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Ultrafast Vibrational Dynamics in a Quasi-One-Dimensional System: Femtosecond
Impulsive Excitation of the PtBr(ethylenediamine) Mixed-Valence Linear Chain Complex
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We have used femtosecond impulsive excitation to time-resolve the vibrational motions following the excitation
of the optical intervalence charge transfer transition in a quasi-one-dimensional molecular solid, the mixed-
valence metathalide linear chain complex [Pt(ef{Pt(en)Br,]-(PFs)s (en = ethylenediamine, £HsNy).
Wavelength-resolved measurements reveal an induced absorption signal assigned to the formation of the
self-trapped exciton that is strongly modulated by vibrational wavepacket oscillations originating on both the
ground and excited electronic states. The ground-state response, which includes the fundamental chain axis
symmetric stretch frequency and its harmonics, is discussed in terms of resonantly enhanced impulsive
stimulated Raman excitation of a strongly coupled electgmonon system.
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Femtosecond impulsive excitation techniques have revealed
a wealth of information about ultrafast vibrational dynamics in
molecular and condensed matter systems. In this paper, we (b)
report studies of the vibrational dynamics associated with X M X e M* e X oo M7 2 e X e PP
photoexcitation of a quasi-one-dimensional molecular solid, the Figyre 1. (a) Schematic ground-state structure of the halogen-bridged
halogen-bridged mixed-valence transitional metal linear chain mixed-valence transitional metal linear chain complexes, neglecting
complex [Pt(en)][Pt(enkBr;]:(PFs)4, (en = ethylenediamine, the transverse ligands and counterions. The metal ior R, Pd, or
C,HgNy), also abbreviated as PtBr(en). In our previous paper Ni and the halide ion X= ClI, Br, or I. (b) Schematic structure of the
on this system, we analyzed the excited-state vibrational self_—tra_pped exciton state resulting from structural relaxation_following
dynamics in terms of the lattice motions associated with the excitation of the optical intervalence charge transfer transition.

formation of the self-trapped exciton, a photoinduced structural coupling in the valence-delocalized Ptl system. The structure
change inherent to quasi-one-dimensional systems. In this paperand dynamics of the electronically excited states of these systems
we discuss in more detail the ground-state vibrational dynamics are also dominated by the strength of the electiimonon
of this strongly coupled electrerphonon system, which are  couplings. In the MX complexes, as in many other quasi-one-
manifested as large-amplitude wavepacket oscillations with dimensional systems, strong electrgshonon interactions can
strong overtone components. lead to the formation of nonlinear excitations such as self-
Halogen-bridged mixed-valence transitional metal chain (MX) trapped excitons, in which electronic excitations are localized
complexes have attracted considerable interest as model systemas a result of lattice distortions that occur in response to the
for studying the physics of quasi-one-dimensional sclitiEhe excitation. The schematic structure of the self-trapped exciton
essential elements of the one-dimensional structure are indicatedSTE) state is shown in Figure 1b. In this figure, the STE is
in Figure 1a, which shows both the periodic charge dispropor- represented by two adjacen£Mions; the actual spatial extent
tionation (or mixed-valence character) and the periodic bond of the localized excitation is largely determined by the strength
length distortion (or Peierls distortion) characteristic of the of the electror-lattice interaction in a particular material.
charge density wave ground state. An important aspect of the The vibrational spectra of the MX complexes reflect their
utility of the MX materials as model systems lies in their quasi-one-dimensional nature. The MX complexes have been
chemical tunability: for example, the bridging halide has a extensively studied using Raman and infrared spectrosctpies.
profound effect on the strength of the electrgghonon cou- The optically active chain-axis vibrational modes, which
pling, and with it, the strength of the charge density wave state. dominate the vibrational response, are shown in Figure 2. The
As the halide in the platinum complexes is varied through the three optically active modes include one Raman-active mode
series Cl, Br, and I, the strength of the electrganonon (v1), which is a fully symmetric stretching mode in which the
interaction varies from very strong coupling in the highly halide ions are symmetrically displaced about the metal ions,
distorted, valence-localized PtCl system to much weaker and two infrared-active modes, consisting of an asymmetric
stretching modes() that involves displacements of the halide

T Present address: Department of Chemistry, University of New Mexico, ?ons about the_ metal i_ons, and a_IOW-frequency mod}ethat
Albuquerque, NM 87131. involves relative motion of the inequivalent metal ions. As
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Figure 2. Optically active chain-axis vibrational modes for the metal-
halide chain complex.

expected, a number of weaker modes associated with the
transverse structure are also present.

The optical absorption spectrum is typically dominated by a 300 200 00 500 200800 500
strong intervalence charge transfer (IVCT) transition. This Wavelength (nm)
transition, which is highly polarized along the chain axis, Fjgyre 3. Optical response of [Pt(edPt(en}Brs]-(PR)., as measured
transfers charge density between inequivalent metal ions, by diffuse reflectance, showing the strong intervalence charge transfer
effectively acting to locally reverse the charge density wave. transition.
Since the equilibrium metalhalide bond lengths depend on the ) o B
charge distribution about the metal ions, the IVCT transition is dynamics, providing a means to observe the role of specific
strongly coupled to the Raman-active symmetric stretching mode ViPrational modes in fast photoinduced processes. An important
(v1), resulting in substantial vibronic broadening of the absorp- aspect of vibrationally impulsive excitation experiments is the
tion band. Excitation of the IVCT band creates a highly pos_S|b|I|ty_ of detecting both excited- and ground-state ylbratlonal
nonequilibrium lattice configuration that subsequently relaxes Motions, in contrast to cw Raman spectroscopy, which detects
to form localized nonlinear excitations, and generation of self- Only ground-state vibrational frequencies. Since it is crucial
trapped excitons, solitons, and polarons has been predicted© Pe able to distinguish between ground- and excited-state
theoretically25~7 In an ideal one-dimensional system, the Mmotions to <_1Ief|n|t|vely interpret the measurements, a @horqugh
excited-state self-trapping process is expected to be barrierlessunderstanding of both the ground- and excited-state vibrational
resulting in rapid dynamicdThe initial relaxation processes response is required. ) )
leading to the formation of the STE are thought to occur on a !N this paper, we present time-resolved studies of the
femtosecond time scale, consistent with the idea that chain-Vibrational dynamics of PtBr(en), an MX complex with an
axis vibrational motions directly drive this process. electron-phonon coupling of intermediate strength. The chain-

Given the properties discussed above, quasi-one-dimensionaXis lattice distortion in PtBr(en) can be characte_nzed by a ratio
materials are promising systems for investigating the interplay P ~ 0-8 between the short and long metal halide bontis.
of the electronic and vibrational processes in ultrafast dynamics. ddition to the bromide bridging ligands along the chain axis,
The quasi-one-dimensional structure of these materials simplifies€aCh platinum ion is coordinated by two transverse ethylene-
the dynamics in that the dominant motion is expected to occur diamine units, which provide a nearly square-planar geometry.
along the linear axis, and the chemical tunability of the MX In tr_le cry_stalllne form, the material is stror_lgly dlchr0|c_, with
complexes allows direct control over the relevant electron ~ chains oriented parallel to the crystal axis. The chains are
phonon interactions. Moreover, the relevant chain axis motions SeParated by Rfcounterions, which provide overall charge
in these materials are relatively slow-100 fs or more in neutra_lllty and_a_ct to_spatlally s_eparate_ the chains so that they
period), allowing the vibrational dynamics to be resolved in ©€XPerience minimal interchain interactions. ,
detail. It is interesting to note that the mixed-valence linear chain The optlca}l response Qf PtBr(en), as mgasured by d.|ffuse
complexes can be thought of as extended analogues of thereflectance_, is shOV\_/n in Figure 3. The dominant featu_re is the
binuclear mixed-valence transition metal complexes that have !VCT transition, which is centered at500 nm, and which is
provided a great deal of insight into the mechanism of electron Markedly broadened as a result of the strong vibronic coupling
transfer processésThus, comparison of the dynamics of the to the Raman-active chain-axis vibrational mode. At room

extended-state and binuclear systems may contribute to a mord€mMperature, the long-wavelength side of the absorption spec-
general understanding of charge transfer processes. trum has a long tail that extends beyond 800 nm. Resonance

To directly probe the vibrational processes coupled to the Raman measurements showastrong peakl&0 cnt, corre- )
IVCT transition, we have used femtosecond impulsive excitation SPOnding to the symmetric stretch mode, as well as progressively
techniques. When a material is excited with optical pulses short WeaKer ovgrtolqes at the second and third harmonic frequencies
compared to the periods of its characteristic vibrations, the ©f this motion:
vibrational modes coupled to the excited electronic transition
are impulsively excited, creating vibrational wavepackets that
consist of coherent superpositions of vibrational st#te’s. Measurements of the time-resolved differential transmitténce
These nonstationary vibrational wavepackets, which can bewere made using standard femtosecond puprpbe techniques.
formed on both the ground and excited potential energy surfaces,The optical pulses used in the measurements were derived from
oscillate at the characteristic vibrational frequencies of the a laser system consisting of a home-bwiltO fs Ti:S oscillatol®
material and are observable as a time-dependent modulation othat seeds a Coherent/BM}t1000/US regenerative Ti:S ampli-
the optical response. Impulsive excitation methods are especiallyfier operating at a repetition rate of 1 kHz. Output pulses from
useful for studying vibrational dynamics associated with the amplifier are 35 fs in duration with a center wavelength of
electronic excitation, since only the vibrations that are coupled 800 nm and a spectral width (fwhm) &30 nm. Measurements
to the electronic transition are excited. The evolution of the were carried out in one of two configurations: the degenerate
resulting wavepacket oscillations directly reflects the nuclear pump—probe configuration, in which identical pulses are used

II. Experimental Section



4310 J. Phys. Chem. A, Vol. 104, No. 18, 2000 Dexheimer et al.

for both the pump and the probe, and the continuum probe 0.1 : . T T "
configuration, in which the probe is derived from a broadband ;
femtosecond continuum. In both cases, the 35 fs, 800 nm pulses
generated by the amplifier were used as pump pulses. The
femtosecond continuum was generated by splitting off a portion
of the amplifier output and focusing it imta 2 mmthick
sapphire plate. The near-infrared part of the continuum was
compressed using a dispersive delay line constructed of fused
silica prisms, giving a cross-correlation width 60 fs over
the detected wavelength ranges. In both ptipiobe configura-
tions, wavelength resolution was achieved by spectrally filtering
the probe pulse using @10 nm bandwidth interference filter
after the pulse was transmitted through the sample.

The experimental samples were single crystals of [Pilen) 0.9300 1000 2000 3000 4000 5000
[Pt(en}Br,]-(PFs)4 of good optical quality. Recent advances in Time delay (fs)
the Synthes_'s of the metaha“de complexes have resulted in Figure 4. Measurement of the time-resolved differential transmittance
the production of materials that are largely free of defects and of [p(en)][Pt(en)Br,]-(PF). following impulsive excitation near the
that are resistant to photoinduced dam&g8ince the optical ~ onset of the IVCT band using pulses 35 fs in duration centered at 800
transitions are strongly polarized, the samples were oriented sonm. The measurement was taken in the degenerate pprope
that the molecular chain axis was parallel to the polarization of configuration with a detection wavelength of 830 nm. Data points are
both the pump and probe pulses. Care was taken to ensure thafisplayed as solid circles connected by dashed lines. The solid line
a pump-probe response was absent at negative delay times (i.e. rz)p()tr evsviﬂts :r;t,ntgtgrf Sr?ct)svﬁsilr?%';g?el_lp SVD method discussed in the
when the probe pulse precedes the pump), since such a signr}l ' P '
could be indicative of the generation of long-lived photoinduced : . . : T
defects in the material.

The impulsive excitation signals are expected to have a 175 cm™’
temporal dependence given by a sum of exponentials and
exponentially damped cosinusoids:

o
o
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Differential transmittance

St) = Za1-e_"Ii cos(2tvit + ¢;)

where simple exponential decays are included as zero-frequency

components. The differential transmittance signals were fit to 515 cm”’!

. . . . .. . 350 Cm-1 m
this functional form using both linear prediction/singular value 50
decomposition (LPSVDB¥ and traditional nonlinear least-squares ‘ x50 Iy )
methods. The two methods generally gave consistent results, 0 100 200 300 400 500
though the LPSVD results tended to more accurately extract Frequency (cm™")

the damped oscillatory components, whereas the nonlinear leastrjg re 5. Fourier power spectrum of the oscillatory part of the time-

squares fits tended to provide more consistent values for resolved differential transmittance shown in Figure 4, showing fre-
nonoscillatory exponential components. quency components at 110, 175, 350, aril5 cnr?.

with the ~180 cnt! frequency in the resonance Raman
spectrum that is assigned to the symmetric stretch chain axis
Time-resolved differential transmittance measurements fol- mode. Additional Fourier peaks are evident at frequencies of
lowing excitation of the PtBr(en) complex near the onset of ~350 and~515 cnT?, which are also observed in the Raman
the IVCT optical absorption band are shown in Figure 4. The spectrum and correspond to the second and third harmonics of
35 fs duration pump pulses are sufficiently short to impulsively the symmetric stretch mode. An additional feature at a frequency
excite the~180 cn1? (185 fs period) symmetric stretch chain  of ~110 cnT? in the Fourier power spectrum is not observed
axis mode of the complex. The measurements shown in Figurein the Raman spectrum. As discussed in our previous Work,
4 were taken in the degenerate pungpobe configuration, and  this feature is much more prominent at detection wavelengths
the spectral component of the probe pulse around 830 nm, onlying farther into the STE absorption band, and the spectral and
the red side of the pulse spectrum, was detected. As can betemporal dependence of this frequency component is consistent
seen in the figure, the time-resolved response is modulated bywith an excited-state wavepacket response.
wavepacket oscillations of unusually large amplitude. Beneath  The components of the data were determined quantitatively
the oscillations, an induced absorbance signal appears on a timaising LPSVD fits, and the resulting fit parameters are presented
scale of~100 fs, corresponding to the self-trapped exciton that in Table 1. The data were fit starting at a delay time-@&b5 fs
is created in the excited electronic state. to avoid contributions from coherent effects that may occur
The frequency content of the oscillatory response can be during the temporal overlap of the pump and probe pulses. Four
determined by Fourier analysis, and Figure 5 shows the Fourieroscillatory components are evident at frequencies that cor-
power spectrum of the oscillatory part of the data trace shown respond, within experimental uncertainty, to the frequencies
in Figure 4. The exponentially varying baseline was subtracted identified in the Fourier power spectrum. In addition, two zero-
prior to Fourier transformation. A strong peak-at75 cnttis frequency components, which correspond to simple exponen-
the dominant feature in the Fourier power spectrum. This tials, appear in the fit results. The faster component follows
frequency coincides, within the combined experimental errors, the formation of the induced absorbance signal assigned to the

I1l. Results
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Figure 6. Individual damped oscillatory and exponential components
reconstructed from the LPSVD analysis of the data trace displayed in
Figure 4. The components correspond to the parameters given in Table
1.
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TABLE 1. LPSVD Fit Parameters for the Differential 0 10100
Transmittance Data Presented in Figure 4
freq (cnT?) 7 (fs) ¢ (deg)

0 370

6000

amplitude T T y T T T ]

0
103
176
351
510

26000
240
1300
510
210

149
9
17
80

880 nm 1

STE state. The slower rising component is not well determined
in this 5 ps long data trace, and most likely includes contribu-
tions from the decay of the STE population (see below) as well
as from vibrational relaxation. The structure of the components
of the signal can be seen in Figure 6, which displays the
individual components as reconstructed from the LPSVD fit )
parameters. The sum of these components, i.e., the full LPSVD 0
fit, is shown superimposed on the data trace in Figure 4. :

To more clearly investigate the dynamics, additional time- : . . , ,
resolved measurements were taken using the continuum probe C
configuration at a series of detection wavelengths extending
farther into the red-shifted STE absorption band. Time-resolved r
differential transmittance measurements at detection wavelengths
of 830, 880, and 940 nm are presented in Figuredarhe
data at 830 nm is presented to show the effect of the slightly
lower time resolution of the continuum probe measurements
relative to the degenerate pumprobe measurements. Com-
parison of the response in Figure 7a to the degenerate pump
probe measurement in Figure 4 indicates that essentially the
same features are present in both measurements, although the
lower time resolution results in a lower oscillation amplitude - .
for the fundamental symmetric stretch frequency and signifi-
cantly damps the harmonic response.

The time-resolved differential transmittance at 880 nm clearly
shows a large induced absorbance signal associated with th
STE state. Neglecting coherence effects around zero delay time
the formation time fits to an exponential time constamt-@50
fs, and the decay of the induced absorbance fits to a time
constant of~7 ps. The signal at 880 nm is modulated by
oscillations at the chain axis symmetric stretching modelats
cm1, although the amplitude of the oscillations is significantly
lower than that detected at 830 nm. The signal also shows
marked structure at short times, and fits to the data reveal that
the structure results from beating between the 175'amode
and a large-amplitude, strongly damped componenthi0
cm™1, the same frequency detected at lower amplitude in the In order to interpret the wavepacket response in terms of the
response at 830 nm. detailed vibrational dynamics, the origin of the individual

The detection wavelength of 940 nm lies essentially outside oscillatory components in the time-resolved response must be
the IVCT absorption band, but lies well into the STE absorption, identified. Since the electronic dephasing in this condensed
as seen in the observed induced absorbance signal. A wealphase system is expected to be extremely fast, we can effectively
modulation at the chain axis symmetric stretch mode frequency characterize the observed oscillatory modulations following the
of ~175 cntlis still evident in the response. The structure in  pump pulse in terms of distinct contributions from the ground

Differential transmittance
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igure 7. Time-resolved differential transmittance measurements of
Pt(en}][Pt(en}Br;]:(PF)s taken in the continuum probe configuration
at detection wavelengths of (a) 830 nm, (b) 880 nm, and (c) 940 nm.

the signal at short times again results from beating between the
175 cnt! mode and the strongly damped component-af0
cm L. The difference in the details of the structure at 880 nm
and at 940 nm results largely from the phase evolution of the
low-frequency component as a function of detection wavelength.

IV. Discussion
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and excited electronic states. In the molecular complex studied

in this work, it is possible to distinguish between ground-state S
and excited-state vibrational processes by comparison of the :
observed frequencies with those in the resonance Raman

spectrum, and by careful investigation of the spectral dependence S,
of the oscillatory response. In our previous wémke presented

a detailed analysis of the amplitude, damping time, and phase

of the ~110 cnT! component, which is not observed in the

Raman spectrum, as a function of detection wavelengths Figure 8. Schematic representation of the resonant impulsive stimu-

extending yveII in_to th_e_ STE_ absorption band. As a result of lated Raman scattering mechanism for the generation of vibrational
this analysis, we identified this strongly damped low-frequency wavepackets in the ground electronic state.

component as corresponding to the lattice motion that carries
the system to the self-trapped configuration in the excited tions both from the time-dependent modulation of the real index
electronic state, providing a clear, unambiguous, observation of refraction, which may be resonantly enhanégds well as
of the dynamics of this important process. from the modulation of the absorption spectrum resulting from
The dominant contribution to the oscillatory response, which Population of higher-lying vibrational levels in the ground
occurs at as frequency of175 cnt?, is consistent with a electronic state. As shown in Figure 8, the resonant impulsive
vibrational wavepacket in the ground electronic state: its Raman mechanism generates a ground-state vibrational wave-
frequency is close to that of the 180 chthain-axis symmetric ~ Packet that includes higher-lying vibrational levels that are not
stretching mode identified by resonance Raman spectroscopy Populated in thermal equilibrium, giving rise to a red-shifted
and the observed damping time is consistent with the measureccomponent to the impulsively excngd optical response. This
Raman line width. Excitation of the symmetric stretch mode Process has been modeled in det&? however, in PtBr(en),
by a resonantly enhanced impulsive stimulated Raman mech-the effect may be particularly striking because of the large
anism may be expected, given its strong coupling to the IVCT displacement of the Raman-active symmetric stretch in the IVCT
transition. As noted above, the wavepacket oscillations3g0 ~ transition. In addition, in this experiment, we have pumped the
and~515 cnt? correspond to the second and third harmonics "ed side of the IVCT band, which will preferentially involve
of the fundamental chain-axis symmetric stretching mode, thermally populated vibrational levels above the vibrational
allowing these components to be identified as higher-order 9round state. (Note that, at room temperature, where these
vibrational coherences in the ground electronic state. measurements were takeT, is slightly larger than the ground-
Two aspects of the ground-state vibrational response in PtBr- state V|t_)rat|ona_| spaplng._) Impulsive excitation originating from
(en) are particularly striking: the structure of the oscillatory these hlgher-lymg vibrational levels will result in wayepackeF
response, in terms of its magnitude and harmonic content andmodulatlon at even longer wavelengths. The contribution of this
the observation of significant oscillatory modulation at detection mﬁgﬁllaot/lfer: tr?ow:vg;/esriilcl:eséﬁgﬂi ahmeﬁll't?ndeﬂ']zr?;flf(:t%d utl(; tgg
wavelengths far to the red of the excited optical transition. Both .=~ . ' ’ 9 ying thel Y Pop
of these effects may be understood in terms of the strong vibrational levels account for a smaller fraction of the total
electron-phonon coupling in this system. The fundamental and ground-state population, and this is consistent with the observa-

) . ! . - . tion of the substantially weaker wavepacket oscillations at the
two harmonic frequencies of the chain-axis symmetric stretching strongly red-shifted detection wavelengths of 880 and 940 nm.

mode appear in both the resonance Raman spectrum and thé . - . . o
In summary, we have investigated the impulsive excitation

oscillatory response, consistent with excitation of the strongly f | led . di ional. el
coupled mode by an impulsive stimulated Raman scattering response of a strongly coupled, quasi-one-dimensional, electron
phonon system. The response can be understood in term of

rr:ict;r;ir:lsnrgi ;rg%g 2Lr§'$§éuslguf%ﬁeth(g ftl?: dgﬁ%i?;rgazgzg% OIcontributions from the excited electronic state, as well as strong
Earmoni% beina excited nearly in phase: alternate peaks of themodulation from vibrational coherence in the ground electronic
9 ymp : P state generated by a resonantly enhanced impulsive stimulated

?jﬁggﬂ:ﬁg:ﬂg ggggﬁr;i\f;;sx;:ﬁt't\;‘iﬁr\gﬁgggeogfﬁlgsﬂ?r:ége Raman mechanism. Additional experiments on MX complexes
T o " of varying electron-phonon ling are in progr nd ar
mental, as can be seen in Figure 6. This interference leads too arying electrorphonon coupling are in progress and are

. - expected to complement this work.
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