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Si–H stretch second overtone versus C–H stretch first overtone
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The intramolecular vibrational relaxation~IVR! of an excited Si–H stretch~second overtone! and
C–H stretch~first overtone! in methylsilane has been examined by eigenstate resolved infrared
spectroscopy. The experiment probes a molecular beam produced in a supersonic expansion, excited
by a laser in a power buildup cavity, and detected by a liquid helium cooled silicon bolometer. The
Si–H stretch@local mode ~3,0,0!, both A and E combinations# is compared with the nearly
isoenergetic C–H stretch@predominantly the 2n7

0 band#. With the calculated density of states almost
unchanged, the two modes exhibit very different IVR behavior, which is quantified in terms of the
lifetime of the bright states and the coupling between the bright states and the dark states. ©1997
American Institute of Physics.@S0021-9606~97!00541-2#
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I. INTRODUCTION

The study of intramolecular vibrational relaxation~IVR!
is of fundamental importance to our understanding of che
cal reactions at the molecular level. Although simple sta
tical models1 have been very successful in explaining t
reaction rates of a large class of unimolecular reactions, t
range of applicability is still not precisely defined. In order
understand in greater detail the dynamics of a wider var
of reactions, and accurately assess the possibility of con
ling chemical reactions, IVR in isolated molecules continu
to be the object of intensive investigations. The field h
been reviewed recently by Lehmannet al.2 and by Nesbitt
and Field.3 The most frequently used experimental method
that of eigenstate-resolved spectroscopy in which the spe
fragmentation of the optically active state caused by the m
ing with the ‘‘dark’’ bath states is measured using hig
resolution spectroscopy. The time-dependent picture of
energy localization out of the optically active state is th
obtained by Fourier transformation of the spectru
autocorrelation.4

In order to facilitate comparison between theory and
periment, it is natural to compare the decay rates of differ
nearly isoenergetic vibrational states within the same m
ecule. In this way, the bath states are a constant in the c
parison, and differences in behavior can be attributed to
nature and strength of the couplings of the bright state to
bath. A few molecules have been studied from this persp
tive, e.g., diacetylene,5 propyne6–8 1-butyne,9,10 and
1-pentyne.9 In diacetylene, thev53 spectra of the acetyleni
stretches@(2,1)1 and (3,0)1# have been measured. The life
time of (2,1)1 ranges from 0.39 to 6.58 ns, depending on
upper state angular momentum. The lifetime of (3,01

ranges from 70 to 215 ps. The pure overtone has a sig
cantly shorter lifetime than the delocalized combinati

a!On leave from the University of Bonn, Institut fu¨r Angewandte Physik,
Wegelerstr. 8, 53115 Bonn, Germany.
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band. A similar effect has been observed in propyne7 where
3n1 is significantly more perturbed thann112n6 and11

2n11n6 ~Heren1 is the acetylenic hydrogen stretch andn6

the asymmetryc methyl stretch!. In both molecules, the phe
nomenon is believed to be related to the fact that the com
nation modes are basically composed of two dynamica
independent chromophores, since the modes in the delo
ized state do not move common atoms. Thus, the ch
mophores are only weakly anharmonically coupled and re
independently. Since the components of the combina
mode are more harmonic than the localized state, the com
nation mode relaxes more slowly. This behavior can be c
trasted with the phenomenon of enhanced stability of
treme motion states in which vibrational overtones of
chromophore have been found~as predicted! to decay less
rapidly than isoenergetic combination bands when all ato
involved belong to the same group.12–14

In the particular case where the vibrational excitation
localized in a specific chromophore, comparison betwe
different chromophores in the same molecule gives inform
tions about whether or not the dynamics are mode spec
One example of this is 1-butyne, in which thev51 spectra
of the acetylenic hydrogen stretching mode and the as
metric methyl stretching mode have been measured.
modes have lifetimes of 269 and 276 ps, respectively, in
cating very similar IVR. The same kind of comparison
1-pentyne gives a lifetime for the methyl stretch 5–10 tim
shorter than the 440 and 760 ps for the acetylenic stre
~respectively of the gauche and trans conformer!. In a similar
way thev52 spectra of the acetylenic hydrogen stretch a
the methyl stretch of propyne can be compared. The mo
have lifetimes of 20015 and 31 ps,6 respectively, indicating
significantly different IVR. The reasons for these results c
be speculated upon. It has been proposed by both McIlro16

and by Bethardy and Perry10 that the differences betwee
1-butyne and 1-pentyne are a consequence of the presen
the latter of a low energy isomerization pathway. This arg
ment cannot be used to rationalize the observed enha
6549/6549/13/$10.00 © 1997 American Institute of Physics
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6550 Dolce et al.: Intramolecular vibrational relaxation
IVR of the methyl group relative to that of the acetylen
hydrogen stretch in the case of propyne. One possible ex
nation for this result is the presence of a stretch–bend Fe
resonance17,18 in the methyl group that is, two quanta of m
thyl deformation may provide a quasi-resonant ‘‘doorwa
state to the bath for one quantum of stretch.

The experiment reported here compares the hi
resolution infrared spectrum of two motions in methylsilan
The 2n7

0 @asymmetric methyl stretch# and the~3,0,0! @three
quanta in one Si–H bond#. Since the motions are nearl
isoenergetic, the total density of states is comparable. In f
the densities of lower order resonances are similar too~see
Table I!. Thus, differences in behavior can be attributed
the nature of the couplings and their strength.

The two vibrations being considered here are actu
quite different, as indicated by the different notations. T
Si–H stretch atv53 is very much a local oscillator, wherea
the C–H stretch atv52 is closer to a normal mode than to
local mode. The evidence for the local mode character
Si–H stretches comes from the rovibrational spectrum
molecules containing this bond, such as silanes and me
substituted silanes. In silane, more than two quanta in S
stretches break the symmetry of the spherical top, giving
to a symmetric top spectrum.19 This is compelling evidence
for describing the motion as (v,0,0,0). In methylsilane, a
similar local mode behavior occurs. The spectrum of me
ylsilane in thev53 Si–H overtone region shows just on
band, assigned as~3,0,0!.20 Furthermore, the splitting of the
fundamental frequencies of the symmetric and asymme
Si–H stretches21 is only 4 cm21. On the other hand, the C–H
motion at v52 in methylsilane has a large normal mo
component.22 Clearly, the Si–H and C–H stretches ha
rather different character, which could profoundly influen
their coupling to the bath and, therefore, their IVR rates.

TABLE I. The tier structure enumerated for methylsilane. ColumnV lists
the total number of quanta in a state, and represents the tier order; a! energy
range of 5860– 5960 cm21, corresponding to 2n7

0; b! energy range of
6250– 6350 cm21, corresponding to~3,0,0!.

a
V A1 A2 E

2 0 0 1
3 0 0 0
4 17 16 31
5 92 91 196
6 168 169 329
7 259 257 516

b
V A1 A2 E
2 0 0 0
3 0 0 0
4 20 16 38
5 107 104 206
6 181 179 363
7 347 347 705
J. Chem. Phys., Vol. 107, N
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II. EXPERIMENT

The high-resolution infrared spectra were obtained us
a molecular beam spectrometer with optothermal detec
which has been described in a previous paper.23 Briefly, a
beam of the molecule of interest is excited with a tuna
infrared laser and the excitation is detected downstream
means of a cryogenically cooled bolometer. The beam
formed by expanding a 1% mixture of methylsilane24 in he-
lium at a stagnation pressure of 0.48 MPa through a
mm diam nozzle. The laser is a stabilized 1.5mm color cen-
ter laser, tuned in 1 MHz increments at a rate of about
MHz/s. The laser frequency is monitored with a wave me
and two scanning etalons of 8 GHz and 150 MHz free sp
tral range~FSR!, respectively. The 150 MHz etalon is tem
perature stabilized and serves as a frequency reference.

FIG. 1. A stick spectrum of the~3,0,0! band of methylsilane Si–H stretch
second overtone.

FIG. 2. A magnified view of theqQ1 branch of the~3,0,0! band of methyl-
silane Si–H stretch second overtone. TheJ951 portion is highlighted by
circles.
o. 17, 1 November 1997
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6551Dolce et al.: Intramolecular vibrational relaxation
The laser excitation occurs inside a resonant po
buildup cavity25 located across the molecular beam. Co
struction details have been reported previously.5 The laser is
coupled to the cavity through a single mode fiber. Effect
mode matching is achieved via a GRIN lens located betw
the cavity and the fiber output. The effective power enhan
ment is about 600. The instrumental linewidth~about 6
MHz! is determined primarily by transit time broadening a
residual Doppler broadening which are estimated to be
and 2.7 MHz, respectively.5 Use of the buildup cavity made
possible the observation of the weak~3,0,0! band with a
signal-to-noise ratio of about ten. This band is about 20 tim
weaker than the 2n7

0 band as estimated from integrated ba
strengths of an Fourier-transform infrared spectrum.@The
2n7

0 band was not observed with a signal-to-noise ratio
200, however, because the buildup cavity’s finesse, and
power buildup factor, in this region is eight times lower th
in the ~3,0,0! region.#

The spectrum of the~3,0,0! band was calibrated both i
relative and absolute terms. The relative calibration was
complished with the 150 MHz scanning etalon. The act
value of the etalon FRS was determined as the one w
minimized the errors in the ground-state combination diff
ences of the parallel subband, using a value forB9
510 986.0853(52) MHz from microwave and far-I
spectroscopy.26 Results of the combination difference fits a
presented in the next section. The absolute calibration
accomplished with the wave meter, using therR0(2) line at

FIG. 3. A stick spectrum of the 2n7
0 band of methylsilane C–H stretch firs

overtone.

TABLE II. The results of rigid rotor fits to the subbands of~3,0,0!.

Subband Origin (cm21) DB (cm21)
Stand. dev.

~MHz!
Number
of points

K50→0 6297.6908~4! 6.231024(2) 24 10
K51→1 6297.6542~8! 28.031024(5) 37 7
K50→1 6299.2038~35! 29.031024(3) 119 4
K51→2 6302.1507~79! 25.331024(6) 17 3
J. Chem. Phys., Vol. 107, N
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6301.397 29 cm21 as reference point. The wave meter w
calibrated with the P(1) line of acetylene, at
6554.111 767 cm21. The wave meter readings were preci
to 60.0005 cm21.

For the spectrum of the 2n7 band, the 150 MHz etalon
was left uncalibrated. However, the whole spectrum w
shifted with an additive factor in order to make the wa
number scale at theR(0) branch (5908.006 23 cm21) read
accurately. In this way, the inaccuracy of the wave numb
scale across the whole spectrum is minimized.

III. RESULTS

A. The spectra

The ~3,0,0! band is shown in Fig. 1. Its assignment wa
completed by ground-state combination differences. B
parallel and perpendicular subbands are present. Lines
assignments are listed in Appendix A. A magnified picture
the qQ1 branch is shown in Fig. 2. The spectrum show
sparse to intermediate fragmentation due to IVR. Each bri
state is observed to be coupled to up to 15 dark states. In
cases, the lines are well resolved. Generally, the degre
fragmentation appears to increase withK8.

The quality of the data was assessed by fitting grou
state combination differences in the parallel subband. T
following parameters were used:B9 as given above, and
DJK9 545.628 kHz.26 The fit has a standard deviation of 3
MHz. The quality of the assignment was assessed by fitt
the spectrum to a rigid rotor model. The location of ea
bright state was taken as the centroid of its IVR multipl
The following parameters were used:B9 as given above,
DJ9510.9114 kHz,26 DJK9 as given above,DJ85DJ9 , and
DJK8 5DJK9 . The results of independent fits to each comp
nent of the parallel subband are presented in Table II. T
standard deviation is 24 MHz for theK50 component and
37 MHz for theK51 component. These results are comp
rable to those obtained in the past with this spectrometer
other symmetric top molecules.27,28 Independent fits to two

FIG. 4. A magnified view of theqQ1 branch of the 2n7
0 band of methylsi-

lane C–H stretch first overtone. TheJ951 portion is highlighted by circles.
o. 17, 1 November 1997
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6552 Dolce et al.: Intramolecular vibrational relaxation
components of the perpendicular subband are also prese
in Table II. The standard deviation is 119 MHz for theK
50→1 subband, and 17 MHz for theK51→2.

The 2n7
0 band is shown in Fig. 3.J9 was assigned to

each clump by ground-state combination differences. All
the major lines belong to a parallel subband. Several v
weak lines, which could not be assigned, indicate the pr
able presence of a weak perpendicular subband.K9 could
generally not be assigned; the difference between the u
and lower state rotational constants is insufficient to off
the extensive fragmentation of eachP(J9) and R(J9)
branch, resulting inK9 clumps which are thoroughly inter
mingled. However, there are some special cases for w
K9 could be assigned. TheR(0) and P(1) necessarily be-
long to K950. The Q branch belongs toK951 only, be-
cause the~3,0,0! spectrum shows that onlyK950 and 1 are
populated. ForP(2), theK950 and 1 components could b
distinguished, because theK951 lines appear in theQ
branch. In a further effort to assignK9, the intensity ratios of
the P and R branches were computed. Some evidence o

TABLE III. A summary of the results of a Lawrence–Knight deconvol
tion, showing the extent and strength of the couplings between the va
bright states and the observedNd bath states. a! Silyl Group, A vibrational
species; b! Silyl group, E vibrational species; c! Methyl group, 2n7 .

a
K8 J8 Nd DE (cm21) Wrms

2 (1023 cm21)

0 6 1 ••• 0.90
5 3 0.0052 1.6
4 1 ••• 0.86
3 1 ••• 0.58
2 3 0.0050 0.92
1 4 0.0075 1.4
0 1 ••• 0.76

1.0
1 5 4 0.011 3.1

4 10 0.017 1.5
3 3 0.0096 2.2
2 6 0.010 1.1
1 12 0.012 0.76

1.76
b

K8 J8 Nd DE (cm21) Wrms
2 (1023 cm21)

0 0 4 0.0088 2.5
1 2 0.0072 2.9

2.7
1 4 1 ••• 1.4

3 7 0.024 2.3
2 6 0.0079 1.1
1 5 0.018 2.5

1.8

2 4 4 0.0013 0.27
3 13 0.037 3.2
2 15 0.053 3.0

2.2
c

K8 J8 Nd DE (cm21) Wrms
2 (1023 cm21)

0 0 7 0.10 10
0 1 5 0.11 11
1 1 20 0.22 22
J. Chem. Phys., Vol. 107, N
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bimodal distribution (K950,1) is present but the distinctio
between the two groups is insufficient for a definite assi
ment. Consequently, quantum numbers could only be
signed for three upper states: (J8,K8)5(0,0), ~1,0!, and
~1,1!. The assignments are listed in Appendix B.

These three clumps will be treated as being represe
tive of the whole spectrum of the methyl group. The IV
present in 2n7

0 is clearly more extensive than that in~3,0,0!.
For illustration, theqQ1 branch is shown in Fig. 4 and shoul
be compared with that of~3,0,0! in Fig. 2. This comparison
of the Q branches for the two modes shows that the num
of coupled dark states is 20 versus 12. Also, the breadth
the Q branches differ by a factor of about 20. Compariso
made for the other states yield similar results.

B. Coupling strengths

In order to determine the strengths of the couplings
tween the bright states and the dark states, a Lawren
Knight deconvolution,29,30 has been performed. Technicall
the procedure can only be used if unique quantum numb
can be assigned to each line. Here, the torsional quan
numbers are not assigned. However, if the zero-order
sional splitting is small, neglecting this detail should on
result in a slight overestimate of the clump width. The resu
for both modes are summarized in Table III. For~3,0,0! the
matrix elements range from 0.631023 cm21 to 3.2
31023 cm21. For 2n7

0 the couplings range from 10
31023 cm21 to 2031023 cm21, roughly ten times as large

Three possible coupling mechanisms are conside
here: Anharmonic (Wa), parallel (Wi), and perpendicular
(W') Coriolis coupling. The rotational dependence of t
coupling coefficients can be examined in order to infer
nature of the coupling mechanism~s! sinceWa is independent
of J8,K8, while Wi is linear in K8 and W' is proportional
to A(J82K8)(J81K811)1(J81K8)(J82K811). For
~3,0,0!, there are enough data so that the statistics are sig

FIG. 5. The J8 dependence of the rms coupling energy for the~3,0,0!
parallel subband of methylsilane Si–H stretch second overtone. The be
functions~see text for details! are also plotted.

us
o. 17, 1 November 1997
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6553Dolce et al.: Intramolecular vibrational relaxation
cant. In the case of the parallel band, the results are plotte
Fig. 5. TheK50 component shows no systematicJ8 depen-
dence, indicating an anharmonic coupling mechanism.
ting a constant function to the data givesWa51.060.13
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31023 cm21. The K51 component exhibits an approx
mately linearJ8 dependence, suggesting an additional co
tribution from perpendicular Coriolis coupling. Assumin
this to be the case, the r.m.s. couplingW would be
ArK51~Wa
21Wi

2!1rK52W'
2 @J~J11!#1rK50W'

2 @J~J11!22#

rK511rK521rK50
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A fit of this function to the data gives (Wa
21Wi

2)1/250.76
61.031023 cm21 andW'50.660.0731023 cm21, which
indicates that perpendicular Coriolis coupling dominates
J>1. Because of the small number ofK subbands observe
the data does not give much insight about parallel Cori
coupling since its contribution~if any! for K851 is smaller
than the error of the fit.

C. Density of states

Information on the coupling between the bright state a
the bath can also be obtained by comparing the availa
density of states with the observed coupled density of sta
The available vibrational density of states was calcula
from a harmonic oscillator model, using a numerical inve
Laplace transform method.31 The fundamental
frequencies32,33 are listed in Table IV. The torsional coord
nate was treated as a vibrational mode with threefold s
metry. Although a harmonic oscillator model underestima
the true density of states, usually the discrepancy beco
significant only at high vibrational energies. For example
trifluoropropyne atvCH51,2 the harmonic model has bee
estimated28 to account for;90% of the anharmonic vibra
tional density of states. The actual coupled density of statr
can be calculated from the spectrum in various ways. T
simplest and most direct measure is

r5~N21!/DE, ~2!

whereN is the number of eigenstates, andDE is the energy
window in which the ‘‘multiplet’’ appears.15 For real spectra
this measure is a little bit crude, because the limited sign
to-noise ratio leads to an underestimate ofN. Another mea-
sure, which accounts for the finite signal to noise ratio, is

r5
S~1/Wi !

2AS/N
, ~3!

whereWi is the average coupling strength, andS/N is the
signal to noise ratio.15 The signalS is taken as the intensity
of the strongest line, and the noiseN is taken as the intensity
of the weakest line which would be accepted as a line. Eq
tion ~3! is valid for the ‘‘sparse’’ regime, in whichWrms•r
,1/2. While the 2n7

0 mode is generally outside of this do
main, the~3,0,0! mode satisfies this criterion. However, sin
the coupling coefficients are so small, the computed den
turns out to be unphysically large. For this reason,
coupled density of states is calculated by Eq.~2!, keeping in
r
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mind that the result is an underestimate of the true value.
coupled densities of states are compared with the estim
densities of states in Tables V and VI. The results for ea
mode are considered in turn.

The 2n7
0 mode shows coupled densities of states wh

are significantly less than the estimated density ofA symme-
try vibrational states: Only 36%–71%. This suggests that
bright state is only coupled to a subset of the states allow
by symmetry. The~3,0,0! mode shows a more complicate
behavior. The coupled densities of states are often larger
expected and exhibit large variations withJ8. To simplify
the analysis, averages overJ8 are considered first. For theA
vibrational species, the average coupled density of state
about 90% of the total available density of vibrational stat
This indicates an extensive coupling betweenA andE sym-
metries, and is consistent with a perpendicular type Cori
interaction. For theE vibrational species, theK850 and 1
levels have an average coupled density of states which
proaches or slightly exceeds theE component of the avail-
able density of states, suggesting that the coupling is onl
dark states ofE symmetry. ForK852 the average coupled
density of states exceeds the total available vibrational d
sity by about 70%. This could be due to a coupling to t
(2J11) K states by Coriolis coupling mechanism. With th
factor of (2J11) to account for the full density of rovibra
tional states of appropriate symmetry, the coupled densit
states is within the expected range. Although not so comm
in rigid molecules, the phenomenon of extensiveK mixing

TABLE IV. The normal modes and fundamental transitions of methylsila

Symmetry Mode Description Wave number (cm21)

A1 n1 CH3 stretch 2926.90
n2 SiH3 stretch 2169.75
n3 CH3 deformation 1263.56
n4 SiH3 deformation 943.16
n5 SiC stretch 702.99

A2 n6 torsion 190
E n7 CH3 stretch 2981.67

n8 SiH3 stretch 2165.78
n9 CH3 deformation 1432.62
n10 SiH3 deformation 952.5
n11 CH3 rock 872.13
n12 SiH3 rock 524.00
o. 17, 1 November 1997
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6554 Dolce et al.: Intramolecular vibrational relaxation
has been observed before,~e.g., by McIlroy and Nesbitt34 in
1-butene and in the propyne 3n1 spectrum!. Given the very
weak anharmonic coupling of the Si–H mode, it is not s
prising that even a relatively weakK mixing can be observed

TABLE V. A comparison of the observed coupled density of statesrobs

with the expected available density of states for 2n7
0. The columnr90% gives

the 90% confidence interval forrobs based on the assumption that the sta
are distributed in energy according to Poisson statistics.

Bright state

robs~states/cm21! r90%K8 J8

0 0 69 34–113
0 1 43 19–75
1 1 86 58–119

Calculated density of states

A Type 121
E Type 241

Total 362

TABLE VI. A comparison of the observed coupled density of statesrobs

with the expected available density of states for~3,0,0!. The columnr90%

gives the 90% confidence interval forrobs based on the assumption that th
states are distributed in energy according to Poisson statistics.

Bright state

robs~states/cm21! r90%K8 J8

A type
0 6 374 0–884

5 473 160–915
4 389 0–919
3 742 0–1740
2 535 181–1030
1 507 200–926
0 638 0–1510

average 523
1 5 247 97–451

4 544 305–838
3 249 84–481
2 535 251–904
1 951 562–1420

average 505
E type

0 1 187 73–341
0 329 89–688

average 258
1 4 292 0–690

3 285 142–467
2 717 336–1210
1 258 112–451

average 388
2 4 2350 929–4300

3 323 195–476
2 276 173–398

average 984

Calculated density of states

A Type 188
E Type 376

Total 564
J. Chem. Phys., Vol. 107, N

Downloaded 18 Mar 2002 to 128.112.83.42. Redistribution subject to A
-in the spectrum. The erratic variations in the coupled den
of states withJ8 andK8 is possibly due to random fluctua
tions of the bath density, as can be seen from the 90% c
fidence interval in Table VI. The striking difference in th
fraction of coupled states that the two modes exhibit is m
puzzling, since they couple with bath states that are expe
to share almost the same average properties. Several e
nations are possible: The high degeneracy of the bath s
for symmetric top molecules in the harmonic approximati
can produce large local variations of the density of states
observed for allene.35 Also local mode A-E rotational
coupling36 could break down theC3v vibrational symmetry
thereby allowing coupling to a higher density of bath stat
Last, because of the finite signal to noise, very wea
coupled states would inevitably disappear into the noise.
not possible to quantify exactly to which extent this is re
evant to our case but of the two spectra the one which
most likely to be affected is the one for the C–H stretc
since the oscillator strength is distributed into IVR multiple
that are on average ten times wider.

D. Time evolution of the bright state

The lifetimes of the bright states were determined
simulating a short pulse experiment by Fourier transform
the spectrum autocorrelation function and fitting a single
ponential function to the decay of the survival probabil
P(t) thus obtained. The functional form used was

P~ t !5c1Ae2t/t, ~4!

with the constraint thatc1A51.
The 1/e time constants,t, are tabulated in Table VII. Fo

the~3,0,0! state, the curves were actually averaged overJ8 in
order to damp the recurrences. The lifetimes, for the para
subband, range from 1.3 to 2.0 ns, for the perpendicular s
band, from 0.85 to 1.9 ns. In contrast, the 2n7

0 state shows
dramatically shorter lifetimes: 82–190 ps. If the dec
curves for theK51 component of the parallel subband
~3,0,0! are examined without averaging overJ8, evidence for

TABLE VII. Lifetimes of the bright states.

Bright state Lifetime~ns!
K8 Silyl group ~3,0,0! averaged overJ8

A Type
0 2.0
1 1.3

E Type
0 0.87
1 0.85
2 1.9

Methyl group 2n7
0

Bright state
K8 J8 Lifetime ~ps!

0 0 190
0 1 150
1 1 82
o. 17, 1 November 1997

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



ec
h
-

t
t.
lis

y

n

b
re
re
le

ng

t
th
i
n

A
en
uc

t for
is

ac-
nt,

t
m.
nt,

lso
ally
i-
ism

en

w-
her
r of

the
the
ade
e
o-
e,

and
nic
thyl
tyne
has
ne
t be
all
be
h-
ong
ou-
be
the
he
r to

.

6555Dolce et al.: Intramolecular vibrational relaxation
Coriolis coupling should be evident, as claimed in the s
tion on coupling strengths. The result is plotted in Fig. 6. T
initial decay rates (G51/2pt) clearly increase monotoni
cally with J8.

IV. DISCUSSION

The results presented above consistently show that
IVR of the ~3,0,0! and 2n7

0 states are significantly differen
The ~3,0,0! state is coupled by anharmonic and Corio
forces to a few to several dark states, over a range
0.01 cm21, with an average strength (W) of '1
31023 cm21. The 2n7

0 state is coupled to several to man
dark states over a range of 0.1 cm21, with an average
strength of'1031023 cm21, about ten times larger. Give
the same density of coupled states~r!, from Fermi’s Golden
Rule

G5
2p

h
^W2&r, ~5!

one would expect the decay rate for the C–H stretch to
about 100 times faster than for the Si–H stretch, in disag
ment with the observed lifetimes. The discrepancy is
moved if we consider that the actual density of coup
states is 6–9 times higher for~3,0,0! than it is for 2n7

0 which
partially compensates for the difference in coupli
strengths.

The different behavior of these states is probably due
the way in which each mode couples to the bath, since
average properties of the bath are expected to be very sim
in the two cases. One possibility is the presence of a stro
low-order anharmonic resonance, a doorway state,9 for the
methyl group, and the lack thereof for the silyl group.
prime candidate for a doorway state is the stretch–b
Fermi resonance, which is absent in the silyl group. S

FIG. 6. TheJ8 dependence of the initial decay rate for theK51 component
of the ~3,0,0! parallel subband of methylsilane.
J. Chem. Phys., Vol. 107, N
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resonances are known to be strong and nearly resonan
methylenic hydrogens.17,18 For Si–H bonds, the resonance
poor: Two quanta of bending motion amounts to 1892 cm21

~neglecting anharmonicity!, which is 277 cm21 lower than
the stretching fundamental at 2169 cm21. Thus, the coupling
of 3nstretch to 2nstretch12nbend is expected to be relatively
weak. The weakness of the anharmonic coupling could
count for another coupling mechanism becoming importa
namely Coriolis coupling. The explicitJ dependence of the
coupling matrix elements, forK51, indicates that the brigh
state couples to the bath directly by a Coriolis mechanis
Of course, an anharmonic contribution is probably prese
too.

The presence of a Coriolis coupling mechanism has a
been observed in other experiments, however, it is gener
of minor importance for more rigid molecules and its dom
nance over the generally ubiquitous anharmonic mechan
for such an anharmonic motion and at such lowJ is unusual.
However, a direct Coriolis coupling mechanism has be
observed before, for example, in formaldehyde37 and
ethanol.38 One possible explanation could be the lack of lo
order resonances for coupling the Si–H stretch to ot
modes, which is consistent with the local mode characte
the group.

These results for methylsilane can be compared with
results of other experiments in which different modes in
same molecule were examined. Such a comparison is m
in Table VIII. It is interesting to note that in propyne, th
acetylenic and methyl groups exhibit IVR which is anal
gous to that of the silyl and methyl groups in methylsilan
respectively. In addition, the analogy extends to the local
normal character of the modes, i.e., the silyl and acetyle
stretches have more local mode character than the me
stretch, at these energies. However, in the case of 1-bu
vCH51, the analogy does not hold. Of course, 1-butyne
lower frequency skeletal motions than either methylsila
and propyne, so the nature of the bath states may no
comparable. It is tempting to generalize these results to
normal and local modes. That is, a local mode could
expected to be intrinsically more resistive to IVR. In met
ylsilane, since the harmonic or anharmonic couplings am
the Si–H bonds are inherently weak, the anharmonic c
pling to the rest of the molecule, via the silyl group, could
expected to encounter a ‘‘bottleneck.’’ In the acetylenes,
lone hydrogen is effectively isolated from the rest of t
molecule, again requiring a high-order resonance in orde

TABLE VIII. Lifetimes of nearly isoenergetic modes in a few molecules

Molecule Hydrogen group Lifetime Reference

CH3SiH3 Methyl, v52 110 ps This work
Silyl, v53 1.4 ns This work

CH3CCH Methyl, v52 31 ps 2
Acetylenic,v52 200 ps 2

CH3CH2CCH Methyl, v51 276 ps 6
Acetylenic,v51 269 ps 6
o. 17, 1 November 1997
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6556 Dolce et al.: Intramolecular vibrational relaxation
couple to the bath. In the case of 1-butyne, the relaxation
of the acetylenic hydrogen could be enhanced due to
proximity to a ‘‘center of flexibility.’’ 10

An interesting question is whether or not IVR of th
methyl group in methylsilane is comparable to that of t
methyl groups in other molecules. Consulting Table IX,
looks like many methyl groups do behave similarly. Th
generalization should be considered tentative, as the sp
for most of the molecules in Table IX were not eigenst
resolved. A physical basis for a universal behavior of met
groups could be the presence of a Fermi resonance doo
state, formed by an overtone of the methyl deformation.
doorway state involves proximate atoms, and the doorw
state couples strongly to a generic bath, then the chromp
could be expected to exhibit similar dynamics in a variety
molecules. This could be the case for the methyl group
certain series of molecules.

The results of the present study bear implications
three different directions. First, as shown in other stud
low overtone vibrational energy can remain localized
long times, i.e., on a nanosecond time scale, which imp
the possibility for laser induced chemical effects. Seco
also as shown in other experiments, IVR is seen to be m
specific, again opening the way to mode specific chemis
Third, the behavior of the~3,0,0! band could be representa
tive of that of high vibrational levels of a variety of hydroge
oscillators. Since many hydride stretches have been show
exhibit local mode behavior at highv the investigation of
their IVR properties is warranted.
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TABLE IX. Lifetimes of methyl groups in a variety of molecules. Th
vibrational level isv51, unless otherwise indicated.

Molecule Lifetime Reference

CH3SiH3, v52 110 ps This work
CH3CCH n/aa 4
CH3CCH, v52 31 ps 2
CH3CH2CCH 276 ps 6
CH3CH2OH 59 ps 35
CH3CH2CHCH2 .31 ps 6
CH3CH2CH2CH3 .18 ps 6
CH3CH2CH3 265 ps 6
~CH3!2CHCH3 .177 ps 6
CH3CHCHCH3 ~trans! 132 ps 6

aNo fragmentation of the spectrum was observed.
J. Chem. Phys., Vol. 107, N
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APPENDIX A
This table for~3,0,0! lists most of the observed lines and their integrat
intensities along with assignments.

Assignment
Wave number

~cm21!
Integrated
intensity

rR1(3) 6305.072 49 18.01
6305.071 73 10.931
6305.071 57 6.415
6305.070 83 3.885
6305.070 79 0.055

rR1(2) 6304.3657 10.35
6304.3621 5.878
6304.3585 6.07
6304.356 39 3.956
6304.354 33 3.517
6304.348 78 4.501
6304.343 88 3.468
6304.343 72 0.132
6304.3437 6.818
6304.342 47 12.365

? 6304.341 73 17.941
6304.338 53 23.398
6304.336 76 21.129

? 6304.3357 23.891
6304.334 21 9.647

? 6304.333 86 4.765
? 6304.333 35 18.791

6304.325 45 16.13
? 6303.637 72 16.436
rR1(1) 6303.627 43 27.88

6303.625 52 50.509
6303.624 82 41.367
6303.6209 20.306
6303.620 25 47.198
6303.6182 41.433
6303.617 41 13.641
6303.616 41 14.139
6303.614 75 207.889
6303.614 34 52.345
6303.612 13 31.518
6303.608 72 34.091
6303.605 71 41.009
6303.585 19 19.425
6303.5833 19.353
6303.573 14 19.463

rQ1 6302.1629 3.206
6302.161 08 14.145
6302.160 35 13.807
6302.156 49 6.242
6302.155 77 18.511
6302.1537 11.38
6302.153 12 9.642
6302.151 84 0.0002
6302.150 24 69.06
6302.149 83 21.692

? 6302.148 31 12.05
6302.147 62 20.777
6302.144 33 17.024

? 6302.142 61 28.071
? 6302.141 65 18.209

6302.141 28 1.919
? 6302.135 62 21.765
rR0(3) 6302.118 81 49.198

6302.115 38 3.246
qR0(5) 6302.064 69 7.806

6302.062 01 54.562
rR0(2) 6301.404 12 16.192

6301.403 38 8.303
o. 17, 1 November 1997

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



6557Dolce et al.: Intramolecular vibrational relaxation
APPENDIX A ~Continued.!

Assignment
Wave number

~cm21!
Integrated
intensity

6301.397 29 233.331
6301.391 92 48.235
6301.386 18 21.767
6301.382 54 10.794
6301.382 34 13.471
6301.379 59 20.147

qR0(4) 6301.338 73 33.565
6301.336 83 20.748
6301.333 17 16.182
6301.332 39 40.529

qR1(4) 6301.303 29 42.653
6301.292 73 16.915
6301.2919 21.947

6301.290 71 21.327
6301.287 06 16.682

? 6300.678 95 74.553
? 6300.672 97 115.61
? 6300.670 89 26.133
? 6300.670 31 100.104
rR0(1) 6300.663 53 23.505

6300.663 14 38.171
6300.661 11 49.881
6300.658 71 71.669
6300.656 18 17.881
6300.655 98 0.172
6300.655 16 19.576

qR0(3) 6300.610 32 143.693
6300.607 75 20.96

qR1(3) 6300.577 52 24.509
6300.575 39 12.745
6300.575 35 0.267
6300.572 64 29.723
6300.571 99 26.383
6300.571 18 14.574
6300.570 65 11.574
6300.570 01 37.811
6300.567 56 24.509
6300.566 59 39.318
6300.559 12 22.467

rR0(0) 6299.947 49 39.337
6299.9465 26.739

6299.936 61 127.605
6299.936 36 32.365
6299.934 81 43.753
6299.928 09 34.685

qR0(2) 6299.883 67 34.248
6299.882 32 108.713

qR1(2) 6299.845 51 38.749
6299.8422 80.994

6299.840 74 31.338
6299.833 47 31.62

rQ0 6299.218 06 7.859
6299.217 67 9.409
6299.216 33 79.563
6299.213 51 10.752
6299.212 9 47.206
6299.206 67 16.156
6299.206 43 32.116
6299.204 75 20.683
6299.2026 22.481
6299.2015 18.432

6299.201 18 88.595
6299.200 6 19.856
6299.195 89 6.373
J. Chem. Phys., Vol. 107, N
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Assignment
Wave number

~cm21!
Integrated
intensity

qR0(1) 6299.157 93 18.778
86.934

6299.152 92 83.305
6299.152 31 105.247

qR1(1) 6299.121 52 54.819
6299.1183 64.832
6299.117 95 45.018
6299.116 44 122.682
6299.115 79 89.928
6299.113 47 52.392
6299.1103 27.532

? 6298.435 63 7.368
? 6298.429 14 9.332
qR0(0) 6298.424 78 25.958

6298.423 28 144.159
6298.419 4 15.691
6298.417 11 8.843
6298.416 89 38.542

? 6298.412 37 17.119
? 6298.393 91 10.821
? 6297.736 53 16.915
? 6297.679 88 29.581
? 6297.675 17 3.762
? 6297.675 04 16.643
? 6297.673 82 8.851
? 6297.669 45 10.662
? 6297.6681 10.081
? 6297.662 22 6.983
? 6297.661 97 27.123
? 6297.661 59 12.658
? 6297.660 64 7.22
? 6297.660 36 5.3
qQ1 6297.6544 17.111

6297.653 03 12.272
6297.651 34 144.399
6297.650 97 0.983
6297.650 24 169.362
6297.649 75 65.105
6297.648 66 32.973
6297.647 91 25.124
6297.647 24 22.783
6297.646 93 10.885
6297.644 95 19.756
6297.644 61 15.975
6297.641 76 21.019

qP0(1) 6296.957 77 99.262
6296.9562 59.272

qP0(2) 6296.226 72 16.279
qP0(2) 6296.225 17 48.156
pQ1? 6296.222 96 52.728
qP0(2) 6296.221 24 4.883
qP0(2) 6296.2188 21.488
pQ1? 6296.218 49 6.468
? 6296.217 56 27.943
pQ1? 6296.216 41 23.322
pQ1? 6296.214 36 16.929
pQ1 6296.2085 29.328
pQ1? 6296.207 91 22.694
pQ1? 6296.205 76 14.664
pQ1 6296.204 45 74.291
pQ1? 6296.199 66 19.195
pQ1? 6296.198 19 33.473
pQ1 6296.197 72 46.409
qP2(2) 6296.192 11 1.26
o. 17, 1 November 1997
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APENDIX A ~Continued.!

Assignment
Wave number

~cm21!
Integrated
intensity

6296.190 73 4.836
6296.189 16 44.927
6296.188 86 0.08
6296.188 06 46.824
6296.187 55 23.504
6296.186 41 14.452
6296.185 65 5.625
6296.185 03 3.183
6296.184 67 2.534
6296.183 25 10.96
6296.182 49 6.38
6296.179 49 9.384

qP0(3) 6295.492 16 5.803
6295.489 33 18.898
6295.487 26 18.112
6295.486 63 23.487

? 6295.485 72 72.505
? 6295.482 14 8.511
pP1(1) 6295.474 03 39.12

6295.467 11 22.454
6295.466 72 6.241
6295.4629 28.826

6295.461 89 19.402
qP1(3) 6295.455 75 11.789

6295.452 53 16.325
6295.452 14 2.98
6295.450 66 26.909
6295.449 99 23.401
6295.4477 13.636

6295.444 55 3.924
? 6294.755 88 22.112
q0

P(4) 6294.754 18 3.319
q0

P(4) 6294.752 8 29.851
? 6294.749 38 7.337
pP1(2) 6294.741 45 13.203

6294.737 44 25.603
6294.730 73 17.511

qP1(4) 6294.716 8.525
6294.712 73 19.437
6294.711 47 4.565
6294.704 18 3.068

APPENDIX B
This table for 2n7

0 lists most of the observed lines and their integrat
intensities along with assignments.

Assignment
Wave number

(cm21)
Integrated
intensity

R(5) region 5912.629 62
5912.627 18 28.242
5912.6234 5.024
5912.621 83 5.48
5912.621 06 9.617
5912.616 12 32.779
5912.615 63 20.313
5912.613 22 21.462
5912.609 21 7.605
5912.599 48 12.356
5912.578 76 32.605

R(4) 5911.920 84 11.331
R(4) 5911.913 51 27.745
? 5911.9075 11.983
J. Chem. Phys., Vol. 107, N

Downloaded 18 Mar 2002 to 128.112.83.42. Redistribution subject to A
APPENIX B ~Continued.!

Assignment
Wave number

(cm21)
Integrated
intensity

R(4) 5911.905 65 18.559
? 5911.902 23 17.216
R(4) 5911.901 88 19.367
R(4) 5911.901 29 24.895
? 5911.895 72 9.522
? 5911.894 27 10.675
R(4) 5911.893 53 21.585
R(4) 5911.891 75 38.477
R(4) 5911.889 84 93.03
? 5911.883 67 15.872
? 5911.8804 22.308
? 5911.875 11 12.871
? 5911.861 99 15.235
? 5911.855 11 14.492
? 5911.852 31 28.035
? 5911.848 61 18.727
? 5911.2552 19.631
? 5911.239 24 6.179
? 5911.237 64 6.554
? 5911.236 43 19.036
? 5911.2338 23.076
? 5911.231 79 6.92
R(3) 5911.206 82 10.804
? 5911.205 11 10.009
? 5911.197 99 10.137
? 5911.195 49 5.332
? 5911.194 58 15.381
R(3) 5911.19 17.103
R(3) 5911.188 17 51.725
R(3) 5911.187 58 27.97
R(3) 5911.185 46 2.144
R(3) 5911.184 88 45.448
? 5911.181 18 18.699
R(3) 5911.174 52 9.225
? 5911.173 12 14.515
? 5911.169 86 4.807
? 5911.1689 10.389
R(3) 5911.166 96 17.305
R(3) 5911.1651 79.462
R(3) 5911.162 64 7.534
? 5911.160 85 3.805
? 5911.158 47 10.322
? 5911.152 37 16.199
? 5911.148 73 12.387
R(3) 5911.142 55 27.422
? 5911.141 15 11.489
? 5911.140 11 8.301
? 5911.137 21 15.053
? 5911.121 22 10.358
? 5910.576 67 41.257

5910.569 48 59.148
? 5910.483 74 26.929

5910.481 44 7.105
5910.471 24 9.933

R(2) 5910.468 64 200.604
5910.467 34 41.105
5910.463 56 30.11
5910.459 42 47.548
5910.458 33 18.903
5910.455 76 61.985
5910.454 37 43.367
5910.453 55 7.995
5910.450 89 8.219
o. 17, 1 November 1997
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APPENDIX B ~Continued.!

Assignment
Wave number

(cm21)
Integrated
intensity

5910.448 74 26.853
5910.447 95 15.534
5910.4458 9.682
5910.441 83 11.263
5910.440 12 16.056
5910.435 61 35.791
5910.432 73 46.613
5910.4317 9.477
5910.431 23 34.247
5910.422 28 23.228
5910.417 23 55.511
5910.408 26 16.725
5910.407 11 11.479
5910.396 67 15.036

? 5910.387 85 7.443
5910.384 64 10.69
5910.378 74 10.439
5910.357 24 10.404
5910.353 84 6.377
5910.349 14 8.848
5910.340 25 11.273
5910.334 45 20.79
5910.317 79 11.73

? 5909.892 79 24.096
5909.883 72 31.239
5909.876 72 14.952
5909.8754 24.269
5909.871 72 21.997
5909.865 88 5.308
5909.853 92 21.327
5909.810 76 18.6
5909.801 82 22.464
5909.786 73 14.027
5909.780 96 12.49
5909.7807 7.895
5909.7786 19.978
5909.774 97 19.861
5909.771 51 12.441

R(1) 5909.767 31 10.12
5909.767 02 36.092
5909.766 21 36.166
5909.763 61 30.093
5909.761 05 21.856
5909.760 07 55.051
5909.7596 42.755
5909.748 66 24.06
5909.747 69 90.13
5909.742 67 283.033
5909.739 83 15.952
5909.737 91 17.396
5909.736 67 16.698
5909.734 55 19.572
5909.731 43 20.478
5909.731 23 45.7
5909.7275 31.638
5909.725 22 13.644
5909.721 34 19.194
5909.719 96 13.0696
5909.716 64 39.979
5909.715 09 78.259
5909.710 02 50.213
5909.709 67 54.038
5909.702 53 29.839
5909.695 71 12.082
J. Chem. Phys., Vol. 107, N
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Assignment
Wave number

(cm21)
Integrated
intensity

5909.694 69 17.319
5909.688 77 43.629
5909.687 21 21.788
5909.683 79 34.873
5909.681 52 38.567
5909.661 76 10.455
5909.658 61 31.226
5909.645 02 7.041
5909.644 34 32.441

? 5909.630 75 12.102
? 5909.621 01 27.245
? 5909.602 26 17.281
? 5909.571 65 12.349
? 5909.5565 8.575
? 5909.5399 18.79
R(0) 5909.031 55 267.161
? 5909.027 68 166.001
R(0) 5909.006 23 639.276
R(0) 5908.995 42 342.37
? 5908.974 21 44.415
? 5908.963 79 37.42
R(0) 5908.950 15 210.436
R(0) 5908.915 68 55.537
R(0) 5908.915 19 66.536
? 5908.427 45 87.298
Q 5908.415 91 280.456
? 5908.385 14 70.543
Q 5908.370 63 55.615
Q 5908.359 24 57.87
? 5908.323 52 75.478
Q 5908.314 21 86.819
Q 5908.312 51 33.519
Q 5908.299 65 105.804
Q 5908.295 14 268.2
? 5908.286 91 68.285
? 5908.281 16 32.031
Q? 5908.276 05 58.879
Q 5908.270 04 326.22
? 5908.260 74 29.696
? 5908.250 06 17.258
? 5908.246 39 49.118
Q 5908.245 52 342.108
Q 5908.242 74 35.054
Q 5908.241 04 142.289
Q 5908.239 31 59.226
Q 5908.230 84 111.724
Q 5908.219 64 152.225
Q 5908.206 34 335.124
Q 5908.197 64 45.271
Q 5908.195 24 80.009
Q 5908.191 24 61.293
Q 5908.188 65 31.921
Q 5908.185 15 43.535
Q 5908.183 18 17.287
? 5907.935 92 11.463

5907.847 38 9.083
P(1) region 5907.5798

5907.557 29 174.05
5907.5515 10.85
5907.540 96 65.81
5907.533 69 32.055
5907.521 77 18.884
5907.490 68 73.344
5907.475 08 12.092
o. 17, 1 November 1997
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APPENDIX B ~Continued.!

Assignment
Wave number

(cm21)
Integrated
intensity

? 5906.9631 10.918
P1(2) 5906.951 59 127.432
P1(2) 5906.906 29 33.246
P1(2) 5906.894 99 7.877
P1(2) 5906.85 65.306
P1(2) 5906.848 33 34.725
P0(2) 5906.8375 221.385
P1(2) 5906.8355 23.918
? 5906.833 46 71.607
P1(2) 5906.830 96 83.699
P0(2) 5906.812 04 318.837
P1(2) 5906.805 82 112.002
P0(2) 5906.801 22 152.602
P1(2) 5906.781 38 147.353
P1(2) 5906.778 41 47.859
P1(2) 5906.776 94 38.906
P1(2) 5906.775 28 24.258
P1(2) 5906.766 69 66.837
P0(2) 5906.755 92 54.204
P1(2) 5906.755 69 80.329
P1(2) 5906.742 36 151.259
P1(2) 5906.733 61 22.899
P1(2) 5906.731 15 10.974
P1(2) 5906.727 11 36.073
P1(2) 5906.724 71 20.903
P0(2) 5906.721 19 116.792
P0(2), P1(2) 5906.721 09
P1(2) 5906.719 09 16.755
? 5906.618 94 53.969
P(3) 5906.093 67 11.877

5906.093 35 15.981
5906.092 53 32.171
5906.089 88 11.9
5906.087 36 25.316
5906.086 35 26.405
5906.085 94 66.204
5906.074 86 81.608
5906.073 93 76.569
5906.068 91 206.207
5906.066 03 11.608
5906.0642 13.605
5906.062 85 34.566
5906.060 81 16.454
5906.057 61 40.996
5906.057 21 20.291
5906.053 75 21.356
5906.051 79 6.628
5906.047 44 11.068
5906.045 77 6.971
5906.042 87 13.726
5906.041 29 54.752
5906.036 19 41.11
5906.035 58 4.723
5906.028 69 13.502
5906.0218 11.005
5906.020 84 9.416
5906.014 99 22.558
5906.013 24 36.638
5906.009 92 35.628
5906.007 72 28.381
5905.987 93 7.837
5905.984 75 10.381
5905.971 09 30.814
5905.970 51 40.967
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Assignment
Wave number

(cm21)
Integrated
intensity

P(4) 5905.344 21 131.396
5905.342 86 19.779
5905.3391 13.317
5905.335 09 14.955
5905.333 63 16.04
5905.331 18 31.364
5905.329 91 39.875
5905.329 09 4.442
5905.326 36 4.26
5905.324 45 25.941
5905.323 43 10.226
5905.321 14 16.155
5905.317 19 22.325
5905.315 48 18.592
5905.311 08 18.954

5905.308 32 23.642
5905.307 28 9.342
5905.306 72 16.262
5905.297 83 12.036
5905.292 75 37.121
5905.283 95 31.841
5905.282 55 6.381
5905.272 07 45.916

P(5) 5904.623 58 17.404
5904.6067 3.906
5904.604 88 21.009
5904.604 29 5.687
5904.601 97 11.783
5904.601 47 11.307
5904.591 32 5.996
5904.583 81 14.542
5904.581 83 33.223
5904.579 51 13.011
5904.559 42 30.452
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