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The infrared spectrum of the first-€H stretching overtone of nitromethane (€MD) was measured in the
wavenumber region 60476055 cnT! with a resolution of 5 MHz using a molecular beam laser spectrometer
equipped with bolometric optothermal detection and a power build-up cavity. The assignment of the spectrum
was made using ground-state combination differences and an asymmetric rotor energy level simulation program.
The following parameters were obtained for the= 0 upper state:vo = 6050.1378(24) cmi, A =
0.55399(84) cm!, B = 0.2936(15) cm?!, C = 0.2567(13) cm®. The intramolecular vibrational energy
redistribution (IVR) rate of the €H stretch was calculated from the spectrum. The IVR rate of the different
Jk.k. levels in the spectrum ranged from 170 to 300 ps, comparable to the rate measured for méthyl C
stretching overtones in molecules of similar size ¢Sitl; and CHCDs).

Introduction b
A

Nitromethane (CBENO,) is an asymmetric top consisting of
a heavy frame (Ng@ and a lighter top (Ch), the local /
symmetries of which ar€,, and Cs,, respectively (Figure 1). !
It is an almost free rotor with a very low 6-fold torsional barrier C——N »a
in the ground vibrational state (the potential barrier height is 2 H, \
cm~1),12which makes it an interesting molecule to study from /
the dynamic point of view. In the ground vibrational state the H (§)
torsional barrier gives rise to both staggered and eclipsed igyre 1. Nitromethane.
configurations, which belong to th&; point group. However,
due to low barrier height the full torsionavibrational molecular Experimental Section

symmetry groug:, (isomorphic toDs,) should be used to label A Fourier transform IR (FTIR) spectrum of nitromethane

states._ ) ] ) ) was measured in the wavenumber region 568800 cnt?! with
Earlier spectroscopic works on nitromethane investigated the 5 Bruker 120 IFS interferometer in Helsinki (Figure 2) in a
microwavé~® spectra as well as low-resolution IR and Raman rgom-temperature cell at 19-mbar pressure with an optical path
spectra in the region of the fundamental$ and the over-  |ength of 20 m. At the maximum achievable spectral resolution
tones!t12 |n this Study, the dynamiCS of nitromethane in the (001 Crn‘l, which is close to the room-temperature Dopp|er
first C—H stretching overtone region (6048055 cnt?) was width of nitromethane), the spectrum shows two strong, broad
investigated at very high resolutior§ MHz) using a molecular  pands. Therefore, to resolve the rotational fine structure it was
beam laser spectrometer. The purpose was 2-fold. First, thenecessary to use a molecular beam spectrometer. The spec-
aim was to find out whether the low 6-fold torsional barrier of trometer has been described in a previous p&pek.beam of
the ground vibrational state turns into a higher 2-fold barrier the molecule of interest is formed by expanding a 0.9% mixture
upon excitation of the €H bonds with two quanta of stretching  of nitromethane in helium at a stagnation pressure of 0.48 MPa
vibration, which in turn would imply that the vibrational energy through a 5Q:m diameter nozzle into a vacuum chamber
stays localized in one bond for a longer time than the period of pumped by a 5000 L/s oil diffusion pump. Upon collimation
the internal rotation. Second, the aim was to measure theby a 0.5-mm diameter skimmer the beam enters a second
intramolecular vibrational energy redistribution (IVR) rate of vacuum chamber where it is probed with a tunable infrared laser.
the C—H stretch and compare it with the IVR rate of the methyl The increased energy gained from the beam upon excitation of
C—H stretch in molecules of similar size. a molecular vibrational transition is detected further downstream
by means of a cryogenically cooled bolometer on which the

* Permanent address: Laboratory of Physical Chemistry, P.O. Box 55 D€am impinges. The HeCH;NO, mixture is obtained by
(A. 1. Virtasen aukio 1), FIN-00014 University of Helsinki, Finland. bubbling gaseous helium through a reservoir of liquid ni-
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Figure 2. An FTIR spectrum of the first EH stretching overtone 6051.0 6051.5 6052.0
region of nitromethane. The intensity scale is of transmittance. 600
tromethane. Nitromethane (99.3% purity) was purchased from 3004WM
Aldrich and was used without further purification. 0 : K , i T . - , . 1
The laser used is a stabilized L color-center laser, 6050.0 6050.5 6051.0
delivering about 300 mW of power in the region under 600+
investigation. The laser is tuned in 1-MHz increments at arate 300+
of about 20 MHz/second, and its wavelength is monitored with 0
a wavemeter and two scanning confocal etalons of 150 and 8000  goa00 | eode5 60500

MHz free spectral ranges, respectively. The 150-MHz etalon 600

is temperature stabilized and serves as a frequency reference.

In addition, absolute calibration is achieved by simultaneously 300% WMWP\A

collecting the spectrum of methyliodide (GIH(whose transi- , : . : : , , : : : :

tions have been precisely measured in this wavelength réion 6048.0 6048.5 6049.0

which was placed in a White-type gas cell at a pressure of aboutFigure 3. A molecular beam spectrum of thegband of nitromethane.

1 Torr. The laser excitation occurs inside a resonant power In all spectrographs the horizontal axis is given as wavenumbers units,

build-up cavity® located across the molecular beam. Construc- and the vertical axis is given as arbitrary units of bolometer signal.

tion details have been reported previou$lyAbout 100 mW

of laser power are coupled to the cavity through a single mode  Assignment of the FTIR spectrum of the first overtone of

fiber. A gradient index lens located between the cavity and the C—H stretch (the two broad bands in Figure 2) was done

the fiber output ensures effective mode matching and thus regarding nitromethane as a symmetric top molecule and using

maximum power coupling. The effective power enhancement a simple local mode mod€l with the following parameter

is about 100. The highly collimated nature of the beam reduces values: harmonic wavenumber = 3151.4 cnt?!, anharmo-

Doppler broadening significantly, thus enhancing the resolution; nicity constantwx = 60 cn1?, and interbond coupling parameter

an instrumental line width of about2 1074 cm™ (6 MHz) is A = —28.7 cnl. According to this model the higher wave-

achieved, limited primarily by transit time broadening and number band in the FTIR spectrum is theydand, and the

residual Doppler broadening, which are estimated to be 2.6 andlower wavenumber band system consists of the 2and at

2.7 MHz, respectively® 5887.1 cm?! and thev; + v band at 5932.4 cni. This
Because the effective rotational temperature in the beam isassignment agrees with the one obtained by Cavagnat'ét al.

low (about 5 K), most of the spectral congestion is also removed

since only a few rotational states are significantly populated. \plecular Beam Spectrum and Its Analysis

The spectrum also appears in a narrow wavenumber region. Due

to the slow effective scanning speed (about 1-8im) not all The molecular beam spectrum of the Band of nitromethane

the region covered by the FTIR spectrum could be probed. is shown in Figure 3. Because of the low effective rotational

Instead, several trial measurements were made in the wavetemperature of the beam (5 K), only levels that possess a low

number region of the lower energy band (58865888.1 cnt, total angular momentum quantum numhkkrlnd where the

5904.8-5908.3 cm?, and 5915.35918.2 cm?), but no internal rotation quantum numberis equal to 0 and 1 should

spectrum was observed for reasons not clearly understoodbe significantly populated. Because of this and the low intensity

at this stage. However, the higher energy band was observedof the band investigated, only transitions originating frdh«

and the wavenumber range 6046055 cm! was measured 4 were observed. An asymmetric rotor energy level simulation

(Figure 3). prograni® was used for the prediction of the spectrum. The
. predicted relationships between the intensities of the transitions
FTIR Spectrum and Its Analysis having the same upper state are well obeyed, which was useful

The spectrum of the €H stretching fundamentals consists in assigning the spectrum. The final assignments were made
of one a-type band at 2974 cicorresponding to the symmetric ~ using ground-state combination differences. The observed
stretchv; and two bands, b-type at 3080 chand c-type at transitions along with their assignments for the= O state are
3044 cn1l, respectivel?, corresponding to the doubly degener- given in Table 1. The deviations of the observed combination
atevg asymmetric stretch in the hypothetical symmetric top limit. differences from their expected values were less than 4.5 MHz
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TABLE 1: Observed Transitions of the First C—H Stretching Overtone of Nitromethane () for m = 02

wavenumber intensity wavenumber intensity
(cm™) (arbitrary units) NP J"Kke (cm™) (arbitrary units) NP N

6052.17506 87.4 3 220 6050.61074 147.1 2 221
6052.15562 73.1 3 220 6050.56967 152.6 2 221
6052.14604 63.8 3 20 6050.53893 26.2 2 221
6052.10905 49.5 3 220 6050.52969 457 2 221
6051.90287 267.7 3 200 6049.19550 815 o 202
6051.90107 120.8 3 202 6049.12813 3785 o 202
6051.89414 64.8 o3 202 6048.87750 108.6 @ 308
6051.86970 54.0 o3 202 6048.85595 88.6 ? 303
6051.85538 80.5 3 202 6048.84547 92.1 ? 308
6051.82403 85.3 o3 202 6048.82130 735 ? 308
6051.81228 151.9 03 202 6048.82032 41.6 2 303
6051.26493 3185 i lor 6048.80970 487 ? 303
6051.25716 Irl 2 Lo 6048.74884 123.0 3 44
6051.23292 248.8 o Lo 6048.74027 437 3 44
6051.20868 234.8 o2 Lo 6048.73375 139.4 3 44
6051.20773 174.8 @2 Lo 6048 71584 18.2 3 P
6050.74505 103.1 ol Oco 6048.67005 37.3 3 404
6050.67766 367.1 ol Oco 6048.65829 95.6 3 44
6050.62526 53.5 3 3 6048.61642 92.6 2 3
6050.60583 315 3 3 6048.57535 89.8 2 3
6050.59629 33.9 3 3 6048.54464 215 2 3
6050.55933 21.0 23 322 6048.53539 21.6 2 3

aJis the total angular momentum quantum number, lpdndK. are asymmetric rotor quantum numbers. Prime refers to the upper state, and
double prime to the lower state of the transition.

TABLE 2: Input Data and Fits for m = 0 (2vg)2

600 —
u] J K'a K'c J' K" A K'c ’VoBs/CITrl (O_C) Jenm?
400 — oo 1 0 1 2 0 2 6049.140 0.002
DD 1 0 1 0 0 0 6050.692 0.004
o o 2 0 2 3 0 3 6048.846 —0.004
200 — 2 0 2 1 o0 1 6051.233  —0.005
2 2 0 3 2 1 6048.585 0.000
0 2 2 0 2 2 1 6050.579 —0.001
' | 3 0 3 2 0 2 6051.874 0.002
6051.12 6051.21 6051.30 3 0 3 4 0 4 6048.719 0.001
3 2 1 3 2 2 6050.604 0.002
400 — 3 2 1 2 2 0 6052.151 —0.001
o g aThe standard deviation of the fit is 0.003 T vogs is the
300 - o wavenumber of the observed transition, and-{) is the observed
o minus calculated value.
200 o J
0.07 to 0.09 cm! depending on the transition, which is fairly
100 typical in IVR for molecules of this siz¥.
! ' The positions of the zero-order transition lines were calculated
6048.75 6048.84 6048.93

as the “center of mass” of each multiplet, considering the peaks
Figure 4. The R(1) and P(3) peak groups of the13 band of as “mass points” where the inten_s_ity of the peak represenfns th_e
nitromethane fom = 0. In both spectrographs the horizontal axis is “Mass”. These zero-order transitions were used as entries in
given as wavenumber units, and the vertical axis is given as arbitrary the least-squares calculation (Table 2). A justification of this

units of bolometer signal. procedure is obtained by noticing that the normalized intensity

except in the transition to the upper stdigx, = 3os for which of a line is the fraction of the bright state character in the
the deviation from the calculated value was approximately 10 €igenstate. If the Hamiltonian is averaged for the bright state
MHz. One reason might be that because the spectrum wasPy expanding the bright state in terms of the eigenstates, the

measured in several parts, the calibrations in all the parts wereMass point model follow.?> The asymmetric rotor energy
not exactly coincidental. level simulation prograf$ was used to obtain with the least-

A group of peaks corresponds to eadtx, — J"kuk. squares method the band center and the upper state rotational
transition because the upper state of the transition is split dueconstants fom= 0. They are given in Table 3. The standard
to IVR, as described below. The splitting pattern is identical deviation of the fit is 0.003 cmt. Form = 1, the lower state
for transitions having the same upper state as in Figure 4 whereenergy levels were calculated using the Hamiltonian in ref 4.
the transitions)'k x, = 202 < 1oz and 2, < 3pz are shown. The  Thus, the ground-state combination differences could be used
magnitude of the splitting of the whole group ranges from to assignm= 1 peaks. Unfortunately, for the = 1 state not
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TABLE 3: Parameters of Nitromethane for m =0 1
Spectrum (2vg)2 09 |
parameter/cmt G.S. 2y 08 |
v 0.0 6050.13779(240) 07 -
A 0.44503725 0.553988(840) T /\
B 0.35172249 0.29363(150) 06 ,
C 0.19599426 0.25673(130) _05 | \
Dy/10°® 0.2048 0.2049 b ‘ |
Dyd/10°6 0.5921 0.5924) 04 \
Dk/10°6 —0.2515 —0.251%) 0.3
841077 0.8229 0.8229 ‘\
k/1078 0.52536 0.52539 02 \ W
|
aG. S. denotes the ground-state parameters. They were obtained from 01
ref 4. We have used th& reduced asymmetric rotor Hamiltonian in 0 0 1 5 3 4 5
the IR representation for lower and upper stas&incertainties in
parentheses represent one standard error in the least significant digit. t(ns)
b Constrained value in the least-squares calculation. Figure 5. Survival probability calculated from the2— 33 transition

qf the first C—H strt_atching overtone spectrum of nitromethane (s_olid
enough assignments could be made to determine the band centdine) and exponential decay fit (dashed curve). See text for details.

and the upper state rotational constants. degeneracy is not removed, the expected density of levels is:

Pe = prot fr/dr. If nitromethane is considered as a rigid molecule
without torsion, then in the conformer belonging to @point
Torsional Dynamics. Rotational constants of the:igband ~ 9roup there are two nondegenerate classes, each accounting for
changed somewhat compared with the ground-state values?0% Of the density of vibrational states. If torsional motion is
(Table 3). TheA constant increased + C did not change  Included, then the contribution to the density of states from
significantly, wherea — C has decreased making the spectrum torsional modes must be taken into account. Given the very
resemble more that of a prolate symmetric top. From the oW barrier height (compared with the excitation energy), this
rotational constants the so-called inertial defeet 1, — I, can is done by treating the methyl group as a free rotor and using
be calculated. A value 0.202 @Avas obtained for the ground ~ the full Gy vibrational-torsional group. .
state! For the & band ofm= 0 it has decreased substantially ~ The average coupling strength is determined from the
to —22.2 uf2, which might be a sign of the potential barrier SPectrum using Lawrane&night deconvolutioft" as imple-
becoming higher. However, one must bear in mind the limited Mented by Lehman##. Several methods can be used to estimate
data set available (Table 2). Cavagnat et al. also measured 4N€ lifetime of the bright state from the frequency domain
low-resolution (1 cm?) FTIR spectrum of nitromethane in the ~ SPectrun®*"which are equally good in principle. In fact the
first C—H stretching overtone region and analyzed it with a results that they give converge to correct values, when the
model that takes into account the coupling of vibrations of the SPectral intensity distribution better approximates a true Lorent-

methyl group with the internal rotatid. They obtained the zian. For more sparse spectra, different methods give slightly
value 8.4 cm! for the torsional barrier height of the:@band. different answers, which reflects the fact that the lifetime is in

this case less well defined, because true relaxation can never
occur for a system with a finite number of states. This is
especially true for spectra composed of a small number of lines,
for which the result obtained should be regarded more as a
characteristic time scale for the energy redistribution process
than a lifetime in the strict statistical sense. The method we
used involves computing the survival probabilyt) of the
initially prepared stateé¥’(0) from the observed normalized
spectral intensity(w):28

Discussion

IVR Dynamics. As mentioned earlier, each ro-vibrational
transition is split into several components (hereby termed as an
IVR multiplet) as a consequence of coupling of the optically
active state, also called “bright state”, (in this case theHC
stretching overtone) with a dense manifold of optically inactive
(“dark”) states?®2* As soon as the size of the molecule
investigated is larger than-b atoms, it becomes a formidable
task (if possible at all) to construct a model Hamiltonian that
accounts for the frequency and the intensity of every single
transition observed. Instead, statistical properties of the spec- ot , , ,
trum are analyzed, such as the density of coupled states, theP(® = |9 ()W (0)F = f € dwf|(w) (0" — w) do
average coupling strength between the bright state and the dark | . . . . -
states, the lifetime of the bright state, and are compared with Which for a spectrum with narrow, resolved lines, iléw) ~
the expected values. 2ilio(@ — @), becomes

The density of coupled states is estimated from the spectrum — <11 L
as N\ — 1)/AE, whereN is the number of lines in a given P®) ZI'I‘ cosfe; — o)t @)
multiplet andAE is the energy range spanned by the multiplet.

A theoretical estimate of the total number of vibrational states  The initial decay of the survival probability obtained in this
(pwor) available for coupling is calculated for comparison from way is then fitted to an exponential decay, as shown in Figure
a harmonic approximation by an inverse Laplace transformation 5 for the 2, state.

of the vibrational partition functio® When the coupling is Finally, the dependence of the above-mentioned statistical
through anharmonic Hamiltonian terms, only states with the properties on thel'kx, quantum number can be analyzed to
same vibrational symmetry as the bright state can couple to it. study the effect of vibrationrotation coupling on the dynamics.

It has been showffi that on average the fractiofiy) of states In the state)'k.x, = loi, the term “statistical properties” is used

of a given symmetry class is equal to the square of the somewhat loosely because there is only one state coupled to
degeneracy of the classgl) divided by the order of the the bright state. Therefore, the numbers for coupling, lifetime,
molecular symmetry groum): fr = dr?g. Assuming that the and density of states should be taken as approximative.
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TABLE 4: IVR Lifetimes of the Jik, States of the 29 Band Jungner is thanked for measuring the FTIR spectrum of
of Nitromethane, Number (Ny) and Density (oobs) of nittomethane, and L.H. thanks the Rector of the University of
Observed Coupled States and Average Couplings (See Text Helsinki for a grant

for Details)? )

Jkk. lifetime/ps N poss(states/cmt)  coupling/(10° cm™?) References and Notes

1os 280 (30) 1 14 26.5(1) . .

202 210 (2) 6 88 9.7 (0.1) 106gl) Cox, A. P.; Waring, SJ. Chem. Soc., Faraday Trans1972 68,

220 170 (2) 3 37 16.7(0.1) (é) Sorensen, G. O.; Pedersen, T.; Dreizler, H.; Guarnieri, A.; Cox, A

S 173(2) 7 7 12.7(0.1) P.J. Mol. Struct.1983,97, 77. s R

3 261 (4) 3 45 12.9(0.2) (3) Tannenbaum, E.; Myers, R. J.; Gwinn, W.DChem. Physl956
25,42.

aNumbers in parentheses are estimated uncertainties. (4) Rohart, F.J. Mol. Spectrosc1975 57, 301

(5) Sorensen, G. O.; Pedersen, TSymmetries and Properties of Non-

Table 4 shows that the lifetimes range between 170 and 260Rigid Molecules: A Comprehensi Suvey, Studies in Physical and
ps, which was observed previously for methyl group stretching Theoretical Chemistry 2%Elsevier: Amsterdam, The Netherland983
overtones in m_olecules of similar siz_e and st_rucﬁ?reThe _ P 21(2') Cox, A. P.J. Mol. Struct.1983 97, 61.
observed density of coupled states, instead, is several times  (7) verderame, F. D.; Lannon, J. A.; Harris, L. E.; Thomas, W. G.;
larger than expected, ranging from 37 to 88 statesforersus Lucia, E. A.J. Chem. Physl1972 56, 2638.
a calculated value of 5 states/chwith the right symmetry to (8) McKean, D. C.; Watt, R. AJ. Mol. Spectrosc1976 61, 184.
couple to the bright state. This last number increases to 42/Che(r?1)1g$|3”i gsRs;bs'\,/;oore' D. S.; Schmidt, S. C.; Storm, C. 8. Phys.
cm 1 if the presence of torsional states is taken into account, (1oj Gorse, D.: Ca{vagnat, D.; Pesquer, M.; Lapouge, ©hys. Chem.
which is still up to a factor 2 lower than the observed value. 1993 97, 4262.

The presence of perpendicular Coriolis coupling with states Ch(elml)lggg%ggnaStﬁle.; Lespade, L.; Lapouge, Ber. Bunsen-Ges. Phys.
Jk.ke+1 (Which would further increase the density of available (12) Cavagnat, D.; Lespade, 1. Chem. Phys1997 106 7946.

states by a factor of 3) is probably the explanation for the  (13) Kerstel, E. R. Th.; Lehmann, K. K.; Mentel, T. F.; Pate, B. H.;

observed values. Coriolis resonance would show up #§a  Scoles, GJ. Phys. Cheml991, 95, 8282.

+ 1) dependence in the mean squared coupling matrix eIement,Acgl(fgm%Ug'rae‘;‘;V;'r']rc Glforl?c?(?ﬁ }Enghign%ndfé’é’s'f of Infrared Standards

which is Calcmate_d by the deconvolution procedure. If one (15) Note: The bu’ild-up ca\’/ity is a modified core of a Newport model

makes a plot of this matrix element versi{d + 1), the slope SR-170-C SuperCavity optical spectrum analyzer.

gives an estimate of the mean squared perpendicular Coriolis (16) Gambogi, J. E.; Pearson, R. Z.; Yang, X.; Lehmann, K. K.; Scoles,
; imi i G. Chem. Phys1995 190, 191.

ma:tna( elefment. AItI:_ct)utgh t?e !['mf't.(;"d Sf?t otf .ditﬁ avallabliz does (17) Halonen, L.; Child, M. SJ. Chem. Phys1983 79, 4355; Mills, .

not allow for a quantitative test of its effect in the present case, \ ."Ropjette, A. GMol. Phys.1985 56, 743.

the observed density of coupled states is consistently larger for  (18) Halonen, L. O.; Deeley, C. M.; Mills, 1. M.; Horneman, V.-i@an.

the states wittK; = 2,3 than it is for those with. = 0,1. The J. Phys.1984 62, 1300.

i i i i i (19) Dolce, J. W.; Callegari, A.; Meyer, B.; Lehmann, K. K.; Scoles,
extensive coupling b(_atween w_brauongl and torsional modes G.J. Chem. Phys1997 107 6549: Dolce, J. W. Ph.D. Thesis, Princeton
suggests that the torsional barrier has increased from the low 2,jyersity, Princeton, 1995.
cm™! of the ground state and perhaps has become a 2-fold (20) watson, J. K. G. Ivibrational Spectra and Structur®urig, J.
barrier, but based on the available data, it is not possible to sayR.. Ed.; Vol. 6; Elsevier: Amsterdam, 1977.

; (21) Lawrance, W. D.; Knight, A. E. WJ. Phys. Cheml985 89, 917.
to what extent each one of these effects contributes to the (22) Lehmann, K. K.J. Phys. Chem1991 95, 7556,

increased coupling. (23) Lehmann, K. K.; Scoles, G.; Pate, B. Aanu. Re. Phys. Chem.
1994 45, 241.
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