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Introduction

A systematic investigation of high-resolution rovibrational spectra of methyl isocyanide (CH 3 NC) was initiated in the 1990's by Plíva and coworkers with the aim of providing a more detailed spectroscopic background for the quantitative understanding of the rovibrational structure in the context of the problem of monomolecular isomerization of CH 3 NC to CH 3 CN. This reaction has been a subject of many kinetic investigations [1,2] because it demonstrated a substantial disagreement with the statistical behaviour (Rice-Ramsperger-Kassel-Marcus theory) for unimolecular reactions [3]. In their studies, Plíva and coworkers analyzed all fundamental vibrational levels [4][5][6][7] and determined the axial rotational constant A 0 and centrifugal distortion constant 0 K D applying the method of combination loops to the ν 7 +ν 8 combination band and the (ν 7 +ν 8 )-ν 8 hot band [8]. Their scheduled studies of the series of vibrational levels v 8 = 1, 2, … corresponding to the bending mode of the CNC chain, however, have not continued after the analysis of the fundamental level v 8 = 1 [8]. This may be explained by the problems which are unavoidably encountered in studies of this lowfrequency mode, as observed for example in the structurally similar molecule CH 3 CCH [9][10][11][12][13]. The strongly prolate structure of such molecules with a large value of ≈ -B A 5 cm -1 makes the intensities of transitions rapidly vanish with the growing value of K. These high-K rotational levels are at the same time those for which the onset of strong local anharmonic (Fermi) resonances occurs. As a result, it becomes difficult to describe these vibrational levels as isolated ones because of the impaired convergence of the corresponding effective Hamiltonians when higher rotational states are studied. It is necessary to use a global treatment from the lowest vibrational levels which has been previously applied only to CH 3 CCH but not to CH 3 CN [14,15] and CH 3 NC. Therefore the aim of the present investigations is to describe quantitatively these anharmonic resonances in the CH 3 NC molecule which are obviously crucial for understanding the intramolecular vibrational redistribution of energy that plays an important role in the mentioned kinetic studies. We have prepared ground for them by a reinvestigation of the vibrational ground state of CH 3 NC with a significant extension of the range of rotational states up to K=14 [21]. Because the new rotational data were supplemented with ground state combination differences generated from the fundamental ν 4 band, the v 4 = 1 level was also subject to a refined analysis.

In the present paper we present a new analysis of the fundamental level v 8 = 1 based on the newly measured FTIR spectra of the ν 8 band and rotational spectra measured in this excited vibrational state, which both cross the region of the local Fermi resonance (K=9 and 10) and reach up to K=16 in the v 8 = 1 level. The combination of both types of data has been found extremely effective in the search for the exact position of the resonance which will be described in more detail in further sections. The current analysis provides also a preliminary characterization of the v 8 = 2 level involved in the Fermi resonance.

Experimental Details

The synthesis procedure of CH 3 NC and the details of rotational measurements with the Prague High Resolution Microvawe Spectrometer [22] were described in the previous study 4.9 cm -1 and the patterns of the weaker line series are thus hidden among the stronger lines of the fundamental ν 8 band and also the accompanying hot bands 2ν 8 -ν 8 and 3ν 8 -2ν 8. This perhaps explains why the previous IR analysis [8] did not reach these perturbed levels. The details of the rotational structures of the v 8 = 1 and 2 levels around the resonant crossing and the accompanying vibration-rotation interactions are shown in Figure 2. It also illustrates another typical feature of the rotational levels in v 8 = 1, 2, … caused by the accidentally small value of the combination of constants Because the propagation of assignments in the ν 8 band across the resonant region was unmanageable in the stand-alone IR spectrum, we applied the strategy used before for the propyne (CH 3 CCH) molecule [9][10][11][12]. We first searched for higher-K transitions in the l 8 =+1

sublevel of v 8 = 1, having now access to the levels with K ≥ 12 in rotational spectra extended to the region of 380 GHz, which corresponds to J ≤ 18. We could also assign the corresponding weaker branches r R K and r P K with K up to 15 in the FTIR spectra, with the lower state combination difference (LSCD) verification of assignments. Although these levels are not directly perturbed by the Fermi resonance, the q 22 l-type resonance makes the levels K=11 and 12 of the l 8 =+1 sub levels sensitive to the Fermi resonance affecting K=9 and 10 of the l 8 =-1 sublevel. This enabled estimating the value of the Fermi coupling term in the preliminary fits with its value kept constrained and changed stepwise. The progressively improved predictions of rotational transition frequencies with K ≥ 12 in the l 8 =-1 sublevel facilitated the search for them, of course at the price of recording wider frequency scans. With a consistent, but still not quantitative fit of these rotational data we finally succeeded in finding the p P 12 and p R 12 branches in the FTIR spectra, start fitting the Fermi coupling term and finally assigning the resonant transitions for K=9 and 10 in the l 8 =-1 sublevel, both in the rotational and FTIR spectra.

This procedure would be difficult or even impossible without the simultaneous preliminary analysis of the v 8 = 2 level. The beginning of assignments of the IR spectrum was strongly facilitated by the available low-J rotational frequencies [17]. We first assigned the parallel band 0 8

2ν which is the strongest feature in the overtone region around 525 cm -1 .

Along with assignments of the overtone band we assigned also the 0 8 8 2ν ν hot band. Like in the case of the v 8 = 1 level, we were not able to propagate assignments to the levels of the Fermi resonance with v 8 = 3 +3 occurring for K=10 and 11 (cf. Figure 2) and beyond. We also assigned transitions to the degenerate sublevel (E symmetry) from the hot band pertaining to the levels in Fermi resonance K = 9 and 10 were in fact assigned before the assignments of the perturbed branches p P 10 and p P 11 were accomplished in the fundamental band 8 ν , because the former are stronger and provide clearer series in the Loomis-Wood diagrams. The effect of the Fermi resonance on switching the positions of the r R 8 and r R 9 branches of the hot band is illustrated in Figure 3 with the Loomis-Wood plot from the Loomis-Wood for Windows (LWW) program [27]. The r R 8 branch represents transitions to the K=9 levels of v 8 = 2 +2 which is above those of v 8 = 1 -1 (cf. figure 2) and thus is shifted towards higher wavenumbers.

The relative positions of the levels in resonance are interchanged for K=10, which puts the r R 9 branch of the hot band below r R 8 . Since there were several concurrent series in the close neighborhood of these two critical branches, their assignment was an iterative trial-and-error procedure rather than a straightforward matter. This was also because in the earlier stages of At the present stage of the analysis, we have extended the assignments just below these Fermi crossings. A fully quantitative analysis of all sublevels of the overtone level v 8 = 2 will require extending the assignments to the v 8 = 3 level beyond the resonant crossings and determining a precise value of the Fermi coupling term by a similar procedure as described above.

The least-squares fit was performed with the standard effective Hamiltonian of degenerate vibrational levels including the q 22 l-type resonance, the Fermi coupling terms, and

the α-resonance ( 2, 1 k l ∆ = ± ∆ = m
). The last interaction needed to be included in order to remove the remaining residuals of data corresponding to levels in the neighborhood of the Fermi resonance. The definition of the matrix elements is given in the Appendix. The statistical weights of experimental data in the least-squares fits were taken as proportional to the inverse squares of their estimated experimental uncertainties. Overlapped IR lines were given higher uncertainties based on the extent of discrepancy with the LSCD checks. We merged the IR data from the two spectra in the following way. The lower-J transitions were in general taken from the weaker spectrum A, while spectrum B, saturated in the central part of the bands, was used for extending assignments towards higher J and K values. We have assigned over 2700 transitions in the fundamental band, over 1200 transitions in the parallel overtone band -. The new rotational transitions in vibrational levels v 8 = 1 ±1 , 2 0 , and 2 ±2 were measured for J = 9, 14, and 18 in the region between 201 and 385 GHz. We have also recorded rotational spectra for J = 6 in the region around 140 GHz to compare with the previous measurements [17] and found a remarkable consistency.

The fitted parameters of the effective Hamiltonian of the levels v 8 = 1 and 2 are given in Table1 together with an overview of range of maximum J and K values of assigned transitions and standard deviations of reproduction. The details of the data reproduction have been deposited with the British Library under the Supplementary Publication scheme and are also available in electronic form upon request from one of the authors (P.P. [17] are closer to the present ones than those from the earlier IR study [8].

A similar agreement was observed also in the v 8 = 2 level. Its sextic centrifugal distortion constants are on the contrary quite far from the ground state ones. They cannot be constrained to the ground state values for the same reason as above and have to be accepted as effective fitting parameters at the present stage of the analysis.

Conclusion

We have investigated the lowest vibrational levels v 8 = 1 and 2 corresponding to the CNC bending vibration of methyl isocyanide from its vibrational-rotational FTIR and SMMW rotational spectra. We extended significantly assignments in the fundamental ν 8 band across the region of the Fermi resonance between the levels v 8 = 1 -1 and 2 +2 and assigned for the first time the overtone and hot bands to the v 8 = 2 0 and 2 ±2 vibrational levels. The vibrational-rotational data were analyzed simultaneously with the newly measured SMMW rotational data whose assignments were also extended over the region of the Fermi resonance.

The reproduction of data is quantitative for the whole vibrational level v 8 = 1 ±1 and the sublevel v 8 =2 +2 . The analysis of the sublevels v 8 = 2 0 and v 8 =2 -2 provides preliminary results and the quantitative fit of the data will require exploring the vibrational state v 8 = 3 and its crossings with v 8 = 2 which will be the subject of a forthcoming paper. The diagonal matrix elements up to octic terms were taken in the form
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Obviously, the fourth line of equation (A1) vanishes for the non-degenerate vibrational ground and v 8 = 2 0 states. For the definition of Hamiltonian off-diagonal matrix elements, it is more appropriate to use the signed quantum number k (K=|k|), because they can in general connect rotational states with different signs of k. The general form of the q 22 l-type operator has the matrix elements
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The effects of the other vibration-rotation interactions within the studied vibrational level were neglected and are assumed to be absorbed into the effective values of the vibrationally diagonal parameters [28,29]. The Fermi interaction between the v 8 = 1 and v 8 = 2 levels was described by the matrix element

1 2 8 30 32 8 1 , , 2 , , v J k v J k ± = + = = H H m 2 12 12 12 
( 1)

J K W W J J W k + + + (A3)
The matrix elements of the α-type resonance were taken in the form

1 2 8 22 8 1 , , 2 2 , , v J k v J k ± ± = ± = = H ( ) ( ) F o r P e e r R e v i e w O n l y 12
The notation of the matrix elements of rotational shifting operators was taken conventionally as ---------------------------------------------------------------------------File # 1 -rovibrational transition wavenumbers of the nu4 band spectrum A data # 1-1769 spectrum B 1770-2705 File # 2 -rovibrational transition wavenumbers of the overtone band v8=2(0) File # 3 -rovibrational transition wavenumbers of the hot band v8=2(0)<-1(±1) File # 4 -rovibrational transition wavenumbers of the hot band v8=2(±2)< 1(±1) File # 5 -rotational transitions in the vibrational state v8=1 File # 6 -rotational transitions in the vibrational state v8=2(+2) File # 7 -rotational transitions in the vibrational state v8=2(-2) File # 8 -rotational transitions in the vibrational state v8=2(0) File # 9 -rotational transitions in the vibrational state v8=1 (Ref. [16]) File #10 -rotational transitions in the vibrational state v8=2 (Ref. [16]) ----------------------------------------------------------------------------Format of the data output --------------------------Columns 1-3 : the spectroscopic label of a transition, i.e. Column 1 : branch : o/p/q/r/s/t corresponding to delta_K = -2/-1/0/+1/+2/+3 P,Q,R corresponding to delta_J=-1/0/+1 Column 2-3 : Quantum numbers J,K of the lower state Column 4 : experimental frequency (in cm-1/MHz units) Column 5 : difference observed -calculated (in cm-1/MHz units) Column 6 : experimental uncertainty (in cm-1/MHz units) Semigraphical representaion of residuals (obs-calc) in units indicated in the header line for each data file. When the limit value is set e.g.to 0.2 MHz like for the file GS_fin.fre) the marker of the residual is positioned on the left edge of the semigraphical strip when obs-calc <= -0.2 MHz and on the right edge of the semigraphical strip when obs-calc >= + 0.2 MHz.
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The position of the marker between the center and the edge of the semigraphical strip is proportional otherwise. The marker is placed, for example, on the center line when |obs-calc| < 0.1 / 10 (which is 0.020 MHz in the current example). The character of the marker depends on the ratio residual/uncertainty v : residual =< uncertainty 

  confined only to the lower-K rotational states because of the limited frequency range of microwave measurements.

[

  21]. The frequency range was extended up to 385 GHz in the present study by using a new set of semiconductor frequency multipliers and amplifiers. The optical path length of a conventional 280 cm long glass cell was doubled using a roof top mirror and THz polarizer from TYDEX (www.tydex.ru) to increase sensitivity. The pressure of the sample was varied according to transition intensities between 1.1 and 1.9 Pa and measured with a capacitance Deleted: in such manner

  are coupled by the q 22 l-type resonance, systematically near-degenerate. The same effect couples the chains of coincidence was, however, found useful in assigning transitions perturbed by the Fermi resonance.
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 6 fit of the lower state involved in the hot band was not yet strictly quantitative and the lower state combination difference checking in the LWW program was thus not convincing. The attempts to estimate the Fermi coupling term led to a wide variation of its value between 0.5 and 0.8 cm -1 and the final value was established only with the assistance of the simultaneous submillimeter wave (SMMW) measurements of rotational transitions in both vibrational states and finding consistent IR and SMMW assignments, first for less perturbed states K≥11 and finally for the two resonant cases of K=9 and 10.The analysis of the v 8 = 1 and 2 levels relies mostly on the assignments in the P and R branches of the fundamental and hot bands, which provide clear patterns in the Loomis-Wood diagrams. The Q branches of all perpendicular bands of the CNC bending mode are, on the other hand, quite congested and resemble rather parallel bands. This is a consequence of the 08 cm -1 which determines the distance between adjacent p,r Q branches as shown in Figure4. This leads to frequent overlaps of lines in the Qbranch region and makes them in most cases useless for LSCD checking.The prominent role of the Fermi resonance also explains why we have not succeeded so far with assigning neither the vibrational-rotational IR nor the rotational SMMW transitions to the levels in Fermi resonance, K=10 and 11 in v 8 = 2 0 and K= 8 and 9 in v 8 = 2 -2 and beyond.

11 Appendix.

 11 Definition of matrix elements of the effective vibration-rotation Hamiltonian

Figure 1 .

 1 Figure 1. Overview of the FTIR spectra in the regions of the ν 8 and 2ν 8 bands of CH 3 NC. The spectra A and B were recorded at pressures of 72.4 and 147.4 Pa and pathlengths 57.6 and 163.2 m, respectively.

Figure 2 . 2 ,

 22 Figure 2. The K-dependent part of the energy terms

Figure 3 . 8 ν

 38 Figure 3. The Loomis-Wood diagram of the LWW program (lower frame) with the r R K branches of the fundamental 1 8 ν + and hot 2 1 8 8 2ν

Figure 4 .

 4 Figure 4. The Q-branch region of the fundamental ν 8 band and the hot bands 8 8 2ν ν -of
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