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 2011 February 10Extremely slow intramolecular vibrational redistribution: Directobservation by time-resolved Raman spectroscopy in tri
uoropropyneA.L.Malinovsky+, A.A.Makarov+�1), E.A.Ryabov++Institute of Spectroscopy RAS, 142190 Troitsk, Moscow Region, Russia�Moscow Institute of Physics and Technology, 141700 Dolgoprudny, Moscow Region, RussiaSubmitted 21 December 2010We have studied the dynamics of intramolecular vibrational redistribution (IVR) from the initially excitedmode �1 � 3330 cm�1 (acetylene-type H�C bond) in H�C�C�CF3 molecules in the gaseous phase by meansof anti-Stokes spontaneous Raman scattering. The time constant of this process is estimated as 2.3 ns { this isthe slowest IVR time reported so far for the room-temperature gases. It is suggested that so long IVR timewith respect to the other propyne derivatives can be explained by a larger defect, in this case, of the Fermiresonance of �1 with �2 + 2�7 { the most probable doorway state leading to IVR from �1 to the bath of allvibrational { rotational states with the close energies. In addition, it is shown that the observed dynamics is inagreement with a theoretical model assuming strong vibrational { rotational mixing.Intramolecular vibrational energy redistribution(IVR) is a subject of fundamental importance forsuch areas as foundations of statistical theories ofunimolecular reactions, dynamical chaos in polyatomicmolecules, mode-selective laser-induced chemistry, andothers (for review, see Refs. [1 { 6]). In mode selectivechemistry, IVR is of practical importance { to achieveselectivity, one needs to pump energy into a speci�cvibrational mode faster than the relaxation of thisenergy to other modes of the molecule occurs. Inspectroscopy, IVR manifests itself in the relaxationof the initially prepared \Zero Order Bright State"(jZOBSi [5]), which is usually a fundamental or anovertone excitation of a speci�c vibrational mode of themolecule, into a manifold of other states with almostthe same total energy, but in which energy is dividedamong many degrees of freedom of the molecule.The IVR time-scales, depending on the molecule andthe total energy in the system, usually range from hun-dreds of femtoseconds (e.g., benzene CH overtones [7, 8])to hundreds of picoseconds (e.g., terminal acetylene fun-damental �1 � �HC in butyne and pentyne [9]). Evenmore, in Ref. [10] by Quack et al., observation of somenanosecond relaxation process in CF3I was reported.Also, nanosecond IVR times �IVR were extracted fromhigh-resolution spectra of the terminal acetylene mode�1 of two molecules: HC�CSi(CH3)3 (�IVR � 2 ns)HC�CSn(CH3)3 (�IVR � 6 ns) [11].Two latter examples as well as the example of Ref. [9]relate to spectroscopy in the cold molecular beams(CMB) [3]. More recent real time experiments with the1)e-mail: amakarov@isan.troitsk.ru

room-temperature gases (RTG) showed much shorterIVR times in the same terminal acetylene molecules.The j0i ! j1i transition in the mode �1 � 3330 cm�1was pumped by a short laser pulse. Then, to measuredepopulation of the state j1i � jZOBSi due to IVR, twodi�erent probe methods were used: the infrared (IR)absorption at the j1i ! j2i transition, and anti-StokesRaman scattering (RS) at the j1i ! j0i transition. So, inthe case of HC�CSi(CH3)3, the IVR time �IVR � 96pswas obtained by the IR probe [12], and �IVR � 128ps {by the RS probe [13].Moreover, for two molecules, propyne HC�CCH3,and propargyl chloride HC�CCH2Cl, the IVR e�ect wasnot observed in the CMB studies at all, but it was clearlyseen in the RTG studies [12, 14, 15]. For quantitativetreatment of this di�erence, we suggested a theoreti-cal model [14 { 16] assuming that all (close to �1) vi-brational{ rotational states with the same total angularmomentum J and full vibrational{ rotational symmetryparticipate in IVR, regardless of the rotator quantumnumberK (in the case of HC�CCH3), orKa (in the caseof HC�CCH2Cl), and the vibrational quantum numbersas well. In the other words:� projection K of the total angular momentum J onthe symmetry axis of propyne, and its analogKa inthe case of propargyl chloride cease to be \good"quantum numbers in the bath of vibrational { ro-tational states2);2)Nonconservation of Ka was also observed in high-resolutionspectra of ethanol [17], propargyl amine [18], and propargyl alco-hol [19].�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 3 { 4 2011 139 2�



140 A.L.Malinovsky, A.A.Makarov, E.A.Ryabov� this e�ect takes place, at least, as low as the energyof �1 is reached;� implying \strong" mixing of zero-order states inthe bath (with conservation of only the total angu-lar momentum J and full vibrational { rotationalsymmetry), this e�ect can be explained by thatmixing is mediated by not only anharmonic inter-actions, but also vibrational{ rotational ones;� then the di�erence between CMB and RTG ex-perimental results can be naturally referred to asdue to a gain of vibrational{ rotational interactionsfor higher rotational quantum numbers engaged atroom temperature.An object to study in the present work is tri
uo-ropropyne HC�CCF3. Only few perturbations (but noIVR) were earlier observed in the spectrum of �1 funda-mental in the CMB study of Ref. [20]. In our real timeRTG experiment, IVR is clearly seen, however.The experiment details are as follows. TheNd3+:YAG laser with a pulse duration of 37 ps(FWHM) was used both for the pumping of the LiNbO3optical parametric oscillator (OPO) and for the RSprobing purposes. The pump pulse from OPO (20 ps)and probe pulse were aligned coaxially and focused intothe gas cell. The pump beam spot pro�le was about200�m in diameter, while the waist diameter of theprobe beam was approximately twice narrower. Thepolarizations of these two beams were perpendicularto each other. The pump pulse energy amounted to200{300�J. The probe pulse energy was naturallylimited by multiphoton e�ects occurring in the stronglaser �eld and leading to visible luminescence. In ourexperiments, this energy did not exceed 5mJ. Thedelay time between the pump and probe pulses wasadjusted by means of a mechanically movable prism.The zero delay time between the pulses was establishedfrom the maximum of the signal at the sum frequency!OPO + 2!YAG that was generated upon upconversionin a LiIO3 crystal. The accuracy of such a tie-in was�3:3ps. The pulse repetition rate was equal to 12.5Hz.The OPO wavelength in the 3�m region was tuned into the �1 band of the HC�CCF3 molecule. The OPOradiation spectrum, whose width was approximately50 cm�1 (FWHM), covered completely the whole �1rotational structure. The RS signal was detected usinga triple polychromator in the range 785.7{788.1 nmthat covered the anti-Stokes position of the �1 band. Itwas registered in a photon counting mode by means ofa Hamamatsu H7421-50 unit and a SR400 gated pulsecounter.

The experimental data are shown in Fig.1 for two gaspressures, 6 and 30Torr, with the corresponding experi-
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0Fig.1. Anti-Stokes Raman signal in the �1 band of tri
u-oropropyne (in units of I0 de�ned as a signal intensity atzero delay time and a vanishingly short excitation pulse)vs the pump{ probe delay time. Results are presented fortwo pressures. The measurement error is determined bythe statistics of photon counts. The pair of solid curves in(a) and (b) presents the best simultaneous �t using Eq. (1).The dashed curves show what would be at scenarios A (up-per) and B (lower) with the same IVR ratemental errors. The theoretical modeling, represented bysolid and dashed curves in Fig.1, starts from that the6Torr data are treated, in zero approximation, as pureIVR without any collision-induced process. Then theIVR rate W0 is roughly estimated by the one-exponen-tial �tting the data shown in Fig.1a.3) This IVR rateW0 is used to evaluate the so-called dilution factor �,i.e. the level of the RS signal that should be at the delaytimes �d � W�1. Such evaluation is possible due tothat the pair of two quantities fW;�g de�nes the valueof �e� of those bath states jbi, interaction of which withthe state j1i leads to IVR. Correlation of three quan-tities above (W , �, and �) can be understood, e.g., interms of the Bixon{ Jortner model [21], where one state3)Procedure of �tting always includes double convolution of adecay function with the pump and probe pulse shapes.�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 3 { 4 2011



Extremely slow intramolecular vibrational redistribution: : : : 141(denoted as j1i, or jZOBSi in our consideration) uni-formly interacts with an in�nite set of equidistant statesjbii with an energy spacing ��1. Herein, the value ofthe quantity W = 2�jV1bj2� gives an estimate for therate of depopulation of the state j1i, and the value of thequantity ��1 de�nes the recurrence time. Competitionbetween depopulation and recurrence supports the meanpopulation P(t) of the state j1i at long times, what isequivalent to the dilution factor �.In reality, to describe the experiments under discus-sion (RTG {Raman), the Bixon { Jortner model shouldbe generalized in two directions. The reasons are thefollowing: (i) the interaction matrix element V1bi 
uc-tuates, and so does the spacing between adjacent statesjbii; (ii) initial states, denoted as j1i, belong to an en-semble of thermally populated vibrational { rotationalstates where exactly one quantum is added into mode�1, so that the value of � depends on the quantum num-bers of a given state j1i. Hence, the experimentally ob-served values ofW and � should be treated as ensemble-averaged ones, and any relevant theoretical model mustinclude averaging procedures that take into account theremarks (i) and (ii) above.The �rst task (i) can be solved numerically with anassumption about the statistics of the matrix elementsand spacings. Results of such calculations were pre-sented in Ref. [15] for chaotic statistics (modeled by theGaussian orthogonal ensemble [22, 23]) as a family ofcurves P{(t) depending on the parameter { =W�. Thesolution of the second task (ii) is based on direct cal-culations of � for any initial state followed by averagingover the Boltzmann vibrational{ rotational ensemble fora given temperature.For the results presented in Fig.1, a scenario has beeninvestigated, �rst, with an assumption that �e� is thedensity of vibrational states, �vib, of the same symmetryas that of the initial state (scenario A). The calculationprocedure includes averaging over all initially populatedvibrational states, and the obtained value of the dilu-tion factor is � � 0:67. As can be seen from Fig. 1a,this value is far from reality. So, secondly, scenario Bhas been accepted where �e� is the density of all vi-brational { rotational states �vib { rot, with conservationof only the total angular momentum J and full vibra-tional { rotational symmetry. Here, the obtained valueof the dilution factor proves to be � � 0:12 that doesnot contradict to the data of Fig.1. An information ondensities of states is summarized in Table 1. State densi-ties (in states/cm�1) are calculated within the harmonicapproximation using a window of �5 cm�1. The vibra-tional frequencies from Ref. [24] are used, and the rota-tional constants are from Ref. [25]. The angle brackets

mean averaging over Boltzmann distribution at a tem-perature of 293K, and N0 is the corresponding popula-tion of the ground state. Table 1Characteristics of tri
uoroprpopyneN0 �vib a) h�vibi h�vib { roti0.19 9.5 60 5800a)Density of vibrational states of symmetry A1 at an energy of3330 cm�1, i.e. near the state with one quantum in the mode �1and zero in all other modes.With the latter value of the dilution factor �, thenext-order two-exponential �t is applied to the data inFig.1 for the both pressures. This procedure takes intoaccount depopulation of the state j1i due to collisions.Then the following formula is used:P = (1� �) exp ��� W1� � + kp� �d�+ � exp(�kp�d);(1)where P(�d) is the decay function normalized by condi-tion P(0) = 1, p is the gas pressure, k is the rate con-stant of collision-induced IVR [26], and the value of Wis divided by (1� �) in the �rst exponential function toguarantee that dP=d�d � �W , at �d = 0 and p! 0, hasreally a sense of IVR rate. Our �nal evaluation of all pa-rameters entering Eq. (1) is: �IVR �W�1 = 2:3�0:3ns,� = 0:12� 0:01, k = 10:1� 1:2�s�1�Torr�1.So, the slowest IVR rate is observed, in the caseof tri
uoropropyne, for room-temperature conditions.It is about 6.6 times smaller than that in the case ofpropyne [15], and about 2.2 times smaller than thatin the case of propargyl chloride [14, 15]. We suggesta likely explanation of this di�erence assuming that,for �1, the main doorway state in the �rst tier of thewell known IVR scheme4) (see Fig.2) is the combina-tion �2+2�7 � 3537 cm�1. This choice is natural, since�2 � 2165 cm�1 corresponds to the C�C stretch vibra-tion, and �7 � 686 cm�1 corresponds to the H�C�Cbend vibration, both being spatially the closest modes to�1. We don't consider additional details, only assumingthe most general couplings of the doorway state to thebath states by a chain of anharmonic and vibrational{rotational interactions. In the case of one dominatingdoorway state jDWSi, the formula for the IVR rate from4)The tier model was applied to terminal acetylene moleculesin Ref. [27] (see also references therein). The combination�C�C + 2�H�C�C was considered as a dominating doorway statein Ref. [28], and also mentioned as a possible candidate in Ref. [9](�g.7b, and the acompanying text), and Ref. [12] (Appendix A).�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 3 { 4 2011



142 A.L.Malinovsky, A.A.Makarov, E.A.Ryabov Table 2Characteristics of combination state �C�C + 2�H�C�C in propyne, propargyl chloride, and tri
uoropropyne (incm�1), and corresponding IVR times (in nanoseconds)�C�C + 2�H�C�C �EMolecule Assignment Harmonic Observed Harmonic Observed W�1 (ns)HC�CCH3 �3 + 2�9 3408 3381a) -74 -47 0.35b)�3 + 2�8 3447 (?) -112 (?)HC�CCH2Cl � �3 + 2�14 3421 (?) -86 (?) 1.05b)HC�CCF3 �2 + 2�7 3537 � 3500 c) (?) -207 -170 2.3 d)a)See Ref: [29] for spectral measurements of �3+2�9. In addition, the value of anharmonic coupling of this combination state to �1 (i.e.hZOBSjbVanhjDWSi in our model) has been estimated from the band intensity as 7 cm�1 (cf. with our estimate in the text).b)From Ref. [15].c)Only a \very weak" band ranging from 3492 to 3505 cm�1 and centered at 3501 cm�1 has been observed in the region where �2+2�7may be expected [24]. It has been assigned as �1 + �10 (the low frequency bend C�C�C vibration), but it is very probable that it isjust �2 + 2�7, at least in a considerable part.d)This work.
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nates qi plays the principal role5). To satisfy the experi-mentally measured IVR rate in our experiment, one mayset in Eq. (2), e.g., hZOBSjbVanhjDWSi = 5 { 10 cm�1and W�1DWS = 1:3 { 5.2 ps, respectively. These both esti-mates are rather realistic.Let us consider now the physically same combina-tions in the cases of propyne and propargyl chloride.Available data are summarized in Table 2. One can seethat the corresponding energy defects �E increase in theraw together with the IVR time. Surely, it is only a qual-itative treatment, pretending just to that the combina-tion �C�C+2�H�C�C might be a doorway state playing amajor role in IVR from �H�C for the terminal acetylenemolecules H�C�C�X with di�erent X . Let us look,nevertheless, at what should be with the doorway-stateIVR rates if the value of coupling hZOBSjbVanhjDWSiis taken equal for all three molecules with the valuegiven in Table 2 (footnote a). Using Eq. (2), the val-ues of �E from the last column of Table 2 for propyneand tri
uoropropyne, and experimentally measured val-ues of WZOBS one gets W�1DWS � 7:8ps (propyne), andW�1DWS � 3:9ps (tri
uoropropyne). For propargyl chlo-ride (that is intermediate between previous examples asfar as concerned the state density), we have only har-monic values of �E. Using them and dividing the cou-pling squared equally between two doorway states onegets W�1DWS � 5:5ps. Qualitatively, the noticed increase(from molecule to molecule) in the \intra-bath" IVR ratecan be interpreted as due to reduction in the number ofhigh-frequency modes and consequent increase in thedensity of intermode resonances, at least, of the 3-rdand 4-th orders. This quantity plays the key role in5)Since the mode �7 is two-fold degenerate, then only the sym-metric component of the q7jq7k tensor (j; k$ x or y) enters bVanh.�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 3 { 4 2011



Extremely slow intramolecular vibrational redistribution: : : : 143the transition to chaotic dynamics [30 { 33], and entersthe IVR rate as well [34 { 36]. In addition, it shoud benoted that an estimated value of several picoseconds forthe intra-bath IVR time scale may be rather typical for amedium-size \compact" molecule, as, e.g., (CF3)2CCOstudied recently in Ref. [37].So, the results of the presented study are:1. A time of 2.3 ns is measured for the IVR from the�rst excited state of the acetylene- type H�Cmodeof HC�CCF3. This time is several times slowerthan that for the other terminal acetylene mole-cules at the same room-temperature conditions.We suggest a natural explanation of this di�er-ence.2. A rate of 10.1�s�1Torr�1 (corresponding to afew gas-kinetic collisions) is measured for thecollision-induced IVR from the same state. Thisrate is approximately the same as in the case ofHC�CCH2Cl (8.5�s�1�Torr�1; see Ref. [14]).3. Experimental results are inconsistent with an as-sumption that IVR in HC�CCF3 occurs as an ex-change of only the vibrational quanta, but are con-sistent with that the strong vibrational{ rotationalmixing is present.This work was supported by the Russian Foundationfor Basic Research (grant #09{ 02 { 00495-a).1. Laser Spectroscopy of Highly Vibrationally ExcitedMolecules, Eds. V. S. Letokhov, Adam Hilger, Bristol,1989; M.: Nauka, 1990 (in Russian).2. T. Uzer, Phys. Rep. 199, 73 (1991).3. K.K. Lehmann, G. Scoles, and B.H. Pate, Annu. Rev.Phys. Chem. 45, 241 (1994).4. P.M. Felker and A.H. Zewail, Jet Spectroscopy andMolecular Dynamics, Eds. J.M. Hollas and D. Phillips,Blackie, London, 1995, p. 222.5. D. J. Nesbitt and R.W. Field, J. Phys. Chem. 100,12735 (1996).6. M. Gruebele, in: Advances in Chemical Physics,Eds. I. Prigogine and S.A. Rice, John Wiley & Sons,New York, 2000, Vol. 114, p. 193.7. K.V. Reddy, D. F. Heller, and M. J. Berry, J. Chem.Phys. 76, 2814 (1982).8. R.H. Page, Y.T. Lee, and Y.R. Shen, Phys. Rev. Lett.59, 1293 (1987).9. A. Mcllroy and D. J. Nesbitt, J. Chem. Phys. 92, 2229(1990).10. M. Quack, R. Schwarz, and G. Seyfang, J. Chem. Phys.96, 8727 (1992).
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