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Vibrational dynamics of large hot molecules in the collisionless gas phase
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Infrared ps pump-probe experiments are presented foPlg andR rotational branches of the
asymmetric CO stretching mode of tungsten hexacarb897 cm?) in the collisionless gas
phase. The pump-probe decays are tri-exponentia® ps, 1.3 ns, and-100 ng in contrast to

single exponential decays observed in supercritical fluids and liquid solvents. The 1.3 ns decay
component is the vibrational energy relaxatiMER) time. The long component occurs following
intramolecular VER into a distribution of low-frequency modes. After VER is completeR gignal

is 48%, theQ signal is 29%, and th® signal is —10% (absorption increagecompared to the

=0 signal. These long-lived signals result from an increase in the occupation numbers of
low-frequency modesinternal heatingthat causes a shift of the vibrational spectrum. The fastest
decay is produced by spectral diffusion. The spectrally narrow pump pulse burns a hole in the
inhomogeneous ground state spectrum and generates a narrow spectral population in the excited
state(excited state peakThe inhomogeneity arises from the distribution of occupation numbers of
the low-frequency modes that produces different combination band spectral shifts. Spectral diffusion
is caused by the time evolution of the complex low-frequency thermal vibrational wave packet. Two
possible models for the spectral diffusion are evaluated, one in which spectral diffusion reduces the
pump-probe signal by hole filling and broadening of the excited state peak, and one in which the
spectral diffusion only broadens the excited state peak.2002 American Institute of Physics.

[DOI: 10.1063/1.1446850

I. INTRODUCTION per cm %) require collisions to undergo VER A small mol-
ecule will have an insufficient density of low-frequency
Vibrational energy relaxatiofVER) is important in a  states to provide an intramolecular VER route that conserves
wide variety of processes ranging from electron trarisfes  energy. For either a diatomic or small polyatomic molecule,
shock-induced chemistfyln the gas phase, VER is inti- collisions provide a mechanism through which energy can be
mately involved in chemical reactiofisn spite of its impor-  conserved. However, a moderately sized polyatomic mol-
tance and a great deal of theoretical and experimental ecule, with many low-frequency modes, can undergo colli-
effort,">~*' the dynamics of vibrations, particularly in com- sionless intramolecular VER because the high density of
plex polyatomic molecules, are not well understood. In conjow-frequency states provides an essentially continuous in-
densed phases, a diatomic molecule in an atomic solvent caramolecular bath into which the energy of an excited high-
only undergo VER by transferring vibrational energy to thefrequency mode can reldk.
translational degrees of freedom of the solvent. VER in a In this article, experiments are presented that examine
pure diatomic liquid, such as Nor O,, can involve transfer vibrational dynamics following infrared excitation of a single
of vibrational energy to rotational as well as translationalvibrational quantum of a high-frequency mode of a moderate
degrees of freedom. VER in polyatomic molecules in con-size molecule, tungsten hexacarbofW(CO);], at elevated
densed matter systems can occur through these pathways,tesmperaturé326 K) in the collisionless gas phase. Following
well as through pathways not available in diatomic systemsexcitation of the asymmetric stretching mog@g, mode at
If a high-frequency vibration is excited, it can relax by a ~2000 cm?!, the vibrational dynamics are observed as a
combination of intra- and intermolecular pathwaysVER  function of time with a delayed probe pulse. IR pump-probe
of a high-frequency mode can occur by excitation of a num-experiments on thd, mode of W(CO); have been per-
ber of lower frequency intramolecular modes plus excitatiorformed in several supercritical fluitf®?’26and in a num-
of one or more quanta of the continuum of bath modes thaber of liquid solvent$? In the SCF and liquid solvents, the
permit conservation of energyWER of diatomics either pure vibrational pump-probe decays are single exponentials. In
or in atomic solvents can be extremely slow because a largéquids, orientational relaxation can give rise to a nonexpo-
number of quanta of the bath must be simultaneoushnential decay® However, if the probe is set at the magic
excited?>~?*while VER of polyatomics can be rapid because angle, the population relaxation is a single exponentii
a combination of only a small number of internal modes plusone set of experiments, in which the IR bandwidth was small
one or a small number of bath quanta need to participate inompared to the inhomogeneously broadened absorption line
the relaxation process> in the liquid and glassy states, spectral diffusion caused the
In the gas phase, diatomic molecules or small poly-pump-probe decays to be biexponenttal.
atomic moleculegdensity of states less than about 10 states  In the experiments presented below on Thg mode of
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W(CO); in the collisionless gas phase, the pump-probe deexcited state peak is generated. The inhomogeneous broad-
cays were measured on tRe Q, andR rotational branches. ening discussed above is not static, however. Each molecule
In all cases, the decays are triexponenﬁﬁrﬁhe three com- IS in a superposition of vibrational states that was prepared
ponents are 140 ps, 1.3 ns, ard 00 ns. Extrapolation of by the last collision prior to the measurement. Each state has
density-dependent pump-probe measurements in SCF sd@ssociated with it a time-dependent phase factor. The super-
vents shows that the 1.3 ns decay is the VER. On the maxiosition is a complex vibrational wave packet that is evolv-
mum time scale of the experimen n9, the longest decay ing in time. The time dependence of the wave packet causes
component appears as a plateau. The level of the plateau astime-dependent evolution in the transition frequency of a
different for theP, Q andR branches. After VER is com- given molecule. Time-dependent shifts in transition frequen-
plete, theR signal is 48%, theQ signal is 29%, and th@ cies are commonly observed in condensed matter
signal is —10% (absorption increagecompared to the=0  Systems®3*3*The time evolution of the transition frequency
signal. is called spectral diffusion. The overall effect for the en-
A theoretical model is developed that is able to semi-Semble of gas phase molecules can be filling of the ground
quantitatively reproduce the observations. To reproduce thetate hole and spreading of the excited state peak, or possibly
absorption spectrum, it is necessary to include inhomogeonly spreading of the excited state peak depending on the
neous broadening of each thermally populated rotationanodel used for the spectral diffusion. Filling of the hole
state of the vibrational transition. Inhomogeneous broadeneduces ground state bleaching and spreading of the peak
ing is usually associated with condensed phase systems fgduces stimulated emission; both decrease the signal mea-
which a distribution of local solvent environments causessured by the delayed probe pulse. As discussed in detail be-
small changes in the vibrational frequency. In the collision-low, the fast component of the pump-probe signal decay
less gas phase at very low temperatuggersonic molecu- (~ 140 ps is caused by spectral diffusion.
lar beam, vibrational transitions will be homogeneously ~ Following VER (1.3 ng, the system does not immedi-
broadened except for a small amount of residual Doppleftely return to its initial conditions. There is a very long-
broadening. However, it has been recognized for some timéved component to the pump-probe signal. The VER elimi-
that at elevated temperatures, thermal population of lowhates the stimulated emission contribution to the pump-probe
frequency modes of moderate to large size molecules cagignal (50% of the signal In the absence of collisions, the
cause anomalous “hot band” broadening of vibrational~2000 cni* of Ty, vibrational energy remains in the low-
transitions* frequency modes of the molecule. This energy produces a
A moderate-sized molecule, lik&/(CO)q, at elevated significant increase in the occupation numbers of the low-
temperatures is fundamentally different from a very coldfrequency modes. The increase in vibrational energy in the
molecule. W(CO)s has a large number of low-frequency low-frequency modes produces a redshift of the spectrum for
modes between-100 and 600 cm'. At elevated tempera- the molecules that undergo VER. The redshift influences the
tures, these modes are thermally populated. Since the norm@pserved magnitude of the ground state recoveegrease in
modes ofW(CO), are well known, the average thermal en- bleaching. Pumping and probing on the branch produces
ergy inW(CO); at the experimental temperature can be calthe smallest drop in signal because the spectrum shifts to the
culated, within the harmonic approximation. The resultanted, moving the relevant components of the spectrum away
average thermal energy is 2900 cthand the spread in en- from the probe wavelength. In th@ branch, the spectrum
ergy about the average is very brodd-32At any given shifts the same amount, but in this case there is more ground
time, a particular molecule will have some set of mode oc-State recovery as a portion of thiebranch shifts onto the
cupation numbers that make up the internal energy of th@robe pulse. Pumping and probing on thé@ranch(red side
molecule. The ensemble of molecules has a broad distribuef the spectrumproduces a negative signahore absorption
tion of sets of occupation numbers. Molecules will have dif-than prior to pumping because the redshift results in the
ferent internal energies, and, therefore, different vibrationaprobe wavelength sampling a part of the spectrum that is
occupation numbers. However, even molecules with virtuallymore strongly absorbing than initially. The observations of
identical total vibrational energies can have a wide variety othe long-lived pump-probe signals are semi-quantitatively
sets of occupation numbers because of the high density afescribed by the theoretical model that involves a single
populated vibrational states at elevated temperatures. Thalue for the magnitude of the redshift in the spectrum fol-
different sets of occupation numbers in different moleculedowing VER. The size of the redshift demonstrates that VER
will lead to slightly different transition frequencies, becausedoes not produce a thermalized distribution of low-frequency
of T\, mode combination band shifts that depend on the ocmodes in the absence of collisions.
cupation numbers of other modes. The result is inhomoge- In the following, data and a detailed model are presented
neous broadening of the spectrum. The extent of the inhomdhat explicate the issues introduced above. The fundamental
geneous broadening is obtained by careful modeling of thquestion is how should large, hot molecules in the collision-
experimental absorption spectrum. less gas phase be viewed? The picture that immerges is one
In the time-dependent experiments, the IR pump andf an inhomogeneous ensemble of molecules that is under-
probe pulses have narrow bandwidths compared to the inh@oing substantial dynamics even in the absence of collisions.
mogeneous linewidth. The pump pulse excites only a fracinhomogeneity and hole burning are generally associated
tion of the molecules. A relatively narrow hole is “burned” with molecules in condensed matter systeftiEhe results of
in the ground state population and a correspondingly narrowthe experiments show that large hot gas phase molecules can
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a on theR branch were performed with the laser centered at
10 E 2003 cm *. The most extensive experiments were conducted
[ on theQ branch.
08
R
'1_-'51 06 | P IIl. RESULTS AND DISCUSSION
= - laser
§ 04 F spectrum A. Spectrum
o
02 [ Gas phas&V(CO)s shows a number of differences from
_ W(CO)g dissolved in either liquids or supercritical fluids.
00 I v The infrared spectrum AfV(CO)g in liquids and supercriti-
S S R cal fluids are well fit by a single Gaussian. In contrast, the
1970 1980 1990 2000 2010 2020 spectrum of gas phas#/(CO)s, shown in Fig. 1, has three

peaks, the?, Q, andR branches.

The gas phase spectrum of the asymmetiig,)( CO
absorption in a coldV(CO)g molecule(no vibrations ther-
mally populated and no inhomogeneous broadenmgade
up of three series of lineghe P, Q, andR branches The
position of these lines can be described by the following
equations®

P(J)=vo— (B[, +B[,;—2B[,;¢) I+ (B[, — B[, J%
Q(J)=vro+(B{,;—B/,
R(J)=vo+2B/,,— 2B/, {i+(3B[,—

wavelength (cm™)

FIG. 1. An FT-IR spectrum of th&, CO stretching mode o/V(CO)g in the
gas phase. The, Q, andR rotational branches are visible in the spectrum.
The laser line, centered at 1997 this also shown for comparison.

exhibit behavior that, in many respects, is similar to mol-
ecules in condensed phases.
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n
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Il. EXPERIMENTAL PROCEDURES

Infrared vibrational pump-probe experimertsansient _ZB[’v]gi)J
absorption measuremeptwere conducted on four wave-
lengths within the asymmetric CO stretching modg,) of
gas phas&V(CO)s. The doubled output of a mode-locked, whereB[’V] is the rotational constant of the lower staﬁ‘v]
Q-switched and cavity dumped Nd:YAG laser was used tds the rotational constant of the upper stdfgis the Coriolis
both pump a dye laser and as the pump pulse in an opticgioupling constant for the vibrational mode, ang is the
parametric amplifiefOPA). The IR pulse train that emerges central frequency of the mode. The magnitude of each of the
from the YAG output coupler is double and used to synchrodines is given by the thermal population multiplied by the
nously pump the dye laser, which is cavity dumpgediO ps ~ degeneracy factor (R+1)2.% The Coriolis coupling con-
pulses. The YAG laser is also cavity dumped. The resultingstant can be calculated from the following equatifn:

[ =Y 2
+(B[V] B[V])J,

IR pulse is doubled, and the residual IR pulse is also 1{ hc \12 A
. . |
doubled. The 532 nm light made from the residual IR pulse g‘_l_AViZ(WBT) =1- 3.335BT) 12 (2

pumps a double-pass dye amplifier cell. The main doubled
cavity dumped pulse is the pump pulse in a lyIOPA. The  wherekg is Boltzmann’s constantA v; is the P-R branch
amplified dye pulse is the signal in the OPA. The idler gen-separation in cm?, B is the rotational constant in ¢m, and
erated in the OPA provides the tunable IR. The frequency off is the temperature i. TheB/,;, B,;, andB are calcu-

the IR is tuned by tuning the dye laser, using etalons, tQateq through the following equatioris:
different wavelengths across the absorption spectrum of the

»=0—1 COT,, mode. The OPA output is-1 wJ. The B=__
pulse spectrum is well fit by a Gaussian with a sigma of 4mcl
0.515 cm* (1.21 cm't FWHM). _ BA

The sample was made by placing a small amount of 5_1,_0’
W(CO)g solid in a stainless steel cell with Calwindows. ) 3
The cell was then evacuated to the point that the vapor pres- Bf,j=B—6/2.0,
sure of thew(CO)g was the limiting pressure. The cell was B’ —B—155

(vl s

sealed and heated to 50 °C to produce enough vapor pressure
to conduct the experiment. The pressure is so low that thevherel is the moment of inertia of the molecule,is the
average collision timé~1 us) is many orders of magnitude speed of light, and\ is the vibrational anharmonicity, that is,
longer than the time scale of the measurements. FT-IR spethe difference in energy between the 0 to 1 and 1 to 2 tran-

tra of the sample displaydd, Q, andR rotational branches.
The P branch was centered at 1993.3 cinthe Q branch
was centered at 1997.2 ¢ and theR branch was centered
at 2001.4 cm? (see Fig. 1L Pump-probe experiments on the

sition energies. The anharmonicity for thg, mode of
W(CO)g is 14.7 cm 1.6

For tungsten hexacarbonyl, the calculated valu® af
1.97x10 2 m Y. The calculated value fors is 7.3

P branch were performed with the laser centered at 1990.% 10 ° m~L. The spectrum calculated using the value8pf
and 1992.4 cm'. Experiments on th& branch were per- B(,;, andBy;,;, and the experimental temperature, 326 K, is
formed with the laser centered at 1997.2 ¢orExperiments ~ shown in Fig. 2a). The calculation takes into account the
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FIG. 2. Calculated spectra taking into account the 0.25'cresolution of £ 3. Calculated spectra including the inhomogeneous width due to *hot
the FT-IR, but no other broadening. The experimental spectrum is shown fog 5~ broadening. The experimental spectrum is shown for referdage.
reference(a) The calculated spectrum using calculated values, sy, ;, The calculated spectrum using, as an adjustable parameter, but using the
andBr,; . (b) The calculated spectrum usifjand & as adjustable param-  caiculated values d8, B,;, andB, . (b) The calculated spectrum usifiy
eters. 5, andoy, as adjustable parameters.

0.25 cmi ! spectral resolution of the FT-IR spectrometer use
to take the experimental spectra. The amplitude of the calc
lated spectrum was matched to the experimental spectrum
the peak of theQ branch. The comparison of the calculated
spectrum and the experimental spectrum shown in R@. 2

demonstrates that the calculated spectrum does not ev

qualitatively reproduce the experimental spectru,m. mental spectrum is improved somewhat compared to Fig. 2.
, As can be seen from E@3), the values 0B, By,;, and g giscussed above, however, the valuesEfand 5 assume
By, are calculated using the moment of inertia of the mol-cq 14 molecules with only thd,, vibrational mode excited.
ecule. The moment of inertia, however, is calculated assumy, these high-temperature experiments, however, this is not
ing that all of the atoms are in a perfectly octahedral geomipe case. Usin®, 8, ando, as adjustable parameters, the fit
etry. Thi; will not be the case when the sample is at 326 _Kin Fig. 3(b) is produced. The agreement between the calcu-
The excited low-frequency modes in the molecule willj5teq and experimental spectra is greatly improved. While
change the bond lengths and bond angles from their 10wyt herfect, when Gaussian inhomogeneous broadening is
temperature values. To take this into account, the spectrumq|yded in the description of the vibrational-rotational spec-
was recalculated allowing and & to be adjustable param- ym 4 reasonably good description of the experimental
eters. Afit to the experimental spectrum using the adjustablgpecrym is obtained. The fit in Fig(t8 should be compared
parameters is shown in Fig(i8. The fit is not significantly 5 the fit in Fig. 2b), which is the equivalent calculation but

improve_d. ) .. without inhomogeneous broadening. The best fit values for
To fit the spectrum and obtain a reasonable descriptiog,q o, B, and s are given in Table I.

of the inhomogeneous broadening, an additional width must

be added to the spectrum. This broadening is assumed to be

Gaussian, and the widtho(;) is used as an adjustable pa- tag g . Spectrum fitting parametef§ig. 3b)].
rameter. The assumption of Gaussian broadening is used fer
mathematical convenience. As discussed below, the assumpm B 6

tion of a Gaussian form for the inhomogeneous broadening 47 ¢yt 0.0197 m® 00m?t
may be a source of error in the final calculations. Keefisng

dandaﬁxed at their calculated values and using the Gaussian
Yuidth of the inhomogeneous broadening;,{) as an adjust-
able parameter, the calculated spectrum is displayed in Fig.
3(a). The peak amplitude of the calculated spectrum was
again matched to the peak of the experimental spectrum. The
%'greement between the calculated spectrum and the experi-
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The final calculated spectrum is made up of roughly
1000 Gaussians representirlgstate transitions up tal
=360 for each of thé?, Q, andR branches. Each Gaussian
has a center frequency given by Ed), and a width(stan-
dard deviationg,) of 1.47 cm 1. The calculated spectrum is
normalized so that the peak corresponds to an absorption of
1, as in the experimental spectrum.

A few obvious sources of this width can be eliminated
quickly. The Doppler broadening of th&, mode in
W(CO)g is only 4x 10 7 cm™ 1. The lifetime broadening of
this mode is somewhat wider, but still only<410 3 cm ™. i

At 326 K, W(CO)s has an average of 2900 cthof
vibrational energy in each molecule. This energy can be ar- 0 1 2 3 4 5
ranged in many different combinations of low-frequency t (ns)

modes. In fact, the density of states at this enéogyculated

; : ; i 1 31,32 FIG. 4. Pump-probe data taken in supercritical G 70 °C with a density
with the harmonic approximatioris 5x 10°states/cm”. of 2.0 mol/L. The decay is a single exponential with a decay time of 910 ps.

As has been pointed out previousfypopulation of low-
frequency modes can lead to broadening of the spectrum of a
high-frequency mode. This broadening has been referred

signal (arb. units)

: : " . ’ tI‘%-ngths, varying between 32% and 35% when fit with a triex-

in the literature as *hot band” broadening. ponential convolved with Gaussian pump-probe instrument
In the absence of the population of any other modes, thg,ghonse. The decay amplitude for the middle component

Ty, will have a transition frequency, . If one other mode is depended strongly on the wavelength of the ldsee Fig.

excited, then thd, mode transition frequency will, in gen- g) "o the p pranch, the middle component of the decay

eral, have a combination band shift, thatdg,+A,n- Avn gropped the signal below the base line 0%. In theQ

is the combination band shift, which can be positive or negap anch experiments, the middle component dropped the sig-

tive. The subscript labels the mode that is excited other 55 4 plateau value of 29%. For theR branch, the middle
than theT,, mode, and the subscriptlabels the occupation component dropped te-48% of the original signal value.

number of thexth mode. If many modes are excited, then theThe final, long time component has such a long decay time

transition frequency is, that it appears essentially flat in the data.
From previous density-dependent studies of vibrational
OT=wot 2 Ay, 4 energy relaxation dfV(CQO)g in supercritical fluids, the zero-

) ) ) ) . density lifetime can be estimated by extrapolation of the
where the sum is over the particular modes excited in a g'VeHensity-dependent lifetime d&%to zero density® The ex-

molecule.(This e_quation is qualitativ_e bgcause excit.ation Oftrapolation is shown in Fig. 6. The spread in the extrapola-
one mode may influence the combination band shift of antjo, comes from making a linear extrapolation using only the
other mode. Because different molecules will have different |, est density data. From this extrapolation, the lifetime for
modes .exqteq with various Qpcupatlon nu'mbers, thgre W"W(CO)G in the collisionless gas phase is found to be 1.1
pe a dIStI’IbUt'IOH ofTy, transition frequencies. The vibra- 5 3q Thus, the middle decay component of the gas phase
fuonal abs_or_ptlon spectrum for_an ensemble of hot mOIeC“|e§ample of 1.3 ns can be assigned as the time constant for
in the collisionless gas phase is broadened by the inhomoggi,njation relaxatiofVER), that is, the relaxation of popu-
neous distribution of occupied modes. lation out of the initially excitedT;, mode. The short time
decay is attributed to a spectral diffusion mechanism. The
long time decay of the triexponential decays, which appears
not to decay on the time scale of the experimeee Fig. 5,

A typical pump-probe signal in supercritical G@t a  is caused by the change in occupation numbers of the low-
density of 2.0 mol/L is shown in Fig. #. The decay is a frequency modes following population relaxation of ffig
single exponential with a decay time of 910 ps. In contrastmode.
as shown in Fig. 5, the decay of the pump-probe signal for  The fast spectral diffusion term decays to a nonzero con-
the gas phase experiments is a tri-exponential decay with thgfant. The population relaxation term then eliminates the ex-
same decay times, within experimental error, for each branchited state contribution to the sign@ne-half of the initial
(P, Q, andR) of the spectrum. The shortest decay time is 140signa). The decay of the excited states produces ground state
ps, the middle decay time is 1.3 ns, and the long decay timgolecules with increased low-frequency occupation numbers
is greater than 100 ns. The amplitudes of the decay comp@nd shifted absorption spectra. This subensemble of spec-
nents are dependent on which branch of the spectrum thigally shifted ground state molecules grows in as the excited
laser is tuned to, as can be seen in Fig. 5. The major differstate population decays. The kinetic equation that describes
ence among the data sets taken on the different branchesthe signal over the full range of times is
the level of the long time scale “plateau.” _ _ _ .

The amplitude of the decay for the shortest component SO=[Rexp(—ksdt) + (1~ R)lexa(—kqt)
was approximately the same for the different laser wave- +C[1—exp(—kpt) Jlexp( —kit), 5)

B. Collisionless pump-probe
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g r FIG. 6. Vibrational relaxation rate data for the CO asymmetric stretch of
& 06 W(CO)g in various supercritical fluids at low densities. Extrapolation of the
8 F L N data to zero density gives an estimate of the gas ptwsksionless life-
5 04 ¢ M Lt e time of ~1.1 ns.
g _
® 02 |
00 | “‘J that is, the decay is a triexponential. This is the reason that
L the data has the appearance of and fits well to triexponential
[ (¢) R branch decays(Fig. 5. As can be seen from Eq7), the fast rate
10 constant is actually the sum of the spectral diffusion and
— 08 s lifetime rate constants. Since we know the lifetimek{l/
£ 7 =1.3ns), from the observed fast decay timel40 ps, we
; 06 can calculate the average spectral diffusion tim&dg)/to be
8 C 157 ps.
T 04 F Since the laser position and laser bandwidth are known,
202 from the calculated spectrum, the pump-probe signal gener-
- ated with the laser at a particular wavelength can be calcu-
0.0 . lated. To do this, the excited state population that is gener-
ated after the pump pulse interacts with the sample is

0 2 4 6 8 10 12 determined by calculating the overlap of the laser spectrum

with each of the individual-state transitions in the IR spec-
FIG. 5. Pump-probe data on the three branches of themode. Fits trum as follows:

through the data are included, but barely distinguishable. The fit numbers

given are averages, after convolution with a Gaussian instrument response.

(a) Pump-probe data taken on ttie branch. The signal decays to 0.10 Abj:f exg —(w— w|)2/(20-|2)]

(arbitrary unit$ below the base linglb) Pump-probe data taken on tig2 '

branch. The signal decays to 0.2&bitrary unit$ above the base lindc) c 12 2

Pump-probe data taken on tReéoranch. The signal decays to 0.&8bitrary xexg —(o— wb,j) 1(20f,)]dw, ()

units) above the base fine. whereb is the branchj is the J-state,w, is the laser wave-

length, wg,j is the center(superscriptc) wavelength of the
oparticular\]—state,m is the standard deviation of the laser
bandwidth(0.515 cm 1), ando;, is the standard deviation of
the inhomogeneous widtfi.47 cm ). Ap,; are the relative
populations of the differeni-states in the excited state. The
signal from the excited and ground states cannot be simply
calculated from the overlap of the excited state with the
probe pulse, however. Any molecule in the excited state is in
a particular J-state, j’. When it interacts with the probe
S(t)=Rexf — (ksgt kp)t]+(1—R) exp(—Kpt) pulse, the excited state can undergo stimulated emission to
eitherj’+1 (theP branch, j’ (theQ branch, orj’'—1 (the

whereR is the fraction of the signal that disappears due t

spectral diffusionC is the fraction of the signal remaining at

long time, ks is the spectral diffusiorisd rate constantk,

is rate constant for populatiofp) relaxation out of theT,,

mode, and is the rate constant for the very lorih time

decay(effectively zero on the experimental time sgale
Equation(5) can be rewritten as

FCexp—kit)~ Cexf — (kp+k)t]. © R branch. Similarly, the hole in the ground state is not a
This, rigorously, is a tetraexponential decay. However, asimple hole, but ha®, Q, andR branches, as well.
long ask,>k;, the equation becomes Independent of which branch is pumped, the production
S(t) = Rexp] — (ksa+ ky)t]+[1— R— Clexp — kyt) of excited states produces a stimulated emission spectrum

that has three peaks, one in each of fh&, andR branches.
+C exp(—kjt), (7) The stimulated emission spectrum is what would be ob-
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served if the vibrational fluorescence spectrum could be mea-

sured. To calculate these stimulated emission peaks, the con- ; Q
tribution to each peak from eachtransition needs to be 10

determined. Because the laser bandwidth is relatively narrow 08 E

compared to the inhomogeneous width, the individual c I R
J-transition contribution to the excited state population is % 06 P

very closely approximated by a Gaussian with the center and g 04 .

width of the laser line. However, the total excited state popu- ®

lation produces three peaks in stimulated emission because 02 [ /\/\/\
AJ=0,£1 downward transitions can be made.tAt0, the r

branch that is pumped has a stimulated emission spectrum 0.0 A

that has the center and the width of the laser. The peaks in Lo st e e

the. other two branches are Iocatgd Within the spectrum of 1970 1980 1990 2000 2010 2020

their respective branches, and their widths are broader than

the laser because of the differences in drstate separations

in the three_ br‘_anChes' The a_mp“tUdes of the_ Ind'v'duallzlG. 7. Stimulated emission spectrumtatO (lower curve and the calcu-

J-state contributions to the excited state population are cakated absorption spectrufapper curvi The spectrum was calculated using

culated by taking the overlap of the particuldtransition  the spectrum in Fig. ®) with the laser centered on th@ branch. The

line shape with the laser spectrum. From the sum of thénagnitude of the stimulated emission spectrum is greatly exaggerated, as the
L ’ . experiments are carried out at low power.

contribution of eachl-state, spectra of the peaks in the ex-

cited state of each branch can be calculated. The stimulated

emission peaks in the, Q, andR branches at=0 are la-

beledpy, gg, andry, and are given by

wavelength (cm™)

cited states that are created by the pump pyEee absolute
sizes of the excited state peaks and the ground state holes do
not actually enter into the analysiggain, the spectrum of

Po(@,t=0)=2 {A,;ex] — (0= w, )2/ (201)]+Aq-1 the hole consists of three holes, one each inRh®, andR
) branches.
X exf — (o= (wgj-1— (0§, Following the pump excitation &t=0, which produces
¢ ) the initial excited state peak and ground state hole, the spec-
—wp DNT(2o)) ]+ A j—2exd —(w tral diffusion process begins. Spectral diffusion in the excited

state causes the excited state peak to broaden. Although its
area remains the san{the same number of molecules are
excited, less of the area will overlap with the probe pulse

_(wr,jfz_(wf,j—z_w;,j)))zl(zoﬁ)]},

qo(w,t=0)zz 1Agjr1exd —(0—(wp 11 spectrum, causing a reduction in stimulated emission. At the
! same time, spectral diffusion in the ground state causes the

— (@81~ 0f j)))Z/(ZUF)]+Aq,j _hoIe to broadenimqlecules on the outside of the hole move

' ' ) into the holg. Again, although no molecules relax to the
Xex] —(w—wq )% (207) ]+ A j_1 ground state, more molecules in the ground state will overlap

with the probe pulse spectrum, causing more of the probe

pulse to be absorbed. This looks like ground state recovery. It

_ng)))Z/(ZUIZ)]}, (99 Is sufficient to discuss the excited state peak because the
' behavior of the hole is fundamentally the same.
Inhomogeneous broadening is caused by the distribution

Xexq_(w_(wr,jfl_(w‘r:,jfl

ro(w,t=O):§j: {Apj+2exil = (0= (wp 2= (02 of populated low-frequency vibrations. Spectral diffusion is
caused by vibrational wave packet dynamics, discussed in
—wfyj)))2/(20|2)]+Aqyj+1exp[—(w more detail below. For a given=0 starting position in the
c ¢ 2 5 inhomogeneous line, a molecule may be able to sample only
~(@g 17 (0g 17 @ PNT(207) ]+ A a portion of the full range of energies, or it may be able to
Xexp[—(w—wr,j)zl(Z(rf)]}. sample all energies in the inhomogeneous line. For a hole

burned off-center, spectral diffusion will broaden the peak
Becauset=0, all of thew, ;= w,. Figure 7 displays a cal- and shift it towards the center. For example, if all energies in
culated stimulated emission spectrum using the model spethe inhomogeneous line can be sampled, then the final state
trum of Fig. 3b). Also shown is the calculated absorption should be identical to the entire inhomogeneous line. The
spectrum(upper curvé In the calculation the hole was taken peak will have broadened to the full inhomogeneous width
to be burned at the center of th@@ branch. As discussed and shifted to the center. If only part of the full inhomoge-
above, the result of hole burning in any branch produces aeous distribution can be sampled by the wave packet, then
stimulated emission spectrum with three peaks of differinghe peak will broaden, but not to the full inhomogeneous
widths. The spectrum of the hole is the absorption spectrurwidth, and it will move toward line center, but not com-
minus the properly scaled stimulated emission spectrum. Thpletely. One difference between the excited state peak and
scale factor is determined absolutely by the number of exthe ground state hole is the maximum extent of broadening.
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FIG. 8. Absorption frequencyQ-branch) vs temperature for the CO asym- Xexd —(o— wq,j(t)) 1(20%(1))] +Af,j—l
metric stretch ofW(CO)g in the gas phase. A representative error bar is c
shown. Extrapolation to 450 Kinternal vibrational temperature following Xexfd —(o— (wr,j*l(t) - (“’r,j -1
relaxation of the 2000 cit CO stretch if the system was in thermal equi- c 2 5
librium) yields a temperature-dependent shift-ef.1 cm* from the peak - wq,j))) 2o (t))]}, (11)

position at 326 K, the initial sample temperature.

rsd(w't):; (%){Ap,j+2 eXF[_(w—(wp,j+2(t)

—(wp 1= 0; DR ()] +Ag 41
The ground state hole is composed of those molecules that

were not excited; they were left in the ground state. There- ><exq_(‘*’_(“’q,j+1(t)_(“’E,JH
fpre, .the maximum broadenipg is to the full iphomogeneous —wfj)))2/(202(t))]+A,j
linewidth. However, the excited state peak is composed of ’ ’
molecules that have a quantum of tfig, mode excited, Xexp[—(w—wr,j(t))2/(202(t))]}.

which they did not have previously. In principle, addition of As discussed above, the time scale for the spectral dif-

the T, excitation changes the vibrational potential for thefusion (~140 p3 is much faster than the time scale for vi-
other modes, which can change their energies and interaE—

i Th h Id modifv the inh it rational population relaxatiofi~1.3 n9. Therefore, it is
lons. 1hese changes could mo ity 1€ INNOMOYENEOUS WITHQ, ¢fi et to take the spectral diffusion to be complete on the
when theT;, mode is excited, making it possible for the

. . ime scale of the population relaxation. In this case, the ini-
excited state peak to broaden beyond the initial full grouni Pop

tate inh idth. Thi ibility | id ial condition for analysis of the population relaxation is the
state inhomogeneous width. ThiS possIDIlity 1S CONSIAETeG; | state of the system after spectral diffusion is complete.

bEIO_I\fV' lculate the time d d f th ited stat When the~2000 cm * vibrational excitation of thel,,

o calculate the time dependence ol the exclted Stalf,,yq rejaxes into a distribution of low-frequency modes, the
peak (and _g_round state hdl;eboth_the W'd‘h(")_f?‘”d the occupation numbers of the low-frequency modes are in-
center position éy,j) of the peak in eaci-transition that creased. The increase in the occupation numbers produces a

was initially pumped r_nus_t change with time. A simple mpdelredshift(see belowin the spectrum of the previously excited
for the spectral diffusion is assumed. The standard dev'at'oﬂwolecules Thus, the molecules that are returning to the

IS taken to grow in time to a maximum value. At the same round state do not return to the same spectral position as
time, the peak moves toward the center at the same rate. T Sfore they were excited. The ground state hole is not

desired time dependence is described by the following equac'hanged in this process because the hole is composed of

tions: molecules that were never excited. Thus, the ground state
hole is the same as it was at the end of the spectral diffusion
o(t)y=a—pBe V", process. The shift in the absorption spectrum of the mol-
(100  ecules that have relaxed from the excited state is responsible
wp (D)= y— 7e~U7 for the long time scale decays displayed in Fig. 5.
)] !

Because there are no collisions on the time scale of the
experiment, all~2000 cm! of energy from theT,, mode
whereq is the final width, ang3 is the final width minus the must go into low-frequency modes of the previously excited
initial width. Similarly, v is the final frequency, ang is the  molecules. If this energy were to go into a thermal distribu-
final minus the initial frequency. In addition, a normalization tion of modes, then the addition of 2000 ¢hto the low-
factor of (oy/0(t)) must be added as a prefactor to thefrequency mode occupation numbers would correspond to an
Gaussians so that the areas will remain the same, despite therease in temperature 6f125 K (from 326 K to~450 K)
change in width. Thus, the time-dependent equations for thbased on calculations using the known mode frequencies and
excited state as it undergoes spectral diffusion in the threthe harmonic approximation for the density of states
branches are calculation*® Temperature-dependent infrared spectra were
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taken ofW(CO)g in the gas phase to determine the amount of
shift to be expected from this additional enet§yigure 8
shows the measureg-branch peak position as a function of
temperature. The figure shows that as the temperature is in-
creased, the spectrum redshifts. Extrapolation to 45&hk
internal vibrational temperature following relaxation of the
2000 cm'! CO stretch if the system was in thermal equilib-
rium) yields a temperature-dependent shift efl.1 cm !
from the peak position at 326 K, the initial sample tempera-
ture.

The spectrum of the molecules that return to the ground
state can be modeled in the same way that the excited state

signal (arb. units)
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spectrum was modeled. The only differences are that the 0 200 400 600 800

spectrum will be shifted by an amouat and that the width,

in the most general treatment, may have changed from the

t(ps)

final width following spectral diffusion in the excited state FIG. 9. Comparison of the model calculation to an exponential decaying to
because of the change in the occupation numbers of the lov@-nonzero constant. The decay time of the exponential is 1&h@spectral

frequency modes. For times long compared to the expone
tial population relaxation tt>~5 ns), the molecules that

have returned to the ground state have shifte@dspectra,
with their P, Q, andR branch shifted spectra labeled, gs,
andrg, and given by

ps(w,t>5 ”SF; (Ul){Ap,J eXF{_(‘*’”’s_“’L,J)Z/

Os

f .
qj-1

(20’5)]+Aq’j_1 exg —(w+ws— (o
—(wa,j_l—wg,j)))z/(Zaﬁ)]
+A jcexd —(o+ ws—(wI‘j_z

—(wf,jfz—wﬁ,j)))z/(2ff§)]},

gs(w,t>5 n9=; (2){Ap,j+1exq_(“’+“’S_(wL,Hl
— (05,1~ 05 N (202)]
+Agj ex — (0+ ws— ;)% (203)]
+A—1exXd — (0t o
— (0] j-1=(f 1= 0 D) (2021},
(12

r{(w,t>5 ns)zZ (O—I>{Ap’j+2 exg —(o+ wg
J

o
_(wL,j+2_(w;,j+2_w?,j)))zl(zag)]
+Agj+ 16X — (0+ 05— (@] 11
—(wg,,-u—wf,j)))z/(Zoﬁ)]
+A ex — (0 + ws—wf )% (2091},
where wg is the spectral shift following vibrational relax-
ation, o is the width(standard deviationof the individual

J-transition in the shifted spectrum, anof;m is the final
spectral position of thath J-transition of themth branch.

iffusion decay time once the lifetime component is remgvétie 7 in the

odel calculation is 208 ps.

To calculate the signal, the overlap of the probe pulse
spectrum with the spectrum of the system following excita-
tion must be determined. The overl&L) with the probe
pulse can be calculated at any timasing

oL = [ exit—(w=w)aD P00+ a0,

+ri(w,t)]dw. (13

Thep;, q;, andr; come from Eqs(9), (11), and(12) for t
=0, t in the spectral diffusion time range, ahnt+5 ns, re-
spectively. This overlap can now be used to calculate the
signal at any time. The general equation for the signal at any
time is
S(t) =3[ OLey(t)/OLed0)]+ 5[ (OLx(1)
—OL,(1))/OLy(0)]. (14)

The first term in brackets is the excited stétg contri-
bution, and the second term in brackets is the ground state
depletion contribution. The ground state depletion contribu-
tion is the hole(h) minus the excited states that have relaxed
(r). The spectrum of the hole is the initial absorption spec-
trum minus the appropriate excited state stimulated emission
spectrum. The spectrum of the relaxed molecules is given in
Eqg. (12). The s multiplying the terms arise because the
signal is comprised of half-stimulated emission from the ex-
cited state and half ground state depletion.

The spectral diffusion calculated from Eqd1), (13),
and (14) does not obviously given an exponential decay of
the signal. Figure 9 shows a calculated exponential decay to
a nonzero constar0.67) with a decay time of 157 p@ine),
compared to the model’s calculated dec¢dgtsy. The 7 [Eq.

(10)] used in the model calculation is 208 (tkis value ofr
produces the best fit to the exponentidlithough the model
calculation does not exactly produce an exponential, the dif-
ference is so small that, when included in a triexponential
and convolved with a Gaussian instrument response, the dif-
ference will not be discernable.



J. Chem. Phys., Vol. 116, No. 9, 1 March 2002 Vibrational dynamics of large hot molecules 3549

The two models for the spectral diffusion that are con-monic coupling among the modes. Suddenly changing the
sidered reflect fundamentally different views of the intramo-couplings among the low-frequency modes will cause the
lecular dynamics that give rise to spectral diffusion. In theinitial {n,} to begin to evolve in time. The change in the
gas phase, prior to application of the pump pulse, the initiabccupation numbers of the modes induced by vibrational ex-
state of the molecule is prepared by its last collision with thecitation will cause spectral diffusion because the combina-
wall of the cell or another molecule. The initial state is ation band shifts of thel,, mode will change. Because the
complex superposition of low-frequency vibrational eigen-spectral diffusion is induced by the excitation of thg,
states. Each modey, will have some occupation number, mode, the extent of spectral diffusion could exceed the inho-
n, . Under collision free conditions, for a given molecule, mogeneous width that was present in the ground state prior
then, are fixed. At the 326 K sample temperature, the averio the excitation of the high-frequency mode.

age total internal vibrational energy of a molecule is 2900 In model 2, spectral diffusion only occurs in the excited
1

cm™ -, and the density of states at this enefggiculated with  state. Therefore, the excited state peak produced by the pump
the harmonic approximationis 5x10° states/cn®.3*%?  pulse broadens, but the ground state hole does not change
Thus, there are a vast number of initial states of the molwith time. Broadening of the excited state peak reduces

ecules that comprise the experimental ensemble. stimulated emission, but because the ground state hole does

In model 1, the spectral diffusion is assumed to be pronot fill with time (except for filling caused by the vibrational
duced by wave packet evolution caused by the changingopulation relaxation on a longer time sdalehanges in the
phase relationships among the thermally occupied modeground state bleach do not contribute to the short time signal
Following a molecule’s last collision prior to the pump pulse, decay.
there are well-defined phase relationships among the ther- When the equations discussed above are used to model
mally excited modes. The superposition of these timethe data, in addition to the time constants for the decays,
evolving vibrational modes produces a complex time-there are three adjustable parameters. The first is the width
dependent molecular structure. We consider something akiover which the excited state can spectrally diffuse, termed
to a Born—Oppenheimer separation of time scales. The 200he accessible inhomogeneous width. As discussed above,
cm ! T,, mode is high frequency compared to the low- although the transition frequencies are able to evolve in time
frequency modes, which have energies on the order200  over a small range, this range is not necessarily the same as
cm L At a given time, the complex superposition of low- the inhomogeneous width, and thus the accessible inhomo-
frequency modes projects onto a set of local modes that re@eneous width is not necessarily equal to the inhomogeneous
resent the atomic displacements. In general, the atomic poswidth. In the two models discussed, the percentage of the
tions will be displaced from their equilibrium average values.signal remaining after the spectral diffusion process is com-
The T,, mode is oscillating with a potential determined by plete is determined by the accessible inhomogeneous width.
the distorted molecular geometry at a particular time. As the  The other two parameters in the calculation of the pump-
wave packet evolves in time, the potential evolves, and th@erobe signal are the long time widtthe width of the spec-

T,, oscillator frequency changes. The change in oscillatotrum of the previously excited molecules once they return to
frequency is the spectral diffusion. The set of occupatiorthe ground vibrational stateand the long time shift of the
numbers{n,}, and their phase relationships for a particularrelaxed molecules. In model 1, all three parameters deter-
molecule will produce wave packet evolution that does nomine the signal at very long times>*5 ns). In model 2,
necessarily sample the entire inhomogeneous linewidth. Thenly the long time width and the long time shift determine
{n,} and their phase relationships will cause the frequency tthe very long time signal, as the hole does not change due to
evolve to some extent about some average frequency. Thapectral diffusion.

distribution of the sets of, and the phase relationships de- Either model 1 or 2 can describe the full time-dependent
termine the distribution of average frequencies. This distri-decay in theQ branch. For example, consider the decay ob-
bution is the inhomogeneous line. In model 1, the evolutiorserved for theQ branch, which is shown in Fig.(B). The fit

is independent of exciting thg,, mode. Therefore, the spec- of this particular data set gives a 33.5% drop due to the fast
tral diffusion is the same in the ground and excited statescomponent and a long time component of 35.1%. The decay
Because the time evolution is independent of the excitatiomonstants for this particular data set, obtained by fitting to a
of the T;, mode, the maximum possible extent of spectraltriexponential, are&ksq+ k= 1t ps for the short time decay,
diffusion will not exceed the inhomogeneous width that iskp=%7 ns, andk,=~0. From the fast decay component,
present prior to vibrational pumping. Also, since the spectraksy= 133 ps. [Decay times discussed throughout the article,
diffusion is not influenced by the excitation of thg, mode,  1/(ksqt+k,)=140ps and K,=1.3ns, are average values
the extent and rate of spectral diffusion will be the same inobtained by fitting many data sels.

the ground and excited states. Using model 1 to fit the short time decay component, the

In model 2, the spectral diffusion is assumed to beaccessible inhomogeneous width is 1.043 ¢nand 7 is 232
caused by the excitation of thg, mode. As in model 1, ps. Once the short time decay has been properly modeled,
each molecule has a particular, }, and the inhomogeneous the accessible inhomogeneous width is fixed, and the long
broadening is produced by the distribution of {mg}. When  time width and shift are varied to fit the level of the long
the T,, mode is excited, taking a molecule from the 0 to 1time decay. To fit the decay shown in Figb} the long time
state of the high-frequency CO stretch, the potentials of thevidth is 1.336 cm® and the long time shift is 8.0 cni.
low-frequency modes are changed because of the anhaFhese calculations show that the model is capable of repro-
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TABLE II. Results of fits to models 1 and 2 compared to experimental results.

Laser frequencycmY) Measured values Model 1 Model 2
Accessible 0.86 cm* 23cm?
inhomogeneous width
Signal after spectral 1990.7(P) 68% 64% 64%
diffusion 1992.4(P) 65% 66% 66%
1997.2(Q) 67% 75% 74%
2003.0(R) 67% 65% 63%
Long time width 0.86 cm! 0.81 cm?t
Long time shift 5.5 cm?! 55cm?
Long time signal 1990.7P) —7% 5% 23%
1992.4(P) —-11% 6% 23%
1997.2(Q) 29% 25% 38%
2003.0(R) 48% 32% 50%

ducing the time-dependent data. The same procedure is usetbdel 1, the spectral diffusion width is less than the full
to fit the data using model 2. inhomogeneous width, consistent with the model. Model 1
Although both model 1 and 2 can fit tli@ branch data, does a reasonably good job of reproducing the signal after
the true test of the models is their ability to provide a globalspectral diffusion with the exception that tebranch value
fit to all of the data taken on the, Q, andR branches. Both is somewhat too large. The long time width is the same as
models have reasonable success, but model 1 does a betteat achieved by spectral diffusion and the long time shift is
job. The global fits were made to the average results for th&.5 cm 1. Model 1 produces the trends seen in the long time
P, Q, andR branches using the procedures described abovelata. The two points on the branch have dropped signifi-
A least squares technique was employed to determine theantly more than the points on tli¢ and R branches. How-
best fit for each parameter. The results from these fits arever, the drop below zero for tHebranch is not reproduced
given in Table Il. As discussed above, the time dependencand the calculated drop for the branch is too great.
of the data can always be reproduced. However, the magni- Model 2 does equally well at reproducing the signal after
tude of the decrease in signal produced by spectral diffusiospectral diffusion. A much greater extent of spectral diffusion
on the short time scalésignal after spectral diffusiorand  is required. The width after spectral diffusion is greater than
the long time scale “plateau” leve(long time signal are  the initial inhomogeneous width. This increased width is per-
very sensitive to the details of the two models. These signahitted in model 2. The long time width is a factor ef3
levels depend on how much spectral diffusion broadens themaller than the width after spectral diffusion; that is, upon
excited state peak and ground state hole and how much shiftlaxation, the excited state peak must contract to give a
there is in the spectrum of molecules after they return to thehifted narrow ground state peak. The long time width and
ground state with 2000 cnt of excess energy in the low- the long time shift are almost identical to those found in
frequency modes. The column labeled “laser frequency’model 1. However, the agreement with the long time signal
gives the frequency of the pump-probe experiment with thas not as good for model 2 as it is for model 1. The values for
branch of the spectrum in parenthesis. The next column, lathe four experimental wavelengths are very similar. Model 2
beled “measured values,” contains the signal levels aftercan do better at reproducing tiebranch value, but it does
spectral diffusion is completgsignal after spectral diffusion  not reproduce the qualitative feature that the signal for the
and the signal levels at long timng time signal. These points on the? branch show much greater drops than for the
are the percentages of the signal that remain. The next twQ andR branches.
columns(models 1 and Rgive the results of the global cal- The assumptions that the inhomogeneous broadening is
culations and the parameters that give the best agreemeBtiussian in functional form and that the form of the time
with the measured values. The first row gives the width fol-dependence of the spectral diffusion is given in 8d) lead
lowing spectral diffusion. The next four rows allow compari- to an exponential time dependence for the spectral diffusion,
son between the data and the calculated results following thas shown in Fig. 9. However, as seen in Fifh)3the ex-
spectral diffusion. The rows labeled “long time width” and perimental spectrum is not reproduced perfectly by the
“long time shift” give the values of the width and shift of the Gaussian inhomogeneous broadening model. If the inhomo-
spectrum of the molecules that have undergone populatiogeneous broadening is not strictly Gaussian or if Ed)
relaxation to the ground state that produce the best agre@oes not describe the time dependence accurately, then the
ment with the data. The four rows labeled “long time signal” time dependence of the spectral diffusion may not be expo-
permit comparison between the measured and calculated valential. For example, the time dependence could be a
ues. stretched exponential with a fast portion lost underneath the
From examination of Table Il, it is clear that both modelsinstrument response, which is Gaussian wiit+ 37 ps
reproduce the global behavior of the data qualitatively. FoFWHM=87 ps). Any spectral diffusion occurring on a time
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TABLE lIl. Results of fits to model 1 including a very fast component ()
compared to experimental results. 10 [
Laser Measured —~ 08 E
frequency(cm %) values Model 1 -% Tor
5 r
Very short time width 0.87 cmt g 06 ¢
® [
Accessible 1.25 cm? E 04
inhomogeneous width 2 02 _
Signal after spectral 1990.7(P) 68% 64% 0.0 [ o S - -
diffusion 1992.4(P) 65% 67% e
1997.2(Q) 67% 82% r ,
2003.0(R) 67% 66% [ (b)
10 |
Long time width 1.25 cmt r
Long time shift 5.5 cm? £ 08 -
2 06}
Long time signal 1990.7P) —7% —4% £ Tt
1992.4(P) ~11% ~7% S oatl
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scale faster than the instrument response would not be visible
in the experiments. If we assume in the calculations that t(ns)
there is a very fast component to the spectral diffusion that ,
broadens out the excited and ground states in model 1 ar{: giclhoa m(népolipi‘r“rx'zoﬁosgﬁgeonq%‘2:‘5”;2sf;hgsgowzsz’g."gnc
Just the excited state in model 2, then the results of the mOdEﬁressure 18 psi(~1 atm). Ar density of~ 0.05 mol/L and inverse collision
1 calculations come into closer agreement with the data. Fdfequency of~0.2 ns. The decay is fit with tri-exponential components 107
model 2, assuming a fast spectral diffusion component caps, 1.29 ns, and 8.1 nf) Pressure- 1180 psi. Ar density of-3 mol/L. The
mprove the agreement between the calculations and (HEce) % 2o gl Seranta v o et 0L e, The avorage
spectral diffusion portion of the data but with the result thatytin experimental error. 9 gasp '
the long time calculated numbers become much worse, and it
is necessary to use physically unreasonable parameters.

Table 1l displays the results for model 1 when a fast
spectral diffusion component is assumed. The first row of thén internal energy of 2000 cit. Both models indicate a long
table gives the “very short time width.” This is the extent of time shift of 5.5 cm®. When theT,, mode relaxes into a
the very fast spectral diffusion assumed to be lost under thdistribution of low frequency modes, it will not necessary
instrument response. The overall accessible inhomogeneoggnerate a thermal distribution. Thig, mode will relax into
width is increased, but it is still less than the total inhomo-a subset of modes that are strongly couple by the anharmonic
geneous broadening obtained from fitting the spectrum. Theotential to theT;, mode. These modes will have larger oc-
agreement with the data is improved, particularly in the longcupation numbers than would be the case in a thermally
time signal. The model is able to reproduce the negativequilibrated sample. The larger than thermal spectral shift
going signals almost quantitatively, which is one of the prin-implies that the modes that are strongly coupled toThe
cipal features of the data. However, the calculation still hasnode for the purpose of population relaxation also produce
two places where there is significant deviation from the datalarge combination band shifts.
that is, the signal after spectral diffusion for Qeéranch and
the long time signal for th& branch. While model 1 with the
inclusion of a fast spectral diffusion component gives signifi- ~ To see how collisions affect the different decay compo-
cantly better agreement with the data than model two, tments, argon was added to the sample at different pressures,
some extent, the true nature of the phenomena is possiblyand the pump-probe experiments on Qeranch were re-
mix of model 1 and 2. If both the ground state hole andpeated. Figure 10 shows sample pump-probe decay curves
excited state peak broaden, as in model 1, but there is greatehhen two different pressures of Ar have been added to the
broadening in the excited state, which is characteristic obample. Table IV gives the results of fitting the pressure-
model 2, then the agreement between experiment and theodependent Ar data at many pressures. At moderate pressure
could possibly be improved. [0.05 mol/L, Fig. 10a)], the decay remains a triexponential,

One of the important results to come out of these experibut the fastest component and the slowest component have
ments is that the long time shift of the spectrum, regardlesbecome fastetthe decays are now 100 ps, 1.29 ns, and 8.1
of the model, is significantly greater than the estimated 1.1s). The lifetime is unchanged within experimental uncer-
cm™ ! shift that would occur from an equilibrium increase in tainty. At relatively high pressure of Af3.0 mol/L, Fig.
temperature to a final temperature with an average increasdXb)], the decay is a single exponential. The decay time of

C. Pump-probe with argon-induced collisions
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TABLE IV. Fits to pump-probe decays as a function of Ar pressure. ing it ineffective at enhancing the relaxation of the 2000
cm ! T, mode.

Although Ar is ineffective in causing population relax-

Pressure Fast decay timéps)  Lifetime (n9  Long decay timgns)

(psi) (1+Ksgt1/Kp) (1kp) (1ky) ) , - ;

ation of the high-frequency,, mode, it is effective at pro-
0.0 140 L3 ~100 ducing population relaxation of the low frequency modes as
0.8 90 1.3 28 ) . . -
2 100 10 17 is evident frgm Fig. 10 angl Table IV. Eqr the pressure in Fig.
17.8 90 1.2 7.4 10(a) (18 psi,~1 atm), the inverse collision frequendhard
50 50 1.1 7.0 spherg¢ is ~0.2 ns. The long component has become sub-
100 50 11 6.4 stantially faster compared to collision-free conditions and the
igg 12 ‘31'2 fast component has also become faster. In Figb)1(QL180
800 10 20 psi), the decay is now a single exponential with lifetime 1.20
1180 1.2 ns. The fastest and slowest triexponential components ob-

served in the gas phase are eliminated by rapid collisions
with Ar at this high pressurénverse collision frequency of
~3 p9. The lifetime is unchanged from the gas phase value,
ithin experimental error.

the single exponential, 1.2 ns, is again, within experimentaYV
error, the same as the middle decay component of the tri-
exponential observed without Ar. IV. CONCLUDING REMARKS

In the pressure-dependent data, the long component can In this article we have addressed qualitatively and quan-
distinctly be seen to go from a very lofgpparently infinit¢ titatively the nature of vibrational states and vibrational dy-
decay to a decay that is on the same order as the lifetime. Atamics in large molecules in the collisionless gas phase at
the highest pressure, a long component can no longer be seelevated temperatures. The time dependence of the infrared
in the data. The short time decay follows a similar trend ofpump-probe experiments on thg, antisymmetric CO
increasing rate as the pressure is increased, although the fastetch ofW(CO)g, a triexponential, has been described as a
component quickly becomes on the same order as the pul$mle burning experiment. To obtain a reasonable description
duration, and it can no longer be observed for pressuf@0  of the gas phase spectrum, it is necessary to broadenJeach
psi. to J’ transition of the rotational manifolds of the vibrational

The addition of Ar to tha\(CO)s sample increases the transition. The inhomogeneous width-sL.5 cm . The in-
rate of collisions. At sufficiently high Ar density, th&¥(CO)g homogeneous width is associated with the vast number of
molecules are no longer collision free on the time scale okets of occupation numbers that the low-frequency modes
the experiment. As the Ar pressure is increased from zera@an have. The different occupation numbers of the low-
the long time decay becomes significantly fastege Fig. frequency modes found in different molecules produce dif-
10). Collisions with Ar provide a mechanism to bring the ferent combination band shifts. The distribution of the com-
increased occupation numbers of the low-frequency modelination band shifts is the cause of the inhomogeneous
back into thermal equilibrium. Return to thermal equilibrium broadening.
causes the signal to decay to zero by refilling the ground The bandwidth of the IR pulses is significantly less than
state hole with the molecules that were spectrally shifted byhe inhomogeneous width. The initial IR excitation burns a
their increased occupation numbers. At high enough Ar preshole in the spectrum, creating an excited state peak and
sures, the long time decay vanishes because the rate of thground state hole, initially with the width of the IR band-
mal equilibration is fast compared the population relaxationwidth. The fast component of the triexponential decay arises
rate’® Similarly, as the Ar pressure increases, the spectrairom spectral diffusion, which can broaden the ground state
diffusion component of the signal gets faster and eventualljiole and the excited state peak. The middle component of the
is no longer observable given the time response of the exriexponential is thel|, mode population relaxatiof(VER).
periment. Rapid collisions randomize the occupation numThe very slow component of the decay is caused by the
bers of theW(CO)g low-frequency modes producing spectral “heating” of the low-frequency modes, which produces a
diffusion that is too fast to observe. Collisions with Ar do not spectral shift. The spectral shift prevents the system from
change the population relaxation rate even at relatively higheturning to the initial conditions until cold molecules fly
densities. This is in contrast to collisions with polyatomic into the laser spot or infrequent collisions return the system
molecules. For polyatomics, such as ethane, fluoroform, antb thermal equilibrium. Addition of Ar produces faster spec-
carbon monoxide, the population relaxation rate is pressurgal diffusion and faster thermal equilibration. At sufficiently
(density dependent??° To increase the rate of population high pressures of Ar, the decay is a signal exponential.
relaxation (VER) from its gas phase value, the bath must  Theoretical analysis of this problem is complex. Two
provide low-frequency modes that enable new relaxatiormodels were presented. Model 1 has both the excited state
pathways to come into play. Studies of tiig, population peak and the ground state hole broaden at the same rate.
relaxation in polyatomic supercritical fluids show that bathModel 2 has only the excited state peak broaden. Physical
modes of~150 cm ! are required®?° The Ar density of bases for the two models were described. Both models do a
states for the continuum of bath modes cuts off~80  reasonable job of reproducing the data. While neither pro-
cm 137 Therefore, Ar can only enhance vibrational relax- duces complete quantitative agreement with the data, model
ation of theT,, through a multiphonon process, thereby mak-1 is somewhat better. Future experiments will test the models



J. Chem. Phys., Vol. 116, No. 9, 1 March 2002

Vibrational dynamics of large hot molecules 3553

in more detail. In the current experiments, there is a trade off°D. J. Myers, M. Shigeiwa, B. J. Cherayil, and M. D. Fayer, J. Chem. Phys.
between spectral resolution and time resolution. The future 115 4689(2003.

. . . . . 20 H H :
experiments will employ two-dimensional ultrafast infrared = D- J- Myers, M. Shigeiwa, B. J. Cherayil, and M. D. Fayer, J. Phys. Chem.

stimulated vibrational echo experimerfsThe stimulated

echo can be used to directly examine spectral diffusion on all

time scales.
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