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The dynamics in the ground electronic state of the two intramolecular D-CI stretching modes of ifDCI)
nitrogen solid has been probed by degenerate four wave mixing experiments. Accumulated photon echoes on
the “free” v, and “bonded”v, modes have been performed by means of the free electron laser of Orsay
(CLIO). The analysis of the time-resolved signals provides information on the various processes responsible
for the loss of vibrational coherence, in particular intra- and intermolecular vibrational energy transfer and
pure dephasing. The influence of the weak hydrogen bond is clearly observed on the coherence times of the
two stretching modes. Whatever the temperature, the homogeneous widthnas is almost twice that of

v1 lines. Contrary to the case of isolated DCI trapped in solid nitrogen, no obvious effect of the nitrogen
lattice can be extracted from the temperature dependence of the coherence times.

1. Introduction to recover the homogeneous spectrum. Such inhomogeneous

Vibrational phase relaxation is known to be a powerful probe free methods are spectral hole4burning in frequency domain and
of the intermolecular interactions in the condensed phase photon echoes in time domain® More recently, the develop-
linear absorption spectrum of a vibrational transition contains Ment of ultrafast infrared lasers has allowed the time-resolved
all contributions from dynamics occurring over different time OPServation of vibrational dephasing by means of nonlinear
scales covering the whole range relevant to the interactions €xperiments=8 IR photon echoes are capable of extracting
between the molecular system and its environment. However, the homogeneous contribution, related to the dephasing time
the inhomogeneous contribution often dominates the line shape(or coherence timeY, by the well-known relationzzI'nom =
of the linear absorption spectrum, masking the precise natureT>* = (2T1)™! + T>*~! where T; and T,* represent the
of the interactions between an oscillator and its environment. vibrational population and the pure dephasing lifetimes, respec-
For more than 20 years, several nonlinear spectroscopic toolstively.
have been used to eliminate the inhomogeneous broadening and |, this paper, photon echoes, applied to the DCI dimer trapped

N . in solid nitrogen, allow the influence of a weak hydrogen bond
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] measured in photofragmentation experiméatseading to
slightly different values:T; = 48 ns for the free mode ang
= 28 ns for the bonded mode. An intensity enhancement of the
rotationally resolved lines of the, band compared to the;
band is observed. A/l,1 absorption intensity ratio around 5
is deduced from the slit jet spectf.
Numerous studies have also been performed in the condensed
phase, especially in van der Waals sofiéi$® In this paper,
the nitrogen matrix is chosen as the solid environment, to
N compare with our previous study on monom&ghe spec-
troscopy is well-known, but the lifetimes of (DGlyibrations
have not been measured. In solid nitrogen, the host and guest
are of similar size so that H(D)CI molecules occupy a single
o . _ . | . | substitutional site of the Nfcc lattice. In addition, no rotation
2070 2060 2050 2040 2030 of the H(D)CI species occurs. A dimer is formed when two
wavenumbers molecules are in the nearest neighbor situation, the nearest
Figure 1. FTIR spectrum of DCI in the dimer region &t= 7.7 K, ¢ neighbor distance in the nitrogen lattice being quite comparable
= 1.3% ([DCIJ[Nz] = 0.8%). In the insert, a sketch of the dimer 5 the distance between the two H(D)CI molecules in the free
geometry is shown and the two intramolecular vibrations are indicated. dimer. The equilibrium geometry of the dimer has been
. calculated by Girardet et.& The equilibrium configuration of
molecule, suggesting that the hydrogen bond strongly changes.[he two molecules is found to be nearly orthogonal and

the_vibrational dephasing rate. Inthe_conde_nsed phase, the t_WOnoananar, the internuclear axes being located in the planes
main theoretical models considered in the literature to explain erpendicular to the substitutec Mholecules. The two D-CI

the dephasing in hydrogen-bonded systems are based on thgyetching mode frequencies are downshifted from the monomer
anharmonic coupling between the intramolecular (XH) and the frequency in solid nitrogenAv; = 8.4 cnTt and Av, = 29.2
intermolecular (XH--Y) stretching. que;, like in the gas cm~! for v, and v,, respectively; that is, the shifts are very
phase>®In one model, the relaxation is directly connected to similar to those measured in the gas phase. In addition, the

the coupling between the fluctuating IO(_;a' eIeCtriC_ﬁeld and the interaction between the dimer and the solid leads to a vibrational
dipole moment of the complex. Fluctuations result in a broaden- frequency shift from the gas-phase value: like in the monomer

ing of the spectrum proportional t@u/or) W.heFEf s the XH, case both stretching modes are downshifted by almost 24 cm
separatiort! The other model involves an indirect mechanism from the gas phase. Thus, the shift induced by the nitrogen
where the relaxation takes place via the couplin_g of the (XH) matrix is of the same order, of magnitude as the shift induced
and the (XH--Y) modes along the XH coorqlmate_. The by the hydrogen bond in the bonded mode. The intensity ratio
coherenge of the XH-Y mode is lost by coupling with the Io/l,1 is around 1.5, deduced from the (HERnd (DCly
surrounding molecules (the bath), affecting the phase of the XH spectra® The difference between this ratio in the condensed

i i 12-14
vibration. _ _ _ _ _ phase and in the gas phase is related to the specifinarix

The H(D)CI dimer, like the HF dimer, is considered as a effect. As a matter of fact, our previous studies on the monomer
model of weakly hydrogen bonded complexes, and for this haye demonstrated an enhancement of the vibrational transition

reason, numerous sophisticated experimental and t_heoretica[jipme moment of DCI in nitrogen solid compared with the gas-
studies in the gas phase have been performed on this systemphase valu@?

Gas-phase infrared spectroscopic measurements in long path

cel>17 and mo!ecular beatf 2! show that the complex has & 5 Experimental Setup

nearly perpendicular geometry, the H-bonded proton being

slightly off the axis between the chlorine atoms, by,Mhereas Infrared degenerate four wave mixing experiments on DCI
the angle between this axis and the “free” proton i§.87A were performed using the CLIO Free Electron L&%&ras the
sketch of the dimer geometry is shown in the insert of Figure laser source. The choice of the deuterated species was imposed
1. The two D-CI stretching modes are almost localized on the by the laser spectral range. The excitation energy was tuned
two D-Cl bonds, and the only difference between them comes between 2030 and 2060 chwith a typical spectral width
from the influence of the hydrogen bond since one H(D)Cl group around 20 cml. The average laser power was 200 mW. The
is acting as the proton acceptor (“free” H(D)CI), whereas the CLIO FEL has a specific time sequence: subpicosecond pulses
other is the proton donor (“bonded” H(D)CI). Hence, the are supplied at a rate of 62.5 MHz in bunches of$0and the
hydrogen bond affects the frequencies, the lifetimes and the repetition rate of bunches is 25 Hz. The DFWM experimental
transition dipole moment of both vibrations but not in the same setup was a two pulse photon echo configuration and has been

03

0,2

0.D.

0,1+

manner. Both intramolecular vibrations are downshiftaat)( described in details elsewher®ue to the short delay between
from the monomer frequency. The vibratiencorresponds to  the pulses within a buncii(= 16 ns), the same experimental
the “free” stretch withAv; = 11.7 and 9.1 cmt for (HCI), setup allowed to record accumulated photon echoes when the

and (DCl), respectively. The vibratiom, corresponds to the  vibrational lifetime of the probed oscillator was longer thad
“bonded” stretch withAv, = 38.0 and 28.6 cm for (HCI); the interaction of the first two pulses (wavevectkisandk,)

and (DCI), respectively'®1% Gas-phase vibrational predisso- created a population grating in the sample, with a lifetifae
ciation lifetimes for (HCI} have been deduced from slit jet so that the following pulse in the bunch in the direction
experimentd® The » = 1 level of the mode’, yielded a value delayed byT, from the second pulse, can act on the grating,
T, of 31 ns. For ther = 1 level of the moder;, a lower limit generating a stimulated three pulse photon echo, in the same
T, > 100ns was established. Similar line widths measurementsdirection as the two pulse photon echo. When no data on the
for (DCI), gaveT; > 3 ns, at the experimental resolution limit.  time T; were available, a detailed analysis of the recorded signal
The lifetimes of both (HC} stretching modes have also been was necessary to determine whether two pulse or stimulated
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TABLE 1: Vibrational Transition Frequencies of DCI 5
Monomers and Dimers in N, Matricesat T = 75K, c= H -
0.2%, [DCIV[N ] = 0.13% o a & L
wavenumbers (crt) assignments r é“g S g0
2067.7 DO°CI monomer B .
2066.0 D°Cl nnndimer - % e
2064.7 B'CI monomer _0%,.,"° Y
2063.4 B'Cl nnndimer _ _"s
2058.6 DFCI—H35-37C] modev; 2 F
2058.6 B°CI-D35-37C| = . I : L :
2055.7 DI'Cl—H3-37C & L L 20
2055.7 O'CI-D*27Cl < ° b -
v, band ° -
2039.5 H5-37CI-D3Cl modev; E
2037.8 O35 7CI-D%ClI o &
2036.8 H5-37CI-D3"CI B ®
2034.8 35-%7CI-D3"ClI r
- 0o %
aDCI molecules in position of ext n earesin eighbours inn) in : e 0 °
the fcc lattice? %" e
[ I
photon echoes were observed. In particular, a nonzero DFWM L , | , |

signal at negative delay times between the first two pulses was 0 ) 10

a signature of the presence of stimulated photon echoes. The Sy e (w)

temporal resolution of our experiments was in the range-0.6  Figure 2. Semi logarithm plot of the DFWM signal intensity vs delay

1.5 ps depending on the setting of the FE£2 time 7 for selective excitation ofy band Piaser= 2053 CNTY, OVjaser <
DCl was obtained from Merck Sharp Dohme Isotopes. 15 €M ] (2) andv, band praser = 2036 cm’, Oviaser < 15 cm 7] (b).

E . t ied out Usi liauid heli bath tat In the inserts, typical experimental DFWM signals are shown. The
xperiments were carried out using a liquid helium bath cryostat g, e temperature is 10 k= 1.3%.

(Air Liquide) with a minimum temperature of 7 K. The gas

mixture DCI/HCI/N,, with different concentrationsc = DCI-DCI and DCHHCI dimers have the same free mode
[DCI+HCI/IN ] (c = 1.3%), was deposited on a cold sapphire o4 encies, as reported elsewféfer the®Cl isotopic species
window maintained at 20 K. Although the variable desorption (a similar decomposition of the; band in the H-CI region

of H(D)Cl_in the stqinle_ss s’_tegl vacuum line m_akes exact gives four different frequencié3.
concentration determination difficult, a DCI/HCI ratio of a}bout _ The line widths of all the four components of the band
3 was targeted. Nevertheless, the presence of both isotopic,

. A ~Fvseem to be always larger than those of theband, as also
species makes the absorption spectra complex. The finalpsered in the HCI region. These line widths increase with

composjtion of the splid samples was checked and analyzed by, o concentration, bubv, < ov, is verified whatever the
measuring absorption spectra by means of a Mattson FTIR oo centration and the temperature of the sample, for each
spectrometer with a resolution of 0.25 tFrom the absorp- o maanent and for the total spectral width of the bands. At the
tion spectra, the ratio [DCIJ/[HCI] and thus the concentration .oneentrationc = 1.3% of the samples used in the DFWM
[DCIV/[N 2] were estimated. experimentspv; = 1.6 cnt! anddv, = 2.8 cntl, with total
widths of 3.7 and 6.0 cri for the v; and thev, bands,
respectively, atT = 7.5 K. No temperature dependence is
3.1. Absorption. The spectrum observed after deposition is observed for thes, band, whereas at low concentration=¢
dominated by the absorption bands of the monomers between0.2%), there is a weak reversible temperature dependence for
2070 and 2060 cri, and the bands assigned to the dimers dvy: vy increases from 0.8 cmdat 7.5 Kto 1.1 cmt atT =
appear on the red side around 2058 and 2039'dfFigure 1). 15 K. Such a reversibility indicates that the homogeneous
The presence of HCI and of the isotopic species of chlorine contribution is non-negligible in this last case. However, at
atoms leads to the formation of 16 isotopic dimers, i.e., to the higher concentrations, the inhomogeneous broadening dominates
observation of 32 H(D)-ClI stretching modes. In the D-Cl spectral the absorption profile of the; band, which is always verified
region, each dimer absorption band is composed of eight linesfor the v, band. No conclusion on the homogeneous widths of
coming from different combinations of monomer isotopes. The any of the vibrational stretching modes of the dimers can be
spectral shift due to the different chlorine isotopic species of drawn from these investigations in the spectral domain.
the complexation partner of the observed (free or bonded) D-CI  3.2. Infrared Degenerate Four Wave Mixing SignalsThe
is very weak, so the broad dimer absorption bands of the two time-resolved DFWM signals exhibit very different behaviors
stretching modes are analyzed in terms of four different depending on the frequency and spectral width of the R¥ser.
components. In most cases, two components are clearly observed: (i) an
The spectral analysis is first performed on a diluted sample oscillating structure around the zero temporal delay associated
(c = 0.2%) in order to obtain precise values of the vibrational with a short component and (ii) a long and weak component,
frequencies. A crude decomposition in four lines with Lorentzian corresponding to the rephasing process, involving the coherence
profiles’® of each stretching band gives an estimation of the time of the excited transitions. Examples of signals are reported
line widths dv of each component. The measured frequencies in the inserts of Figure 2. The presence of these two components
and corresponding assignments are summarized in Table 1. Onlyeflects a partial spectral diffusion behavfooccurring when
two lines are observed in thg band with relative intensities  rephasing processes are possible only for a fraction of the
correlated to the natural abundance of isotopic chlorine atoms, initially excited oscillators. Due to the collective excitation of
whereas the analysis of the band in the H-Cl region clearly the species included in the laser spectral width, the periodic
reveals the presence of DE&HCI mixed dimers. In fact, the  time structure is related to the frequency differences between

3. Results
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Figure 3. T, time vs temperature for the, andv, bands of the DCI
dimer. The full line represents the behavior of tifeof the monomer

all the excited transition®:3* The short time period involved ja> <al ja> <al la> <al > <a
in most of the signals corresponds to the frequency difference Ry Ry Rs R
between the two stretching modes of the dimer. Figure 4. Double-sided Feynman diagrams 8@ in the case of a

A particular behavior is observed when the laser emission is three level system.
between the vibrational monomer frequency asd only the .
short component is observed and theqoscillgtion timeyperiod is the vy baf‘“! increases from 0.19 t0 0.50 C‘mw_her_e_as for the
related to the frequency difference between the monomer and"2 band, it Increases from 0'53 to.0.96c3mA S|gn|f|cant part
the v, band. The study of monomers showed that the spectral of the broadening of the wbra‘uongl mode involved in the
diffusion is very efficient between monomers at the concentra- NYdrogen bond comes from dephasing processes.
tion of the samples of intere&tmoreover the inhomogeneous 4 Model of the Nonlinear Signal
absorption band of monomers overlaps that of dimers in this
spectral region (see Figure 1). In this case, the nonlinear signal
reflects only a very efficient spectral diffusion due to fast
vibrational energy transfers between the quasiresonant stretchin
mode of monomers and the free mode of the dim&rBhis
case will not be discussed further.

The dephasing timé&; is included in the long time component
of the DFWM signal (see part 4.1), which clearly depends on
the frequency of the excitation laser. This component is longer
when the FEL is tuned on thg band than when it is tuned on
the v, band. For the measurement of the tifig we select
DFWM signals with no significant oscillations in order to avoid © @) 2
collective excitations (see Figure 2). This alloWs to be ) :ﬁ) |P(t,7)” 1)
extracted from the signal exponential decay ex(T,). Figure
3 shows the temperature evolution of the dephasing time for Our specific setup allows to perform two pulse photon echo
both stretching modes of the dimer. The evolution of the (TPE) experimentsTi, = 0) as well as stimulated three pulse
monomer timeT,2? is also included for comparison. photon echo (SPE) experimentgy(= nT, with T, = 16 ns),

The temperature evolution of the coherence time shows thatdepending how the vibrational population lifetimes of the
the behavior of both stretching modes of the dimer is strongly Molecular system scale wiffy.% All of the characteristic times
different from that observed in the monomer species. This Of the molecular dynamics are longer than the laser pulse
reveals different mechanisms from that found in our previous duration; therefore, the laser pulses are considered as Dirac
studies on DCI| monomers in solid nitro@éwhere a Coup”ng pulses in the fO”OWing analysis. The coherent excitation of the
between the DCI vibration and a local phonon of 19-émwas dimer modesyv; and v, are described here. The third-order
highlighted. For the DCI dimer, the activation energy deduced polarization involves eight different contributions. They are
from the temperature evolution of the dephasing time is too represented by the eight Feynman's diagrams of Figure 4 in
small (8= 3 and 54 4 cnv ! for v, andvs, respectively) to be the caser > 0. The response functions corresponding to these
easily related to the coupling with any local mode, even for the diagrams can be summarized by the following expressions:
free modevy. The influence of the nitrogen cage on the two
oscillators of the dimer is weaker than that on the DCI stretching C =Ryt Ry
m%olleh of tt;]e r}?onomer. u ) o i C,=R,+R,=

though the temperature evolution shows quite similar N _ L _
tendencies for both modes, the effect of the hydrogen bond is #1745 € (eAmome At rmg gl zmedTn 1 g7y (3)
clearly observed whatever the temperature: the coherence timec4 =R, +Ry=
of thev, band is always shorter than that of theband. In the > 2
7.5-20 K temperature range, the homogeneous line width of Uiy e

4.1. Theoretical Expression.The signals of interest have
been obtained using a broad band excitation leading to the

oherent excitation of several vibrational transitions. Both free

nd bonded D-CI stretching modes of the dimers have to be
taken into account. The recorded time-resolved siga)l is
related to the third-order polarization of the sample created by
the interaction between the molecules and three time-delayed
laser pulses, with a tunable delapetween the first two pulses
and a fixed delayT,, (the waiting time) between the last two
pulses:

_ ﬂi4e—iw,(t—r)e— y,(t+z)[e—wT1,. + e*Tw/Tg] 2

i(wﬂ*wzf)e*(}’ltﬂ’zf)[e*Tw/T 3ei(w2*w1)Tw + e*Tv\/Tg] ( 4)



DCI Dimer Trapped in Solid Nitrogen

-10 0 10 20 ps
Figure 5. DFWM signals: experimental data (dots) and simulation
(solid line); (a) [DCI]= 0.9%, T= 10 K, excitation centered at 2036
cm!, simulation: po/p; = 2.3, p™¥f = 0.4, (b) same sample and
temperature, excitation centered at 2047 §mimulation:p,/p; = 1.2,
pdf = 0.4, (c) same concentration, & 8 K, excitation centered at
2053 cn?, simulation:p,/p; = 0.5, prodf = 0.27.

In the above equations= 1 or 2,u;, wi, yi, andTy; represent
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Ctot = C(lo; Oyt — 7) )
Ctot, = o[, Db,y (6)
Ctot, = Cy(Ld1 L) [, Dy o()4(1) (7)

In the above equations, the inhomogeneous distributions are
represented byi(t) even real functions corresponding to the
Fourier transform of the inhomogeneous profiles centered at
zero andlaOrepresents the average value of themode
frequency*3* To take into account the spectral profile of the
laser pulse, each path described in Figure 4 is weighted by a
function of p;, wherep; represents the relative probability to
excite the mode; (p1 + p2 = 1).

4.1.1. TPE Signals (J= 0).If = < 0, no signal occurs. I
> 0, Tw = 0 in eq 2-4. The expression of the third-order
polarization is

Ptz > 0) O p,°Ctot, + p,’Ctot, + p,’p,Ctot; +
p1p22Ct0t4 (8)

Oscillations involvingd frequency appear in the non rephasing
part of the signal, at shortdelays, due to the short time range
of yi(t).

4.1.2. SPE Signals (I= 0). A signal exists whatever the
sign of 7. The expressions-57 can be applied withr < 0434
In our experiments]T,, is in the tens of nanoseconds so that
e TWTs = 0 and the paths involving this expression are not taken
into account. The waiting time is thus only included with the
population relaxation times in real parameters which may be
considered as weighty in the expressions dattot, j = 1—4,
respectivelyA—; ;= e Wi+ e Wy, As=A,=A=e W
The time-resolved signal is expressed as

PO®t,7) O e p Ayt — 7) +

p23u24 Azﬂfz(t 1) e—imm—f)e—e(tﬂ) +
A" [Py poe e 0 + pyp,’e e e (9)

the transition dipole moment, the frequency, the inverse of the with [d0= [w,[0— [w10ande = y, — y1. The above equation

dephasing timeT?), and the population relaxation time of
=1 of the modey;, respectively Ty represents the repopulation
time of the ground state arig the dephasing time of the mixed
excitation of modes; andv, (state| bl[¢|). This last time is

describes the SPE sign&) obtained in the simplest case
when no spectral diffusion occurs. In our experiments, the
spectral diffusion is due to vibrational energy transfers-W/
transfers) between the guest molecules. Its influence is only

in the picosecond range, as the dephasing times of both modestaken into account during the waiting tirké* When V-V

so that the contribution of €vTs is effective only for TPE
signals.

Obviously, only oscillations involving frequency differences
0 = wy — w; are clearly observed (Figure 5). It is why the

transfers between the trapped dimers (quasiresonant V
transfers) occur in times much shorter thgp the third-order
polarization Pff’)) has an expression written as eq 9 where the
functionsy;i(t — 7) are replaced by;(t)yi(z).3* In fact, nonreso-

oscillations due to the coherent excitation of the different nant energy transfers between the tvg)o modes inside the dimer
isotopic species, such as those observed in the case of the studgre excluded in this expression . This case may be

of the monome#® are not described in this simplified analysis.

included in the description ¢# with a modification of the;

Thus, the inhomogeneous frequency distribution of each mode(j = 1—4) parameters: taking into account a probability that
may be taken into account as a broad profile including all the intra-dimer V-V transfer changes the excited state during the
isotopic components. This description implies that all of the waiting time, only the weight of exgw™i (i = 1, 2) in A is
isotopic species are assumed to have the same characteristignodified.

times. The nonlinear response of the whole system involves eq TO get a simple approach of the experimental signals, we
2—4 weighted by the inhomogeneous distribution. From the Will describe the third-order polarization by

analysis of the absorption spectra (see part 3.1), the inhomo-

geneous distributions of; andv, do not seem to be correlated

and should be represented by two different functions. Therefore,

PEt7) = p"PP(t,0) + (1 — p"YPP(t7)  (10)

the time dependence of the nonlinear response functions maywhere Pg3) and PEf’) are third-order polarizations with no

be expressed as

spectral diffusion and with very efficient spectral diffusion
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respectively, ang"df s the probability that no spectral diffusion ~ were observed in our experiments on (DQbapped in solid
occurs during the waiting time. N,35: this result is consistent with a vibrational relaxation in
4.2. Analysis of Nonlinear SignalsAs previously noticed,  the trimer faster than in the dimer, as observed in jet experiments
the long component reflects the behavior of dephasing times, where a value of; = 1.3 ns was reported for (HGI}” In the
so thaty; parameters can be fixed to the values given in Figure gas phase, the timeE; for both H-CI stretching modes of
3, obtained from the signals involving almost only one of the (HCI) are significantly longer than 16 A&??whereas only a
stretching modes. The following analysis is mainly focused on lower limit of 3 ns was measured for (DG By means of
the behavior of the short component, to extract the comple- slit jet experiments on (Hi)and (DF},*8 Davis et al. observed
mentary information on the vibrational dynamical processes. an enhancement of ;Tirom (HF), to (DF),, assigned to a
The short component comes necessarily from SPE signalsdeuteration effect. By comparison, the relaxation times of (PCI)
whereas the long one may be due to TPE or SPE signals. If theare expected to be longer than those of (HAR) agreement
long component was mainly due to TPE, then the negative partWith the present analysis of DFWM signals assunilag- 16
of S(r) would reflect only a fast spectral diffusion process ns.
(p™d'~ 0 in eq 10). Assuming such a case, the simulated signals  5.2. V=V Transfers. Nonresonant intermolecular vibrational
exhibit very asymmetric oscillations at short delay and cannot energy transfer also contributes to the loss of vibrational
reproduce the experimental data. Therefore, the influence of TPECoherence and is responsible for the spectral diffusion, occurring
signals seems negligible. A rephasing process is thus alwayson a nanosecond time scale. The rate efWiransfer between
observed in the SPE signals upon the excitation of one or thetwo guest molecules depends on the intermolecular distance and
other mode of the dimer. It means that the-V transfer ~ the energy mismatcH:*° In the case of dimers, nonresonant
characteristic times are always at least of the same order ofV—V transfer can occur between two distant dimers but also
magnitude ady, i.e., in the tens of nanoseconds. between the two intramolecular D-Cl stretching modes inside
The experimental results are fitted using egs 10 and 1. Few@ dimer.
parameters are fixed, in addition @ ¥i(t) is adjusted on the In this last case, a fast transfer rate is expected due to the
Fourier transform of the absorption spectra at low temperature short distance between both oscillators. Owing to the near
for both frequency rangé§,using an analytic expression of the ~Perpendicular geometry of the dimer, the dipetépole and
form: y(t) = ae U2+ BeItb, Fory,(t), a = 2.06 102 ps,b = dipole—quadrupole interactions are weakened, so that the major
2.44 psa/f = 0.15; forya(t), a = 1.19 psb = 8.33 pso/ff = contribution to the transfer rate results from the quadrupole-
10. For each DFWM signal, a first estimationwfis deduced guadrupole term. For resonant transfer, the rate is written as
from the laser frequency. Oscillations aroure 0 appear more

or less clearly, depending on the mean laser frequency, according XQQle1|2|Q2|2

to the influence ofy in eq 10. The contrast of these oscillations kQQ = —n4 2 0 (11)
is also influenced by parametehs with a maximum forA, = PV

Az =A

R = 3.54 A is the distance between the two DCI molecules in

> : .
and experiments is obtained within the above description. The 1€ dimeri* ya = (y1 + y2)/2 is the mean homogeneous width
long components are well reproduced whatever the Iaserof the two D-CI stretching modes, is the refractive index of

o b .
frequency. Unfortunately, experimental data are not precise ands?“ﬁ ngrog%%QQd 'S_ a pﬂrameter _dependcljng Orll the geomet;y
numerous enough to conclude on the exact relative values ofof the dimer;® andQ; is the transition quadrupole moment o

parametergy for each nonlinear response. Nevertheless, the datali® modev; of (DC_')Z- Tfe transﬁmg\guadrupqle moment of
are correctly simulated witd; = A, = 2A, corresponding to HCl is quite large: |Q| = 0354 D A Assum|_ng a similar

the caseTy; > Ty, = T, = 16ns Whatever the temperature, Valll’e for the stretching modes of (DgIpq 11 giveskgg = 1 .
prodif js always found~ 0.4, except for a laser frequency close PS However, the energylgap between the two D-Cl stretching
to the DCI monomer absorption whegpedif decreases down to modes is large# 20 cnT) so that the nonresonant energy
0.25 (Figure 5c). In this last case, the nonlinear response Oftransfer between t_he two modes is phonon-as&steql. If these
monomers also influences the short component. In the range oftransfers occurred in less Fhan 10 ns, then th? rephasing process
concentration £1%) used in the experiments, the spectral could not be .observed in contradiction with the described
diffusion is the main observed process under the excitation of DFWM experiments. Consequently, the coupling between
monomers. According to the results and estimations given in phonons and D-Cl modes should be weak gnough to reduce
ref 29, a value ofp™df < 1074 is expected for the nonlinear the transfer rate by at least 4 orders of magnitude compared to
response of the monomer. The excitation of a fraction of the resonant case. .
monomers enhances the short component, redyssidijin the ) Comparatlvely, N _transfers be_tween_ rand_omly or_|ented
simulations. The value gi"df corresponding to the effect of isolated dimers are mainly due to dipotedipole interactions.

V-V transfer between the dimers is thus given by the previous To es'tlmat.e vV tra}nsfer rates, calculations similar to those
value of 0.4 £0.03). described in ref 29 in the case of DClI monomers can be done.

For each mode, one can define a characteristic tifié” of
V-V transfer related to the probability that no transfer has
occurred before the time t after the excitation of population:
5.1. Population Relaxation Times.Population relaxation  #5(t) = exp[-(t/TVV)¥4. On one hand,T¥V is measured in
times are not measured directly in our experiments. A lower DFWM experiments by the probability(t = T) = p°df (cf eq
limit is obtained indirectly from the analysis of TPE and SPE 10)2° TYV = 19 + 3 ns is obtained in the region of, where
signals (part. 4.2). TPE signals are clearly observed when boththe influence of the nonlinear response of the monomer is
population relaxation timesT{ and Ty) are shorter than the negligible. On the other hand[VV is calculated using the
waiting time T, = 16 ns. The analysis of time-resolved results following data: the homogeneous bandwidgt) éxtracted from
on (DCI)/N, shows that the contribution of TPE signals is DFWM signals, the inhomogeneous distributiompfrequen-
negligible, so that at leasty > 16 ns. In contrast, TPE signals  cies @i(v)) simulated as a sum of four Lorentzian bands from

As shown in Figure 5, a good agreement between simulation

5. Discussion
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the absorption spectra (cf. part 3.1), the transition dipole moment dependence of its dephasing time could be the same as.for
(wi) with |up| = 1.2/u41]?8 and the concentration of DCI-D(H)CI It seems that the complexation isolates the vibration from the
dimers €g) estimated from the absorption band intensities (  nitrogen cage. This assumption is reinforced by recent experi-

= 0.57% in the samples of intered®)Using |u1| = |upci — gad ments on DCI embedded in mixedMr matrixes$® where the
= 0.056 D% TYV = 360-280 ns andrVV = 280-240 ns are coherence time of; in the complex (DCh:+-N is shorter than
obtained in the 7.520 K temperature range, for modesand that of the complex DCI-N. So, the behavior of the free mode
vy, respectively. To reach a satisfactory agreement with the valuev; is also influenced by the hydrogen bond.
estimated from the DFWM signal3{¥ = 19 ns), an enhance- This result can be discussed qualitatively. The dephasing time
ment of the transition dipole momeft;| due to the nitrogen is related to two physical parameters, the mean amplitude of
environment has to be assumed in the calculati®$[(|w.|~%): the modulation of the vibrational frequendp, and the time

|1l = 2|upci - gad. A similar conclusion was deduced from  scale of this modulation. In the case of a hydrogen bonded
monomers stud§?-3>The weak temperature dependenc@\tf system, the description of these parameters involves the

is related to the homogeneous-inhomogeneous bandwidths ratiaccharacteristics of the hydrogen bridge stretching mode and its

of 0.1 to 0.4, corresponding to a case of a low sensitivity of coupling with the probed vibrational mode. Following the model

TV to yi, as was shown in ref 29. developed by Robertson and Yarwoddyell adapted to the
5.3. Coherence TimeThe analysis of the DFWM signals  results obtained by Bonn et at, only depends on the hydrogen

proves that the vibrational population lifetime is greater than bond frequency and its coupling to the bath, whe2agpends

the waiting timeT, and thereby,T,* = T,, with values and on the strength of the coupling between the intramolecular mode

temperature dependence reported in Figure 3. and the hydrogen bond. If the influence of the hydrogen bond

As mentioned above, a coupling between the two intra- IS considered as the most important dephasing process, for
molecular stretching modes and a lattice mode cannot explainthe® main difference between and; is the strength of this
the temperature behavior of the coherence times. Their quasi-coUPling, leading to values df;* higher for v than forv,, as
similar evolution as a function of temperature is quite surprising. it IS observed, but also to similar temperature dependence of
Indeed, the behavior of the coherence time for the made the dephasing process because the same hydrogen bond affects
expected to be the same as for the monothidrecause this the two vibrations. Unfortynately, our results are not precise
intramolecular vibration is not fully involved in the hydrogen €nough to conclude on this last point.

bond, with an hydrogen motion exploring the nitrogen environ- )
ment. 6. Conclusion

At this stage, it is interesting to compare our results with the  (DCI), in solid N, is a simple model system appropriate to
experiments performed by Bonn et'ain zeolite catalysts. With  an investigation of the effect of a weak hydrogen bond on the
transient IR hole-burning spectroscopy, the authors observedyiprational motion. Time-resolved one color degenerate four
large variations in the pure dephasing times of #(©—D) wave mixing experiments with the FEL have allowed to explore
stretching mode of differently hydrogen-bonded surface hy- the dynamics of the two D-Cl stretching intramolecular modes.
droxyls. Two kinds of hydrogen bonded-® vibrations have  valuable information on their population relaxation times, on
been investigated: one represented by OD groups hydrogentheir coherence times and on¥ transfers has been obtained.
bonded to zeolite lattice oxygen atoms (OD...O) and the other  pgpylation relaxation times in the dimer remain longer than
constituted by OD...Blhydrogen bonded, the nitrogen molecule  the tens of nanoseconds in the solid, i.e., much longer than that
being adsorbed on the surface of the zeolite cage. Whereas thesgt the trimer, measured in the gas phabast relaxation paths
two OD groups are involved in hydrogen bonds of the same {5 |ow energy modes are closed—V transfer is also a long
strength, with the same(O—D) population lifetimes, they  gynamical process, the energy transfer from one stretching mode
exhibit very different temperature dependencdgf For OD- to the other inside the dimer is quite inefficient. On the other
*N2, the dephasing time seems to be temperature independentyang, the analysis of YV transfer from the DFWM signals is
while for OD--+O, T,* decreases exponentially with the tem-  consistent with the estimation of the-W transfer rate between
perature, with an activation energy showing the coupling 0 gifferent guest dimers in the sample with the assumption of an
zeolite lattice modes. This very large difference is related t0 anpnancement of the transition dipole moment of DCI by the

the shape of the hydrogen bond potentials. In the case of thejjyogen lattice, suggested by the experiments on the mono-
OD:---O groups, the (OB-O) potential is governed by the  ,or529

geometry of the zeolite lattice whereas the (©l)) potential
is strongly anharmonic, governed by the hydrogen bond, and

reveals the coupling betweerO—D) and the low-frequency  eects are first observed through the frequency shifts of the
intermolecular hydrogen bridge stretching mode. vibrational transitions: the gas-to-matrix shift, the shift from
The modev, of DCI dimers can be reasonably compared to the monomer to the dimer and the shift from the free to the
the modev(O—D) of the OD-+N, group because itis involved  phonded mode, corresponding to various deformations of the
in the hydrogen bond of the dimer. In both cases, the coupling p-Cl intramolecular potential. Whereas the gas-to-matrix shift
with the hydrogen bond intermolecular stretching mode seemsis the same for the monomer and for both stretching modes of
stronger than the coupling with the surrounding lattice and the the dimers, the influence of the lattice on the vibrational
evolution with the temperature is weak (in the narrow temper- coherence is strongly different from the monomer to the dimer.
ature range explored). On the contrary, the lattice clearly Qur results show that the dephasing processes in the dimer are
influences the dephasing process¢O—D) in the OD--O related to the hydrogen bond which affects more strongly the
group, as was observed for DCI monomers in nitrogen solid, modey, than the mode;. As the gas-to-matrix shift in nitrogen
where no hydrogen bond was involved. is very similar to the shift between the bonded mode and the
The case of the free modg is more intriguing. In fact, it monomer frequencies, an influence of the lattice on the
has an intermediate behavior between those of the monomercoherence time is also expected. Such an effect can be observed
and ofv,, but within the experimental errors, the temperature through the study of (DCJ)in various environments. We have

The dephasing process has the shortest dynamics and, as
usual, is the most sensitive to the environment. The environment
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recently obtained some results in argon matrixes which highlight

the effect of the nitrogen environment on the vibrational
coherence of B-Cl, even for the dimer&
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