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Anharmonic Force Field and Vibrational Spectra of Perfluoromethanimine CFENF
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Accurate quartic anharmonic force field for perfluoromethanimineNEFhas been calculated from the MP
method using a tripl€ basis set. The vibrational wavenumbers calculated using a variation-perturbation
algorithm agree for the fundamental bands very well with the experimental data. Our results predict a new
interpretation of some overtone bands observed in the medium infrared region between 250 and 3500 cm

I. Introduction F,

The compounds containing the link= play an important \Bz
role in organic chemistry. It is well-known that their structures " & C__R_N
and their reactivities are particularly affected by the nature of o T
the substituent on the nitrogen atom. Methylenimine€NH, o/ B \r[
the simplest imine prototype molecule, has been the subject of F. F

considerable chemicaland theoreticdF interest despite its
instability. Perfluoromethanimine GENF, on the other hand,
is a very stable compound, reactive toward nucleophiles and
strong electrophile$,” much more amenable to experimental the molecular electronic wave function calculations were
study, but the difficulty of its synthesis has for a long time performed with theGaussian 9&ackagée?
limited its structural characterization. A new preparative method  On the basis of curvilinear coordinat8sand their conjugate
proposed by Sekiya and DesMartéaallowed a detailed momentPs, the vibrational Hamiltonian is written as follows:
investigation of the spectroscopic properties and structure of
perfluoromethanimirfe’® by means of microwave, infrared, and
Raman spectroscopy. These experimental investigations are
accompanied by some theoretical wotk&,2but none of them
is dedicated to the knowledge of the complete vibrational spectrawhereg; are the elements of th@ matrix described by Wilson
of the perfluoromethanimine. Following our investigations on et al® and Vg is the potential function. In our approach, the
the anharmonic vibrational spectra 0bGNX (X = H, F) potential and the kinetic part of the Hamiltonian are expressed
compounds$;>13we propose in this study an accurate ab initio as a Taylor expansion in terms of curvilinear coordinates:
quartic force field for perfluoromethanimine in order to analyze 1 1 1
and to complement the assignment of all the fundamental and _
combinations bands observed in the medium IR region between V($ - 5 z fiJ' S% + 5 zkfiiksﬁg + Z ) fiikl S§S<S
250 and 3500 ci- E S S

This paper is organized as follows: In Section II, we briefly - wheref;, fix, and fi are the quadratic, cubic, and quartic force
summarize the computational details, and we present in Sectionconstants determined from the fit
Il the quartic force field calculated by means of a Motter
Plesset approach, as well as the theoretical anharmonic vibra- 1 1
tional spectra, and discuss the results obtained by comparison T= EZ 9i (O)PS P% + Ezkgijk PS%PS]
with the observed data. b b

Figure 1. Internal coordinates for perfluorothanimine BF. y; is
the CFR, wagging andy, the NF torsion.

1
H, = 5 Z Gy ()PP + Vg
Ll

) ) ) with gjx = (3g;/9S)o and wheregj;(0) are the elements of the
Il. Method and Computational Considerations Wilson matrix for the equilibrium geometry.

The complete quartic force field of perfluoromethanimine was ~ The anharmonic energy levels are calculated from a config-
determined using a least-squares fit performed on a grid of 730 Uration interaction treatment according to a previously published
molecular energies corresponding to displacements described/ariation-perturbation algorithrr,”*%in which a primary sub-
in terms of curvilinear coordinate (see Figure 1). For all  Space S builtinteratively and containing the major configurations
distorted structures generated by several displacements of 0.01S {reated by a variational procedure. The multireference
A and 0.01 rad for bond and angular coordinates, the corre- Vibrational function is then corrected to first order by a
sponding energies were calculated at the MP2 level of theory S€condary subspace M containing configurations which interact
using the 6-311 G* basis set of Pople and co-work&sAll weakly with those of the subspace S. This latter contribution to

vibrational energy levels is estimated by the second-order

*Fax: (33) 5 59 80 37 69. Telephone: (33) 5 59 72 20 60. Email: Perturbation theory. In our problem, the primary and the
claude.pouchan@univ-pau.fr. secondary subspaces contain, respectively, about 3000 and 8000
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TABLE 1: Optimized MP2/6-311G* Geometry (in TABLE 2: Quadratic Force Constants Calculated at
angstroms and degrees) and Calculated Rotational Constants ~ MP2/6-311G™ Level of Theory for CF,NF2
(MHz) for CF ,NFa

quadratic exptl. quadratic exptl.
F.C=NF force constants ab initiovalued force constants ab initiovalue$
ab initio (re) exptl data MP2/  B3LYP/ frr 10.716 9.055 frou —0.242
coordinates MP2/6-311G* (re 6-31G® 6-31G*¢ frr 0.198 frop1 —0.076 —0.010
—N 1.272 1274(6) 1279 1271 fre 0 fasz Toom o
CR. 1.300 1.300 (3) 1.312 1.309 Falg 0665 0316 £ 0125
Ra . . 3o .
Ck 1.302 1.300 (3) 1.314 1.309
fre 0.455 0.367 frap —0.621 —0.765
NF 1.388 1.389 (2) 1.409 1.404 f
N=CF. 1281 1272 2) 1279 RA2 0.478 0.367 frage 0.085 —0.010
N=CFR, 119.4 1108(2) 1068  119.6 fon Sl 4388 e 1.628  2.054
' ’ ' : 0.150 0.023  0.004
C=NF 108.3 107.9 (2) 107.7 rir2 opL
frars 0.151 fop2 0.115
A 11174.73 11235.412 (8) fria 0.905 0.705 fp1p1 2.330 2.081
B 4303.62 4316.781 (3) frup —0.163 fo2 1.323 1.374
C 3107.04 3115.288 (2) fripo 0.139 fgop2 2.356  2.539
a Standard errors in parentheses in units of last diditom Mack frarz 7619 7.526 fran _0'359 0.439
et alll ¢ From Gristan et a2 frora 0.701 0.773 f12 0.176  0.007
: . f,002 0.487 0.521

configurations; harmonic functions are used as expansion °Units are consistent with energy measured in aJ.

functions in this treatment. quartic force constants reported in Table 3 show the anharmo-

nicity of the surface along some directions. Some cubic terms
involving the CN stretchdi17) and its coupling with the CF
Our perfluoromethanimine-optimized structure is given in asymmetric and symmetric stretching:4,, ¢114 ) appear
Table 1 and is compared to the data deduced from a joint relatively large. In the same way, the diagonal cubic values
analysis of microwave and electron diffraction dataesults concerningvne (¢333 and the two CE stretching modesgbos,
previously obtained from MP2/6-31G* and B3LYP/6-31G* ¢444) are found to be quite significant. For the CNF bending
approaches (see Christen et ahd Gristan et al? respectively) mode and the two GFscissoring and rocking vibrations, the
are also reported for comparison. weakness of the cubic terms reveals a lower anharmonicity.
All calculated bond lengths obtained at the MP2/6-311G* A rough analysis of the quartic data shows the great
level are quite close to those of experimental data: the deviationsimportance of the terms involving the @wagging modedssse
are less than 0.002 and 0.001 A for CN and NF, respectively. and its coupling with the NF stretchinggg).
Calculated values for bond angles do not deviate more th&n 0.9  The nine harmonic @) and anharmonic#) fundamental
by comparison with those from experiment. These results vibrations deduced from the force field previously discussed
confirm the well-known tendency of MP2/TZP calculations to are reported in Table 4. Our calculated values are compared to
give very accurate geometrical parameters. For comparison,the IR spectra recorded at room temperature in the gas phase
MP2/DZP- and B3LYP/DZP-optimized geometfié3give for by Christen et af.
CF and NF bond lengths overestimated by about 0.01 and 0.02 At the harmonic level approximation, the absolute intensities
A respectively. In the case of the rotational constants, our MP2/ of the fundamental bands are in good agreement with the
6-311G* values are only 0.5% higher than the experimental qualitative experimental data. The very small intensity values
dat& for A and about 0.3% smaller for B and C. The quadratic, calculated for the bands expected around 640 cifCF,
cubic, and quartic force field obtained from a fourth-order scissoring and wagging modes) and around 300c(@NF
polynomial fit is expressed in terms of curvilinear coordinates, bending and torsion) explain the difficulty of the experimental
which are then given in terms of reduced normal coordinates. assignment. The GFscissoring mode hidden in the IR band
Table 2 reports and compares our quadratic force field expressedassigned at the GRvagging vibration appears at about 644¢ém
in curvilinear coordinates with the empirical force field pub- in the Raman spectra recorded in the liquid piase.
lished by Christen et &lAs expected, our theoretical quadratic The anharmonicity effect appears to be quite significant for
force constants are generally larger than the adjusted experi-fundamental frequencies corresponding to the stretching modes.
mental parameters mainly because these latter are not composedihe CN, NF, and the GRasymmetric and symmetric frequen-
of quadratic elements but came directly from the experimentally cies are lowered by 51, 31, 38, and 20 ¢nrespectively.
observed anharmonic frequencies. It should be noted that the For the bending vibrations, the anharmonicity effects are

I1l. Results and Discussion

computed difference betwedfcr (7.816 alJ A2) and Fcr, smaller: the harmonic values are lowered in the range between
(7.619 aJ A?) is consistent with the different CF bond lengths 17 cnm? for vg (CF, wagging) and 4 crmt for v; (CNF bending).
found in our calculations. In Table 5, we report for CINF the results obtained for

Turning our attention to the interaction force constants we fundamental and some overtone bands that might be found in
find, as experimentally expected, large positive values betweenthe same medium IR region between 250 and 3500'c#or
CN and all bending coordinate§dycne = 0.665 aJ Al all fundamental bands, our calculated anharmonic results are
Fenner, = 0.455 aJ AL Fonner = 0.478 aJ A1) and between in very good agreement with the experiments confirming the
NF and the CNF bendind(ricne = 0.905 aJ A%). In the same predicted sequence, particularly in the region where the scis-
way, large negative values are found between CF and thesoring band is hidden by the peak relative to the wagging
nonadjacent bending coordingdd-CN (Fcryncr = —0.640 aJ vibration. We found in our calculations the £Wwagging (648
AL Fepncr, = —0.621 aJ AY). The study of the others off-  cm™1) at higher frequency than the gBcissoring (645 crrt)
diagonal terms reveals also the large coupliigycr (0.333 by about 3 cm?® as expected in Raman where the observed
and 0.486 aJ A2) andFcnnr (0.198 aJ A2) values neglected  difference is 5 cm! (644 vs 649 cm?). For all fundamental
in the empirical adjusted potential. The harmonic, cubic, and bands the mean deviation between the calculated values and
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TABLE 3: Quadratic ( e;), Cubic (¢i«), and Quartic (¢j) Force Constants (in cnt?) Calculated at the MP2/6.311G* Level of
Theory for F,CNF2

parameter value (cm) parameter value (cm) parameter value (cm) parameter value (cm)

w1 1792.4 ¢335 —69.1 ¢599 20.1 ¢267 19.6
. 1417.7 - 46.0 oo ~11.0 s ~133
w3 1068.8 $337 21.8 [ —116.8 $346 30.2
wa 956.4 1as ~39.4 s 172 s 13.9
wWs 654.5 ¢244 48.4 ¢446 10.0 (}535(5 16.0
P, 525.9 tass ~39.8 o ~16.7 - ~15.8
w7 284.0 ¢555 -21.1 ¢155 —28.1 ¢1111 43.8
wsg 664.5 P166 11.8 P2s5 —16.4 P1122 —23.4
w9 308.1 Pase —12.7 123 —60.4 P1188 —56.8
¢111 415.3 Ps66 —-32.9 125 —10.9 P1199 —30.9
112 24.0 Pe66 —12.2 $127 -11.6 P2222 86.2
P113 114.2 P177 29.8 P134 —37.5 P2277 —-10.1
114 —192.4 P2r7 —-13.1 @135 35.1 2288 —24.2
P15 —57.8 P377 23.9 P136 16.7 P2209 —29.2
P116 25.7 Par7 33.4 137 23.6 $3333 10.3
P122 —234.3 Ps77 14.4 P1as 12.0 P3344 25.8
222 —137.8 Pe77 12.3 146 —-32.1 P3377 —16.8
P23 156.1 br77 —59.5 P89 —76.9 P3309 —47.4
D224 —172.3 @188 —14.4 D234 —27.0 Paasq —155
$a25 —66.9 388 —15.8 ¢35 49.4 Qasgs —13.2
227 —13.8 Qass 50.4 236 —26.5 Pssss —90.7
¢133 —92.3 Pess —10.8 245 —27.1 Paa99 —25.7
233 28.6 299 39.4 D247 18.6 Ps899 32.2
$333 —155.0 $399 49.7 g9 —10.8 ¢ssss —11.2
P334 —170.2 Pagg 59.1 P57 12.4 Ps509 —19.6

P9999 46.1

2 All terms are calculated but only values over 10érare reported for the cubic and quartic terms.

TABLE 4: Harmonic @ and Anharmonic ¥ Wavenumbers
Calculated for the Fundamental Vibrations of CF,NF from
the Quartic MP2/6-311G** Potential

Veale

w
assigment (cm™) (km/mole) (cm™)

Vobs

(cmh)8 lobs
A
1 CNgyr 1792 177.67 1741 1740.3 S
V2 CRoasymsr 1418 267.85 1380 1385.5 S
3 NFsyr 1069 97.00 1038 1021.2 S
V4 CFosym-str 956 11.66 936 932.9 m
V5 CFoscissor 655 2.10 645 644 (Raman)
6 CForock 526 3.19 521 520 w
17 CNFyend 284 4.58 280 285.7 w
A
vg CPowag 665 15.46 648 { 643.2
649 (Raman)
vg torsion 308 0.08 301 302.5 w
TABLE 5: Anharmonic ¥ Wavenumbers (in cnt?)
Calculated for Fundamental and Some Overtone Bands of
CF.NF
Veale Vobs Veale Vobs
assignment (cm™) (cm™l) assignment (cml) (cm)
V7 280 285.7 2 1380 1385.5
Vg 301 302.5 vz + v 1557 1541
Ve 521 520 v3+ vs 1677 1659
Vs 645 644 V1 1741 1740
Vg 648 643 24 1868 1859
ve + V7 801 800 vy + ve 1898 1897
Vs 936 932.9 23 2062 2025
V3 1038 1021.2 Vo + Vs 2308 2318
Vs + Ve 1164 1098 v1+ vs 2385 2370
V4t vy 1216 1210 vo+ v3 2405 2405
2vs 1288 1252 v1+ Vg 2669 2660
2vg 1283 1281 2, 2749 2750
vz + vy 1318 1309 v1+ v, 3107 3120
2v1 3454 3475

the observed data is about 0.6%5 cml). The largest

deviation is found to be 16.8 crhfor the NF stretching mode,

cm™1. When overtone are taken into consideration, the root-
mean-square deviation becomes highet@ cnmt). Except for

the vs + v¢ mode for which the experimental assignment is
doubtful for us, the largest deviation is still observed for the
NF stretching overtonei2 (~37 cntY). If for 2v3 most of this
deviation is accounted for by error in the predicted valueszpf
this not the case for the overtomg+ vs. Indeedvs andve are
calculated at, respectively, 645 and 521 <@nin perfect
agreement with the observed bands situated around 644 and
520 cnr! for which both the anharmonicity is found to be weak
and the coupling force constarfsg is not very important. We
conclude that the band observed at 1098 tim not assignable

to the vs + v combination as predicted experimentally but
corresponds to the ternary combinatigyt 2vg or v + v7 +

Vo.

In summary, our proposed potential function, calculated at
the MP2/6-311G* level of theory, leads for the fundamental
vibrations of CENF to results in very good agreement with
the most reliable experimental data, rising some doubt in the
assignment of very weak bands, and allows a new interpretation
of some overtone bands in the medium infrared region.
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