On the grounds of the

of the bands observed. However, a consideration of the flud™"d 9! . _
rination efficiency of Mnk would seem to indicate the for- quantum mechanical results, therefore, it seems reasonable to
mation of OMnF. assume that the bands at 692.3 and 684.2"cane compo-

The experimental frequency values are reproduced bjents of a doublet attributable to the asymmetric stretching
the following force field: Fy,_o=7.16; Fy,_r=4.03; mode of OMnk while the symmetric one is not visible as a
Fo_mn_— 0.26; F_vn_—=0.057; Fme_vne=0.68;  consequence of its weak intensity. In this hypothesis, the
Fumno-mne=0.4;  Fomne—pmne= 0.0218; F,,=0.02 mdyn/A.  expected higher intensity of the doublet attributed to the
These values are calculated assuming the Mn—O and Mn—-Mn—F stretching mode with respect to that one assigned to
bond lengths of 1.5647 and 1.7291 A, respectively, and 4he Mn—O mode is in agreement with experimental observa-
F—Mn-F angle of 118° in a planar arrangement, as sugtion. The overall picture is summarized in Table VI.

TABLE V. Optimized bond lengthéin A), vibrational frequencie§n cm™t), ZPE (in kJ mol %), atomization energiesn kJ mol %), and(S?) for the OMnR
molecule computed at various levels of theory using the cc-pVDZ basis set for O and F, and the@-Basis set for Mn.

Method State —E® 'wio Tw-r £FMnF b, a, b, a, b, a, ZPE AHp; (S

HF 2B, 1423.286 811 1.843 1.719 103.9 337 227 530 660 820 800 20.2 0.777
HF 4A2 1423.316 421 1.774 1.728 102.8 490 272 206 740 642 862 19.2 3.750
HF ‘B, 1423.529 217 3.003 1.831 180.0 132 48 30 569 735 132 9.85 961 5.299
HF 682 1423.471 837 1.821 1.745 153.3 208 195 200 669 713 814 16.7 8.750
MP2 282 1423.964 022 1.811 1.709 101.1 339 222 500 638 1905 789 26.3 0.777
MP2 482 1424.158 102 1.710 1.745 106.5 201 204 210 696 791 1256 20.1 1279 4.007
MP2 BBZ 1424.131 338 1.809 1.750 159.0 189 188 181 651 790 701 16.1 8.750
B3LYP 282 1425.756 421 1.785 1.719 100.3 219 211 37 629 704 761 15.3 0.798
B3LYP 4A2 1425.788 538 1.791 1.714 118.3 525 181 119 648 739 753 17.7 3.750
B3LYP 482 1425.907 222 1.565 1.729 118.1 158 192 263 671 782 1016 18.4 1405 3.754
B3LYP 682 1425.864 896 1.798 1.749 160.1 160 177 145 646 782 699 15.6 8.750

% is in hartree.
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TABLE VI. Experimental and calculated frequencies, in ¢prof the OMnFE, molecule; in brackets IR inten-
sities in km/mol.

vy(ay) vy(by) va(ay) vy(ay) vs(by) ve(b)
Exp 999.9 692.3 683.7
988.4
B3LYP 1016 782 192 671 263 158
(99 (147 9 (46) 5 (49
Normal 988.6 693.1 183.3 684.1 320.9 110.5
coordinate
analysis
D. Quantum-mechanical calculations calculated values of the Mn—0 stretching mode reflecting the

ddif'ferences, in the Mn—-0O distances. The Mn—F stretching
mode values are almost constant with a 60 trhigher
dYIn—F stretching at the B3LYP level of theory. The bending
Igormal modes are within 10 cm from each other.

Table IV lists the molecular parameters, zero-point vi-
brational energie$ZPE), the expectation values of the spin-
squared operator §%)), and theA ,H; values of the OMnF
molecule calculated at all the levels of theory employed. The

sity functional(DF) method using the Becke three—parameterAaHQ have been calculated using the following relation:
exchange functional with the Lee, Yang, and Parr correIatior?aHO: E(O)+E(Mn) + E(F)—E(OMnF) - ZPE, Wh.ere.E
functional (B3LYP). The basis sets employed for this study is the compzuted total energ){. The computed atom|za_1t|on en-
were a double: polarized and diffuse basis s€6-31 thalpy, AHo, O_f 921 kymof~, is approxlmately 2% higher
+G*) on manganese, and the correlated consistent polarizdfa" the experimental value of 903 kJ b
valence doublg-basis set(cc-pVDZ) on oxygen and fluo-
rine. The main purpose of these calculations is to provide?- OMnF molecule
reliable molecular parameters, bond lengths, and vibrational For the OMnE molecule, the lowest-energy geometry
frequencies, to be used in the calculation of the thermal funcwas found to have &,, symmetry. At all the levels of
tions needed to evaluate the mass spectrometric equilibriutimeory, the lowest-energy state was calculated to t@,a At
data and, consequently, the thermodynamic properties ahe HF level of theory the ground state is T-shaped, whereas
OMnF and OMnk. at the MP2 and B3LYP levels the F—Mn—F angle varies

In the evaluation of the thermal functions, we chose thefrom 106.5° to 118.1°. There is a large change in the Mn—O
molecular parameters computed at the B3LYP level ofdistance, decreasing from 3.003 A at the HF level of theory
theory. To support our choice, we performed computationso 1.565 A at the B3LYP level. The Mn—F distance varies of
on the MnF and MnO molecules at the same level of theory.102 A from the HF to the B3LYP method.
employing the same basis sets. The computed molecular pa- The(S?) value for the ground state is greater than that of
rameters agree with the experimental values; in particulathe pure spin state, namely 3.75 for a quartet using MP2 and
the bond distances, in A, and the vibrational frequencies, itHF methods. This is essentially due to contamination by
cm 1, were calculated as 1.822 and 648 for MnF; 1.627 andtates of higher spin multiplicity, and, usually, for severely
903 for MnO. These computed bond distances are lower bgpin-contaminated wave functions the methods do not give
1.1%—1.3% than the experimental values, 1.843 A for MnFreliable predictiong®
and 1.648 A for MnO, whereas the computed vibrational — Table V lists the molecular parameters, ZRE?), and
frequencies are higher by 3.8%—7.5% than the experimentahe A ,H; values of the OMngmolecule calculated at all the

Ab initio and density functional calculations were carrie
out using theGAUSSIAN 98 electronic structure package.
These calculations were aimed at determining the molecul
parameters and physical—chemical properties of the OMn
and OMnk molecules.

Three levels of theory were used in this investigation:
the Hartree—Fock approackHF), (ii) the second-order
Mgller—Plesset perturbation theofiylP2), and(iii) the den-

values, 624 cm! for MnF, and 840 cri* for MnO. levels of theory employed. As already stated, the computed
enthalpy of atomization of 1404 kJ mdl seems to support
1. OMnF molecule the experimental value at the lower end of the range.

. . In Table VI we see experimental and calculated frequen-
For the OMnF molecule, several configurations were ex-

- . cies of the OMnE molecule.
plored, but only the computations for the global minimum E
(linear O—Mn—F are reported. At all the levels of theory, the ‘ ' _
lowest-energy state was calculated to b&Sa The Mn—O gaf@?'i@'é’a@i Asprey, and N. A. Matwiyoff, Spectrochim. Acta,
bond distance .decreases from the HF to the B3LYP level 0f2A. K. Bris’,do, J. H. Holloway, E. G. Townson, and P. J. Levason, J. Chem.
theory, becoming smaller by 0.198 A; whereas the Mn—F Soc. Dalton Transl1, 3127(1992.
bond |ength is approximate|y constant, Varying by 0.017 ASE. L. Varetti, R. R. Filgueira, and A. Mueller, Spectrochim. Acta, Part A
with respect to the value calculated at the B3LYP level of427'L3($a(r§t?Jﬁ Raman Spectro<22, 307 (1991
theory. For the vibrational frequencies, there is a differencesg gaiducci. M. Campodonico, G. Gigli, and S. Nunziante CesBros
of approximately 170 cm' between the experimental and ceedings of HTMC-Xin Schriften des Forschungszentrums Juelich, Reihe
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