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The population relaxation rate of the first excited state of the acetylenid &retch is compared for a series

of isolated and solvated terminal acetylenes. The isolated molecule relaxation rate for ultracold molecules is
measured using high-resolution infrared spectroscopy in a molecular beam. These measurements use a
microwave-infrared double-resonance technique to obtain rotationally resolved spectra that originate in the
vibrational ground state. The relaxation rates in room-temperature gas and dilytsoliibn (0.05 M) are
measured using two-color transient absorption picosecond spectroscopy. Although the molecule-dependent
contribution to the total relaxation rate in solution is proportional to the population relaxation rate measured
for the isolated molecule under molecular-beam conditions, a large scale factor (27) is required to reach
quantitative agreement. Part of the reason a large IVR scaling rate is observed can be attributed to the fact
that the intramolecular vibrational-energy redistribution (IVR) dynamics of the terminal acetylenes occur on
two distinct time scales. The faster time scale produces only partial redistribution of the excited-state population.
The experimental limitations of high-resolution infrared spectroscopy make it likely that this time scale is
undetected in the molecular-beam measurements. Instead, the slower time scale, which is about 5 times slower
than the initial IVR rate, is more closely related to the IVR time scale measured using high-resolution molecular-
beam infrared spectroscopy. In addition, a thermal factor is expected when comparisons are made between
ultracold molecular-beam and room-temperature sample conditions. A comparison of the measured IVR rates
under these two conditions suggests that the rate enhancement at room temperature is related to the average
thermal energy of the molecule. Most of the molecules in this study have about the same thermal energy, and
this energy provides a factor of 5 increase in the IVR rate over the value obtained under ultracold conditions.
These two factors together explain the large increase in the isolated molecule rate when the molecular-beam
IVR rate is compared to the solution-phase relaxation rate of the room-temperature sample.

Introduction for the acetylenic €H stretch fundamental of terminal acety-

The vibrational dynamics of solvated molecules involve the '€N€S at room temperature, where both rates were measured

interplay of purely intramolecular and solvent-induced relaxation USing time-domain pumpprobe spectroscoply: A good cor-
processes. For a large molecule in solution, there are two relation observed between the IVR rates and the total relaxation
pathways for the population relaxation of a coherently prepared rates in solution indicated a simple model for the interplay of
excited state: an intramolecular pathway where the popu|a’[ion intramolecular and intermolecular relaxation processes: the total
is redistributed to other vibrational states of the molecule with solution rate is the sum of a molecule-dependent IVR rate and
the same total energy through anharmonic interactions (intramo-a solvent-induced VER rate that is common to all terminal
lecular vibrational-energy redistribution, IVR) and a solvent- acetylenes. In this study, we include frequency-domain molec-
relaxation pathway where the vibrational energy is removed ular-beam measurements of the IVR rate of ultracold molecules.
from the molecule by a series of steps that lower the total The molecular-beam experiments determine the state-specific
vibrational energy (vibrational-energy relaxation, VER).In IVR rate for single rotational levels of the acetylenic-8
the present series of papers, the vibrational dynamics of a setstretch fundamental. Because the measurements are made using
of terminal acetylenes are investigated in both gas and solutioninfrared-microwave double-resonance techniques, the high-
with the goal of understanding the relative contributions of IVR  rego|ution vibrational spectrum is unambiguously assigned to
and VER and to determine whether the purely intramolecular o -1 stretch fundamental without the possibility of the
ylbratlona! dynamics are modlfled by solvent. Th!s final paper spectrum arising from a populated low-frequency normal mode
in the series takes a unified look at the population relaxation (i.e., a hot band). By contrast, the room-temperature time-domain
rate of the first excited state of the acetylenie g stretch as ) o f | t all thermall
the molecule moves from the ultracold, isolated environment measurements c_ontaln contributions rom aimos y
of molecular beams to collision-free room-temperature gas popula_ted vibrational levels and provide thermally ayeraged
conditions and finally to dilute solution at room temperature. relaxation _rates that could reason_ably be expected to d'ffe; from
The previous papers compared IVR rates of gas-phasethe relaxation rate of t_he acetylenleel st_retch fundamentdl’
molecules with the total relaxation rate measured in solution Therefore, the extension of this study to include molecular-beam
IVR rates has the potential to determine how thermal vibrational
* Corresponding author. E-mail: bp2k@uvirginia.edu. energy affects vibrational dynamics.
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TABLE 1: Lifetimes for the Acetylenic C —H Stretch in the
Molecular Beam and in Room-Temperature CC}, Solution
and Vibrational State Densities at 3330 cm?ab

TvR-mB  Tccla  PMazzocm t [Evib[
molecule (ps) (ps) (flem™)  Qup (cm™
H—C=CCH; 22(2.2) 0.66 1.81 197
H—C=CCHF 36(3.6) 2.3 2.65 293
H—C=CCH,CI 51(1.9) 4.4 3.11 339
H—C=CCH,Br 38(3.8) 5.1 3.57 370
H—C=CCH,CHs 7017) 7.8(0.8) 15 411 438
H—C=CCH,OH 400(150) 17(1.7) 19 3.68 398
H—C=CC(CH)=CH, 105(24) 3.6(0.5) 36 7.33 613
H—C=CCH=CHCHs(Z) 183(26) 5.5(0.6) 75 8.98 618
H—C=CCH=CHCHs(E) 83(16)  2.8(0.5) 84 9.59 641
H—C=CCHFCH; 133(20) 13(1.3) 120 6.36 574
H—C=CCH,CHzF 1480(300) 23(2.3) 140 9.14 566
H—C=CCH,CH.CI 3480(700) 26(2.6) 160 13.1 631
H—C=CCH,CH,Br  1990(400) 22(2.2) 210 173 673
H—C=CC(CHy)s 210(30) 5.1(0.5) 700 255 1027
H—C=CCH,OCH;z 300(60) 15(1.5) 750 11.9 655
H—C=CCH,CH.CHs(g) 325(65) 9.0(0.9) 2400  13.0 707
H—C=CCH,CH,CHs(f) 1000(200) 13(1.3) 2400 16.1 728
H—C=CSi(CHy)s 1835(250) 44(4.4) 21000 340 1504

a State density with the same vibrational symmetry as that of the
bright state, the acetylenic-€H stretch.? Also listed are the vibrational
partition functions and the average vibrational energies at room
temperature¢ The average vibrational energy at room temperature that

we report in this paper does not include the amount where the thermal

energy is in the acetylenic-€H bend. As described in the previous
paper: because of the large anharmonicity (20¢émour picosecond
pulse does not effectively excite the hot bands originating from the
acetylenic C-H bend excitation at room temperature, so they are not
likely to affect the IVR dynamics of the first excited state of the
acetylenic G-H stretch.

Experimental Section

The experimental technique for the high-resolution IVR rate
measurements has been previously described in dé@ilefly,
rotationally resolved infrared spectra are obtained with micro-

wave-infrared double-resonance spectroscopy using an electric-

resonance optothermal spectrometer (ERBOS).The spec-
trometer consists of three chambers: the source chamber, fligh
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Figure 1. Standard model of IVR. One vibrational state, called the
bright state, carries all of the oscillator strength to the higher-energy
region. The bright state is coupled to the near-resonant vibrational dark
states. The resulting molecular eigenstates can be written as linear
combinations of the interacting bright and dark basis states. The bright-
state oscillator strength is distributed among the eigenstates, and the
intensity observed in the spectrum is proportional to the bright-state
contribution to the molecular eigenstate. The dynamics of the bright-
state population can be calculated from the survival probability. In
general, the width of the intensity distribution reflects the initial
population decay rate.

resolution infrared spectroscopy in a molecular-beam spectrom-
eter. The IVR rates for two of the molecules ((§C—C=

CH and (CH)3Si—C=CH) were measured using a standard
optothermal spectrometer in the previous work of Kerstel et
all® The other 16 IVR rate determinations are obtained from
eigenstate-resolved spectra obtained using the EROS machine.
Because these measurements are made using an irfrared
microwave double-resonance technique, the IVR rates for single
rotational levels of the acetylenic€H stretch are obtained. In
particular, the infrared spectrum is guaranteed to originate in a
rotational level of the ground vibrational state. The IVR lifetimes
obtained from high-resolution molecular-beam spectroscopy are
presented in Table 1. This table also includes the vibrational
state density at the energy of the first excited state of the
acetylenic C-H stretch, the vibrational partition functions at
room temperature, and the average thermal energy at 300 K.
These three quantities are calculated in the harmonic limit using
scaled ab initio vibrational frequencies calculated at the B3LYP/
6-31g** level1* The reported state density is for the vibrational
state with the same vibrational symmetry as that of the acetylenic
C—H stretch (i.e., the vibrational state density available for

chamber, and detector chamber. The sample is expanded fronnharmonic interactions).

a pinhole nozzle (5@m) in the source chamber, which contains
microwave radiation ports and an infrared multipass assembly.

The flight chamber includes a quadrupole state-focusing device.
All spectroscopy is performed in the source chamber before the

state-focusing device is overlapped with infrared and microwave

radiation for double-resonance spectroscopy. The total beam flux

is measured by a liquid-helium-cooled bolometer detector
through the kinetic energy carried to the detector when the
molecular beam reaches the bolometer detéétor.

The vibrational relaxation rate measurements of solution-

phase molecules using time-domain spectroscopy included in

this study are identical to those described in the previous gaper.
We have performed two-color picosecond transient absorption
measurements where the total relaxation rate is measure
through the anharmonically shifted= 1—» = 2 absorption
frequency. Solutions with a concentration of 0.05 M in carbon
tetrachloride (CC) were used at room temperature. The
structural formulas for all of the molecules in this study are
given in Table 1.

Results

IVR Rates from High-Resolution Infrared Spectroscopy.
The intramolecular vibrational-energy redistribution rate of the
first excited state of the acetylenic-® stretch normal mode
for an isolated molecule has been determined using high-

Frequency-domain measurements of the IVR rate are inter-
preted using the standard spectroscopic model shown in Figure
11516 The dynamics are described using the normal-mode
vibrational states as a basis. In the spectral region of interest, a
single vibrational state is assumed to carry all of the oscillator
strength. In our measurements, this “bright state” is the first
excited state of the acetylenic—El stretch near 3330 cm
above the zero-point energy of the molecule. In this energy
region, there will be other vibrational states that are the
combination bands and overtones of the lower-frequency normal
modes. These “dark states” are assumed to have no transition
dipole strength from the ground state. The density of these dark
states depends on the number and frequency distribution of the

ormal modes. Vibrational anharmonicity leads to interactions

etween the bright and dark states. The exact eigenstates of the
molecular Hamiltonian can be represented in the normal-mode
basis of bright and dark states. This vibrational-state mixing
leads to a distribution of the bright-state transition intensity over
several molecular eigenstates. The width of the intensity
distribution reflects the time scale for population transfer from
the normal-mode bright state (acetylenie-B& stretch) to the
near-resonant dark states. This time scale can also be measured
using time-domain techniques if the bandwidth of the excitation
source is sufficiently broad to excite the full intensity profile
coherently. Details of the analysis of eigenstate-resolved spectra
are presented in Appendix A.
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Figure 2. High-resolution infrareemicrowave double-resonance Frequency (cmd)

spectra of fluoropropyne (top) and 3-fluorobutyne (bottom). The-2 . . N .
212 (standard asymmetric top notatioda ko) pure rotational transition ~ Figure 3. Survival probability for the 3 rotational level of the
of fluoropropyne at 1275.90 MHz is monitored for the IR-MW double- 3-fluorobutyne acetylenic €H stretch shown in the top panel. An IVR

resonance spectroscopy of fluoropropyne. The-31, and 3,211 IR lifetime of 138 ps is calculated from the frequencies and intensities of
transitions are observed. Fluoropropype<(2.4 states/crt) lies below the vibrational spectrum using eq A4. The Lorentzian line shape, derived
the IVR threshold vibrational state densityX0 states/crmi) and shows from the calculated IVR lifetime of 138 ps, is also shown superimposed

the lack of perturbation in the spectrum. For 3-fluorobutyne, the 4 O the eigenstate-resolved spectum in the bottom panel.
4,3 pure rotational transition at 1783.83 MHz is monitored, and the
321—422 and 3>—4,3 IVR multiplets are obtained. The spectrum of (CHz)3C—C=CH and (CH)sSi—C=CH, and the IVR rates in

3-fluorobutyne = 120 states/crt) shows extensive local perturbation  Table 1 were determined from the line width of the Lorentzian
resulting from IVR. line shapé3

) ) ) ) The high-resolution molecular-beam spectroscopy measure-

To illustrate the analysis of the high-resolution spectra, the ments of the IVR rate are rotationally resolved. Therefore, for
eigenstate-resolved infrared spectra for fluoropropyne and each molecule several IVR lifetimes are obtained. For the
3-fluorobutyne measured in double resonance with pure rota- molecules in this study, we found no significant increase in the
tional transitions of the ground vibrational state are shown in |VR rate with increasing total angular momentuij {This result
Figure 2. These spectra illustrate the role that the total vibrational indicates that rotationally mediated intramolecular interactions,
state density plays in IVR17The state density of fluoropropyne  such as Coriolis coupling, are weak compared to anharmonic
at 3330 cm! is only 2.3 states/cni. No local perturbations  interactions. However, there is still variation in the IVR rates
are observed in the spectrum of thes 3r 31, (Jka e for different rotational levels. The IVR lifetimes listed in Table
asymmetric top notation) rotational level of the excited stte. 1 are the average over all measured rotational levels. The
Several molecules in this study have “unperturbed” spectra like Uncertainty we report for the molecular-beam rate measurements
fluoropropyne. For these molecules, no IVR lifetime can be 'eflects the spread of rates from the different rotationally
determined as indicated in Table 1. The spectrum of 3-fluo- resolved measurements. This “uncertainty” estimate derived
robutyne has a qualitatively different appearance. With the from the rotational dependence of the IVR rate does not reflect

increase in state density to 120 states/grthe extensive local any systematic errors in the rate determination.

perturbations that result from IVR are now readily apparent. CC\leibrgltilon_al-Er:ergﬁth_alaxatio?OMeaSl_Jre:nents iln Dilute N
The survival probability for the 3 rotational level of the 4 Solution. In addition to terminal acetylenes wit
acetylenic C-H stretch calculated using eq A4 is shown in relatively low boiling points that allowed us to study room-

Figure 3. A smooth decrease of the acetylenicHCstretch temperature gas-phase IVR dynamics using the time-domain

) ) e . . technique, 9 more molecules are included in this study. The
population with an IVR lifetime of 138 ps is observed. This qu ! e ' 'S SWCY

e X .~ IVR lifetime of the acetylenic €H stretch in dilute CCJ
IVR lifetime can be used to determine the smooth Lorentzian qytion is reported in Table 1 for all of the molecules in this

line-shape contour that would describe a homogeneously jarger study. Methylbutyne, included in the first two papers of
broadened transition. For a lifetime of 138 ps, the full width of ' hjs series, is omitted from this study because the low sensitivity
the Lorentzian line shape is 1153 MHz. The Lorentzian line precluded the determination of an IVR rate by the molecular-
shape derived from the survival probability lifetime is shown peam measurement. Propargyl bromide and propargy! alcohol
superimposed on the eigenstate-resolved spectrum in Figure 3are added as molecules with a single, stable conformation, and
When the vibrational state density becomes very large such thatthe interpretation of the absorption signal for these two
individual eigenstates cannot be resolved in the high-resolution molecules is identical to the one described in the previous paper.
experiment, a smooth Lorentzian line shape can be expected. Also included in the present study dfe and Z-pentenyne,
This limit is found for the two largest molecules in this study, whose synthesis produces an equal mixture of the two conform-
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ers. Distillation wih a 1 mcolumn can achieve reasonable Slope = 27
separation of the structural isomers. For this study, lifetime 40 Intercept = (39 ps)”
measurements were made on a sample with a 2:1 mixture of E
and Z isomers and on a sample that was a 1:2 mixture. The
relative composition of the sample was determined by NMR

R (10" 8

spectroscopy. For these measurements, the decay curve was fit 20

using a biexponential decay. For the 2:1 mixture, an uncon- s

strained fit yielded lifetimes of 2.7 and 6.1 ps with an amplitude ®

ratio of 2.3:1, in good agreement with the known isomer

composition ratio. For the 1:2 mixture, the unconstrained 00'0 0'5 1'0 1'5 5

biexponential fit returned lifetimes of 3.8 and 7.1 ps with K (10" ™)
amplitude ratios of 1:4.5. A second fit of the 1:2 mixture with o IVR-ME _ )
the amplitude constrained to the 1:2 ratio gave lifetimes of 2.8 Figure 4. Total vibrational-energy relaxation rate in room-temperature

; : CCl, solution kror) plotted against the molecular-beam IVR rate
and 4.8 ps. These values agree well with the fit results of the ; -
2:1 mixtSre The lifetimes rg orted in Table 1 use the mean (Kvr-ve)- With the exception of L-butyne and 3-fluorobutyne (shown
) T > rep . in gray), the plot shows a correlation between the solution rate and the
value of the lifetimes obtained from the two different samples. molecular-beam IVR rate. The linear regression (omitting the two

For molecules with two stable conformations, such as outliers) shows a large scale factor of 27(1.6) (the slope) between the
1-pentyne, the fitting procedure is complicated by the fact that two rates. The linear relationship implies that the solvent contribution
the relative conformer populations are not known in solution. iS constant throughout the series of molecules. The VER contribution
For these molecules, the data was fit to a biexponential decayto the total relaxation rate in C&$olution is (39(11) ps) (the intercept

ith ined litudes for th onl of the regression result). The molecular-beam IVR lifetime uncertainty
with unconstrained amplitudes for the two components. Only is determined from the standard deviation of the lifetimes for different

1-pentyne requ.ired. a second decay component. The results fokotational levels of the acetylenic-H stretch. The solution-phase
the biexponential fit of 1-pentyne are lifetime components of uncertainty is determined by the standard deviation of several measure-
9.0 and 12.9 ps and an amplitude ratio of 2.3:1. The results for ments of the decay rate.

the terminal acetylenes with conformations agree with predic- 1o directl the IVR rate f f
tions from ab initio calculations, molecular-beam measurements,papers’ we directly compare the rate from frequency-

and low-resolution room-temperature IR studies (where avail- Fiomaln molecular-beam spectroscopy to the total relaxation rate

able). For example, ab initio calculations predict that the gaucheIn d"m? CCl solution mgasgred using two-color transient
conformer of 1-pentyne is only 98 crhlower in energy than absorption spectroscopy in Figure 4. The plot of the 18 rate

the trans conforme® In the molecular-beam measurements. Measurements in dilute CHolution and in the molecular beam
the infrared spectrljm of both conformers is obser%ed ' is shown in Figure 4. The correlation of the total solution rate

Therefore, we expect to observe biexponential decay data forand_ cold-molecule IVR rate is good with two apparent outli-
1-pentyne with a gauche/trans ratio of about 2:1. (There are ers. 1-butyne and 3-flqorobutyne. Compared to th_e other
two enantiomers for the gauche conformation.) Therefore, we molecules in the SIUdY’ it appears that j[he IVR.rate Is faster
assign the relaxation lifetimes of 9.0 and 12.9 ps to the gauchethan expected (or, equivalently, the solution rate is slower than
and trans conformations, respectively. expected) for 1-butyne and 3-fluorobutyne.

For the remaining terminal acetvienes with two conforma- To analyze the results of isolated and solvated terminal
9 Y acetylenes, we use the simple model for the total relaxation rate

tions, smgle-exponentlalldecay IS °bsefved' suggesting that Onlymeasured in solution (Figure 1 of ref 1). The total relaxation
a single conformer contributes (or possibly that both conformers rate in solutioh? is

have the same lifetime). Ab initio calculations for methylpro-
pargyl ether, 4-fluorobutyn®,4-chlorobutyne, and 4-bromobu- kror = kver T Kvr (1)

tyne give energy differences between the conformers of 263,

426, 508, and 516 cnt respectively. The trans conformer is As explained in the previous papethe IVR contribution to
more stable for the halobutynes, but the gauche conformer isthe total relaxation rate is molecule-dependent whereas the VER
more stable for methylpropargyl ether. The molecular-beam contribution was found to be approximately the same for all
infrared spectra for these molecules show only one vibrational terminal acetylenes in a given solvent. If the IVR rate measured
band in the acetylenic-€H stretch region that is unambiguously  for vibrationally and rotationally cold molecules in the molec-
assigned to the predicted low-energy conformer through mi- ular-beam studies is the same as the IVR rate for a room-
crowave-infrared double-resonance spectroscopy. Becausetemperature sample, then a plot of room-temperature solution
conformer populations in molecular beams usually reflect the rates and molecular-beam IVR rates would have a slope-8f 1.
room-temperature distribution, these measurements suggest thatlowever, in this case we instead observe a large slope for the
a single conformation dominates the room-temperature s&le.  correlation. The total relaxation rate in solution can be related
On the basis of the ab initio calculations and experimental to the ultracold-molecule IVR rate using the following modified
evidence in the molecular-beam studies, the population relax- expression

ation lifetimes for methylpropargyl ether, 4-fluorobutyne,

4-chlorobutyne, and 4-bromobutyne are assigned to the lowest- kror = Kver T € Kvr-me (2)

energy conformation. . . .
wherekyr-ms is the molecular-beam rate. Linear regression

of the plot in Figure 4 gives an IVR scale factor of 27(1.6) and
a VER contribution to the total relaxation rate of 39(11) ps when
One issue we are interested in for this study is whether the 1-butyne and 3-fluorobutyne are omitted. (The values with both
IVR rates of ultracold molecules measured by high-resolution of these molecules included are 17(3.4) and 25(12), respec-
molecular-beam spectroscopy reflect dynamics that are impor-tively.) This value of the VER contribution to the total relaxation
tant in the vibrational relaxation process of room-temperature rate (39(11)) is the same within uncertainties as the value
solutions. Using the same techniques employed in the previousreported in the previous paper (67(22) ps) using a smaller data

Discussion
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Figure 5. Measured solution rate®) and calculated rate using eq 2  Figure 6. Thermal effect on IVR rates between samples at two different
(©), plotted as a function of the vibrational state density at 3330'cm  thermal conditions (cold molecular beam vs room-temperature gas).
The horizontal line is the solvent-induced VER rate in dilute £CI As the average thermal vibrational energy increases, the ratio of the
solution, which is (39 ps} and indicated as the intercept of the molecular-beam IVR rate and the slower IVR time scale of the room-
regression line in Figure 4. The vertical line shows the IVR threshold temperature gas-phase measurement approaches a value ot/gbout
vibrational state density of 10 states/cmThe solution relaxation rate  which is shown as the horizontal reference line.
tracks the scaled molecular-beam IVR rate, showing that the intra-
molecular dynamics are the major source of molecule-by-molecule work. (See Appendix C of ref 1.) To detect the frequency-
variation in the solution rate. See Table 1 for the molecules in this domain features that Correspond to the fast initial IVR process,
plot. high sensitivity and long measurement times would be required.
set! As discussed in the previous papers, the observed linearA likely scenario is that the high-resolution spectrum would
relation indicates that the solvent contribution to the total measure only the transitions in the frequency range around the
relaxation rate in solution is the same for all terminal acety- strong central feature. This result can come from either
lenes!2 Reasons for the observation of the large scale factor insufficient spectrometer sensitivity or experimenter bias for
and the two apparent outliers are discussed below. scanning only the regions where intense transitions occur. As
The similarity between the total relaxation rate in solution illustrated in Figure A14 of ref 1, if the high-resolution spectrum
and the molecular-beam IVR rate is further illustrated in Figure is measured only in the region of the main spectral feature, then
5. In this figure, the measured solution relaxation rate and the the second, slower time scale of the vibrational dynamics is
relaxation rate predicted by the best fit to eq 2 are shown as aobserved. Our experience with the molecular-beam spectrometer
function of the vibrational state density at 3330 ¢nfgiven in used to make the ultracold IVR measurements suggests that the
Table 1). Because the model (eq 2) includes a constant VERfastest measurable IVR rates are about (30%s)
contribution for all terminal acetylenes, the variation in the  With these considerations in mind, we believe that a large
solution relaxation rates is entirely attributed to the IVR process. part of the scaling observed between ultracold VR rates and
The IVR rates for the terminal acetylenes span a wide dynamic total solution-phase relaxation rates comes from the fact that
range and are uncorrelated with the total vibrational state density.different stages of the terminal acetylene IVR process are
The combination of these two features produces a distinctive detected in the two measurements. The discussion above
pattern of the relaxation rate when plotted against the vibrational suggests that the molecular-beam spectrometer is biased toward
state density. As seen in Figure 5, the pattern obtained from measuring the slow time scale of IVR. However, in the previous
the ultracold molecular-beam measurements accounts for thework we found that the total relaxation rate in solution correlated
variation in the room-temperature solutions. with the initial IVR rate of room-temperature terminal acety-
Although a strong correlation is found between the solution lenes. The fact that correlation is observed in Figure 4 suggests
rate and the molecular-beam IVR rate, the large IVR scale factor that the ratio of the fast and slow IVR rates (a ratio of 5 based
(c = 27) still remains to be explained. We believe that this result on our results) is the same for most terminal acetylenes.
is caused by the unique features of IVR in terminal acetylenes The remaining scale factor, which is about 5, can be attributed
and by limitations of the high-resolution spectroscopy technique. to the IVR enhancement caused by the population of higher-
Using picosecond transient absorption spectroscopy on room-energy vibrational and rotational states in the room-temperature
temperature gases, we were able to detect an initial IVR stepsample. With the availability of both ultracold and room-
that produced a partial decay of the acetylenieHCstretch temperature IVR rates, we can compare the rate enhancement
populationt Two-color transient absorption spectroscopy was to the average thermal energy. This comparison is made for
used to show that this fast process involved population transferthe terminal acetylenes in Figure 6. On the basis of the previous
to near-resonant normal-mode states that contain 2 quanta ofdiscussion, we believe that the molecular-beam IVR should be
acetylenic G-H bend excitatio. These results indicate a compared to the slower stage of IVR found in the room-
hierarchical energy flow that can be described using tier models temperature measurement. With the limited data set available,
for IVR.24=27 |n the first stage, restricted IVR through an we observe a systematic increase in the IVR rate enhancement
acetylenic C-H stretch-bend interaction populates a few of with thermal vibrational energy. To further test whether the
the near-resonant bath states. On a slower time scale, thehermal energy increases the IVR rate, we have performed
population is more completely redistributed to the high-density temperature-dependent two-color transient absorption measure-
vibrational bath. This second step would lead to extensive ments. The temperature-dependent excited-state population
fragmentation of the high-resolution spectrum as shown in decay is shown for butyne arért-butylacetylene (TBA) in
Figure 3. For the molecules in our time-domain study, this Figure 7. The main effect of raising the temperature is to
second stage of more complete redistribution was found to be decrease the lifetime of the second stage of IVR (complete
about 5 times slower than the initial IVR step. redistribution to the near-resonant bath). Butyne, which is small
The connection between frequency-domain spectroscopy andand has fewer low-frequency vibrational modes than TBA, is
the excited-state dynamics was described in detail in the previousless susceptible to temperature increases.
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Figure 7. Temperature-dependent IVR rate change shown with 0.4
transient absorption spectra taken at three different temperatures (293, 0.2
353, 413 K) for butyne and TBA. This result shows the effect of the ’
sample temperature (average vibrational energy of a molecule) on the 0.0

IVR rate. The IVR rate of larger molecule (TBA) with higher initial
thermal vibrational energy is more readily affected by the temperature
change than that of smaller molecule (butyne).
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) ) Figure 8. Application of the tier-model analysis to 1-butyne. The room-

The results of Figure 6 suggest that the ratio of the room- temperature gas-phase spectrum is shown with a biexponential fit result
temperature and ultracold IVR rates should be about a factorin the top panel. The fast time constant (8.25 ps) is compared to the
of 5 for most of the molecules in this study. That is, most of CCl, solution measurement, and the second time constant (42 ps) is
the molecules that have molecular-beam IVR rate determinationscompared to the molecular-beam measurement. The tier-model analysis
have thermal vibrational energies in the range of- 5880 cn of the gas-phase result is in good agreement with both the solution

. and molecular-beam results.

(Table 1). In general, we find that the molecules below the
predicted slope (indicating less IVR enhancement) are the
smaller molecules that carry less thermal vibrational energy and
larger molecules with higher initial thermal energy are generally
found above the predicted line (more IVR enhancement). This
result provides a possible explanation for the “outlier” behavior
of butyne and 3-fluorobutyne shown in Figuré&These two
molecules are among the smallest to show IVR and have low
initial thermal vibrational energy that provides little enhancement
of the IVR rate compared to the beam measurement. The thermal
enhancement factor we have determined for the terminal
acetylenes is consistent with results for alcohols. For example,
the few molecular-beam measurements of the IVR rate of the
O—H stretch of alcohols are only-5 times slower than the
total relaxation rate in solution (ethanol: 360 ps for the
isolated molecul@?13 ps in solutior?® propargyl alcohol: 36
60 ps (isolated§, 14 ps (solutiord).

In summary, we attribute the unusual correlation of molecular-

affect the IVR rate of the acetylenic-€H stretch, then a constant
scale factor is appropriate because the normal-mode frequencies
associated with the acetylenic chromophore are conserved for
the terminal acetylenes. Therefore, the thermal population of
these “important” modes is identical for all molecules and
largely independent of the identity of the substituent group.
These conclusions are illustrated by comparing the different
rneasurements used in this study for 1-butyne in Figure 8. This
molecule is a good choice for this analysis because it is the
smallest molecule with fast IVR. At room temperatureé5%
of the molecules are in the ground vibrational state (Table 1).
Therefore, the slow component of the gas-phase relaxation will
contain a large contribution from the same vibrational state
measured in the molecular-beam experiments. In the first part
of Figure 8, the fit of the gas-phase spectrum to a biexponential
form is shown. The two time constants from this fit are then
beam IVR rates and solution-phase relaxation rates (i.e compared to the solution-phase measurement (using the fast
! : - ~"component of the gas-phase dynamics) and molecular-beam
correlated but with a large scale factor) to two different effects. -
A factor of 5 can be assigned to the fact that the measurementsm.easurement (usmg the slow component). Exceller_n agreement
detect different stages of IVR. However, the IVR rates of the with both the solution and molecular-beam results is achieved.
stages occur in a 5:1 ratio that is about the same for the terminalConclusions
acetylenes. Another factor of 5 (making a total scale factor of  The experiments reported in this set of three papers represent
25) is attributed to the rate enhancement of the second, slowerthe first systematic study designed to uncover the roles that the
IVR process caused by thermal excitation in the low-frequency purely intramolecular vibrational dynamics and solvent-induced
normal modes. Again, for the correlation to persist, all terminal vibrational-energy relaxation play in the total solution-phase
acetylenes would need to have the same scale factor. We believevibrational relaxation process. A key component of this study
this occurs because most of the molecules in the study havehas been the application of ultrafast vibrational spectroscopy
about the same thermal energy. Furthermore, if only vibrational techniques to room-temperature gas-phase samples. These
modes directly coupled to the acetylenie-B stretch strongly experiments provided new insight into the IVR dynamics of
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FTIR : 1< 1 ps molecules where we have observed this fast step, aypat
l the C—H stretch population is transferred in this stage of the

isolated-molecule dynamics. In the final relaxation step, the
vibrational energy is redistributed to the rest of the vibrational
Picosecond IR|: Tryy = 4-30 ps modes of the molecule. This final time scale is about a factor
of 5 slower than the fast redistribution into the bend overtone
l l states in room-temperature samples. This final relaxation process
is also measured for rotationally and vibrationally cold molecules
by high-resolution molecular-beam spectroscopy. By making
l IVR measurements under room-temperature and ultracold
conditions, it becomes possible to assess the importance of
||| | | ‘“ thermal vibrational energy on the acetylenic-B stretch
1111 1 T L dynamics. This analysis has been the focus of the present paper.
~ 13330 em” ~ 3370 em” Compared to the room-temperature measurements, the redis-
Picosecond IR (300K) tribution rate in the col_d sa_mple is about 5 times slower for
Molecular Beam (10K) most of th_e molecule_s in thls_ stud_y. _ _
Taou™ = 20 - 150 ps The major conclusion of this series of papers is that a simple
Tyou ™ = 50 - 2000 ps model for the competition between IVR and VER quantitatively
Figure 9. Schematic picture of the three different time scales accounts for all of the measurements in this study. (For example,

investigated in this study. The fastest process is the population transferS€€ Figure 8 of ref 2 where 50 measurements are shown with
from the acetylenic €H stretch to a specific vibrational statthe predictions using this model.) In this model, the total solution-
combination band of the £C stretch and 2EH bend. For most phase relaxation rate of the terminal acetylenes is the sum of
terminal acetylenes, this process is fastl(ps), but the population the molecule-dependent IVR rate and a molecule-independent
transfer is small{5%] in this step. The main spectral feature, which VER rate. We find that the molecule-by-molecule variation in
we call the acetylenic €H stretch, controls the subsequent dynamics. g solution-phase relaxation rates for the two stages of
The second process is the energy redistribution to the vibrational Statespopulation relaxation can be attributed to the purely intra-

with C—H bend overtone excitation, which happens on a time scale of . - .
4-30 ps. The final step is the energy redistribution to the rest of the moleculgr dy.namlcs. The.charactetlstlc pattern c,)f thes_e solution-
vibrational modes of the molecule. As shown in our study, the final Phase vibrational relaxation rates is already evident in the IVR
time scale is about 5 times slower than the second process (fastrates measured for isolated, ultracold molecules using high-
redistribution into the bend overtone states in room-temperature resolution molecular-beam spectroscopy (Figure 5).
samples). The high-resolution molecular-beam spectroscopy (vibra-  The second interesting feature of this model is that a single
tionally cold molecules) also measures the dynamics of the final \/ER rate common to all terminal acetylenes is sufficient to
relaxation process. The redistribution rate of the final step in a cold oo qyce the total solution-phase relaxation rates quantitatively
molecule is about a factor of 5 slower than the one in a room- . o ,, .
temperature sample, which is attributed to the thermal population of in all cases. This unlver_se_ll VI_ER rate for the terml_nal
higher-energy vibrational and rotational states. acetylenes shows some variation with the solvent (VER lifetimes
of 40—70 ps for the first stage of IVR detected in the picosecond

terminal acetylenes. In this section, the conclusions reached inmeasurements). Also, the solvent contribution to the total
the full study are summarized. solution-phase relaxation rate is different for the two stages of

By using a combination of vibrational spectroscopy tech- IVR detected in the transient absorption measurements. The
niques (FTIR spectroscopy, picosecond infrared spectroscopy,molecule independence of the VER rate contribution suggests
and high-resolution molecular-beam infrared spectroscopy), athat solvent-induced vibrational-energy relaxation is a local
consistent picture of the isolated-molecule intramolecular process that allows all terminal acetylenes to behave the same
dynamics of the first excited state of the acetylenieKCstretch way. We believe that this behavior is related to the commonality
emerges. A schematic picture of the coupling hierarchies for of the vibrational force-field of the acetylene chromophore, a
the isolated molecule and their relationship to the different property that makes these systems attractive for theoretical
experimental techniques is illustrated in Figure 9. Although it calculations’?-34 Because we have been able to isolate the VER
has not been the focus of these papers, the initial redistributionrates by properly accounting for the IVR dynamics, the terminal
event for most of the terminal acetylenes is a fasf (ps) acetylene data set should provide a good test for current
population redistribution to a specific vibrational state, with the theoretical techniques used to calculate VER réte¥.
combination band composed of the=C stretch+ 2C—H bend.
These dynamics are evident in the FTIR spectra of both gas
and solution samples. (See Appendix A of ref 1.) For most
terminal acetylenes, the population transfer from this step is
small (~5%). The important exception is molecules such as
geggﬁlgugﬁ%get’h\i';hg{aetgoiEjtlég:rr'ggs(ifézzgcreezgenn;n\gghﬁ (t:his Additional support for this work came fr_om the_SI_EL_IM Program

L and the AEP Program at the University of Virginia.

case, a fast coherent energy transfer of large amplitude occurs
between the two states. The two-level population oscillation that
occurs in this situation is evident in the time-resolved transient
absorption spectra of methylbutenyne shown in the previous
papers-? The IVR rate ofv = 1 of the acetylenic EH stretch is

The second stage of the IVR dynamics has been revealed byobtained from the eigenstate-resolved infrared spectrum through
picosecond transient absorption spectroscopy. The second timehe calculation of the survival probabiliy:16 As illustrated in
scale reflects population redistribution to near-resonant vibra- Figure 1, the manifestation of IVR in the frequency-resolved
tional states with 2 quanta of the-E1 bend. This process occurs  spectrum is the presence of extensive local perturbations to the
on a time scale of 430 ps and is molecule-dependent. For the spectrum. Each molecular eigenstagg ¢an be represented in

¥
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Appendix A: Obtaining IVR Rates from
Eigenstate-Resolved Vibrational Spectra
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the zeroth-order normal-mode basis set 1 are defined as the time it takes for the probability to decay to
1/, of the long-time, or equilibrium, limit¢g).

|p,0= ¢, = CHH chji|darIgD (A1)
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