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We report resonance Raman spectra including absolute Raman cross section measurements obtained with
excitation wavelengths within the MLCT absorption band of [Pt(dppm)2(PhCtC)2] and the MMLCT absorption
band of [Pt2(µ-dppm)2(µ-PhCtC)(PhCtC)2]+. We have simultaneously simulated the absolute absorption
and resonance Raman intensities in order to estimate the vibrational reorganizational energies associated
with the MLCT and MMLCT transitions. We observe a small amount of fluorescence background underneath
the resonance Raman spectra of [Pt(dppm)2(PhCtC)2] which we attribute to emission from the very short-
lived initially excited MLCT state. Our quantum yield measurements of this fluorescence yields an excited
state lifetime of approximately 80-130 fs.

Introduction

A great deal of work has been devoted to the study of the
spectroscopic and photochemical properties of metal acety-
lides.1-11 Photoexcitation of many of these metal acetylide
molecular systems leads to photoluminescence and/or photo-
chemical reactions with other compounds via a relatively long
lived electronic excited state.1-11 We have chosen to examine
the initial photophysics of these compounds in order to
characterize the initial electronic excited state at the vibrational
mode specific level using resonance Raman spectroscopy. In
particular, we want to investigate the photoinduced electron
transfer reactions associated with the metal to ligand charge
transfer (MLCT) transitions of platinum acetylide compounds.
The results that we present here focus on [Pt(dppm)2(PhCtC)2]
and [Pt2(µ-dppm)2(µ-PhCtC)(PhCtC)2]+ in room temperature
solutions.
The rates of electron transfer reactions are determined in part

by the reorganization energies among the different vibrational
modes of the molecules involved in the electron transfer.12-18

The vibrational reorganizational energies in the case of elec-
tron-transfer reactions that take place directly upon absorp-
tion of light (DA + hν f D+A-) can sometimes be obtained
from the electron charge-transfer absorption and/or emission
spectra.19-28 Many charge-transfer absorption bands do not
have vibrational resolution (especially in room temperature
solutions), and in many cases it is not possible to elucidate
the vibrational reorganizational energies directly from the
absorption and/or fluorescence spectra. Several research groups
have used resonance Raman intensity analysis in order to
determine the vibrational reorganizational energies of many
different photoinduced electron-transfer reactions which have
diffuse charge transfer electronic transitions such as metal to
ligand charge transfer (MLCT), ligand to ligand charge trans-
fer (LLCT), intervalence transitions of inorganic compounds,
organic noncovalent donor-acceptor complexes charge transfer
transitions, and very recently an organic covalent donor-
acceptor compound.29-45

In this paper we present a resonance Raman intensity analy-
sis of the MLCT absorption at∼344 nm for [Pt(dppm)2-
(PhCtC)2] in dichloromethane solution and of the MMLCT

absorption band at∼393 nm for [Pt2(µ-dppm)2(µ-PhCtC)-
(PhCtC)2]+ in acetonitrile solution. We have taken resonance
Raman spectra including absolute Raman cross section mea-
surements at five excitation wavelengths for [Pt(dppm)2-
(PhCtC)2] and at six excitation wavelengths for [Pt2(µ-
dppm)2(µ-PhCtC)(PhCtC)2]+. The absolute Raman intensities
and absorption spectra were simultaneously simulated using a
simple model and time-dependent wavepacket calculations to
find estimates of the vibrational reorganizational energies
associated with the MLCT (metal to ligand charge transfer) and
MMLCT (metal-metal to ligand charge transfer) transitions.
We have also observed a weak broad fluorescence background
underneath our resonance Raman spectra of [Pt(dppm)2-
(PhCtC)2] that we tentatively attribute to emission from the
initially excited MLCT state of [Pt(dppm)2(PhCtC)2]. Our
quantum yield measurements of this fluorescence background
are used to estimate the MLCT singlet excited state lifetime of
∼80-130 fs and this value is consistent with that found from
modeling the absolute resonance Raman intensities and absorp-
tion spectrum. Finally, we discuss the implications of the
ultrafast photophysics for the formation of the longer lived
3MLCT state of the platinum acetylides which leads to photo-
luminescence and/or photochemical reactions with other com-
pounds.

Experiment

Samples of [Pt(dppm)2(PhCtC)2] were synthesized using the
literature method46 and samples of the dinuclear A-frame
complex [Pt2(µ-dppm)2(µ-PhCtC)(PhCtC)2]ClO4 were syn-
thesized by the reaction of phenylacetylene, mercury(II) acetate
and [Pt(dppm-P,P′)2]Cl2 in ethanol followed by metathesis
reaction with lithium perchlorate as described previously.6 The
Raman experiments used sample solutions with concentrations
of about 3.5× 10-3 M of [Pt(dppm)2(PhCtC)2] in dichlo-
romethane solvent and 1.5× 10-3 M of [Pt2(µ-dppm)2(µ-
PhCtC)(PhCtC)2]ClO4 in acetonitrile solvent. The resonance
Raman experimental apparatus and methods have been described
previously.47-52 Excitation frequencies for the resonance Raman
experiments were generated by hydrogen Raman shifting the
second, third, and fourth harmonics of a Spectra-Physics GCR-
150-10 Nd:YAG laser. The flowing liquid jet sample or stirred
cell sample was excited by a lightly focused laser beam (with
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20-50 µJ per pulse in∼1 mm diameter on the sample). An
approximately 130° backscattering geometry was employed to
collect the Raman scattered light with reflective optics (el-
lipsoidal mirror withf/1.4) to avoid chromatic aberrations from
affecting the relative Raman intensities. This collected Raman
scattered light passed through a depolarizer and the entrance
slit of a 0.5 m spectrograph equipped with a 1200 groove/mm
ruled grating blazed at 250 nm. The Raman scattered light was
then dispersed onto a liquid nitrogen cooled CCD mounted on
the exit port of the spectrograph. The Raman signal was
collected from 60 to 120 s before being read out from the CCD
to an interfaced PC clone computer and the resonance Raman
spectrum was then obtained by summing up about 30-60 of
these readout files.
Known frequencies of the dichloromethane or acetonitrile

solvent Raman lines and several Hg lamp emission lines were
used to calibrate the Raman shifts of the spectra, and ap-
propriately scaled solvent spectra was subtracted to remove
solvent lines. Any remaining reabsorption by the sample was
corrected using previously described methods.53 The spectra
were intensity corrected for the detection system response
(including any wavelength dependence of the ellipsoidal mirror,
depolarizer, grating, mirrors of the monochromator, and the
CCD response) by taking a spectrum of an intensity-calibrated
tungsten lamp and comparison to its known lamp spectrum.
Segments of the spectra were fit to a baseline plus a sum of
Lorentzian peaks in order to obtain the integrated areas of the
Raman peaks.
Absolute cross sections of the dichloromethane solvent

were measured relative to previously reported absolute
Raman cross sections of cyclohexane54 in order to provide a
reference for obtaining the absolute resonance Raman cross
sections of [Pt(dppm)2(PhCtC)2]. Previously published cross
sections of acetonitrile55 were used as a reference to find the
absolute Raman cross sections of [Pt2(µ-dppm)2(µ-PhCtC)-
(PhCtC)2]+. A Perkin Elmer Lambda 19 UV/vis spectropho-
tometer was used to spectrophotometrically obtain the concen-
trations of the [Pt(dppm)2(PhCtC)2]/dichloromethane and of
the [Pt2(µ-dppm)2(µ-PhCtC)(PhCtC)2]+/acetonitrile samples
before and after the Raman measurements. Variations of less
than 5% during the experiment due primarily to evaporation of
the solvent of the samples were observed for the measured
absorption spectra used to find the concentrations for the
absolute Raman cross section measurements. The absolute
Raman cross sections were calculated from the average of a
series of measurements and the depolarization ratio of the
[Pt(dppm)2(PhCtC)2] and [Pt2(µ-dppm)2(µ-PhCtC)(PhCtC)2]+

resonance Raman peaks were assumed to be 0.33. The
maximum molar extinction coefficient of [Pt(dppm)2(PhCtC)2]
in dichloromethane solution was experimentally determined to
be 9290 M-1 cm-1. The experimental absolute Raman cross
section at 354.7 nm for the 704 cm-1 peak of dichloromethane
was determined to be 4.76× 10-12Å2/molecule. The maximum
molar extinction coefficient of [Pt2(µ-dppm)2(µ-PhCtC)-
(PhCtC)2]+ in acetonitrile solution was experimentally deter-
mined to be 16 980 M-1 cm-1.
The integrated fluorescence intensity was found from the

intensity-corrected combined resonance Raman and fluorescence
spectrum. The fluorescence cross section was determined by
comparing the integrated intensity of the fluorescence to the
integrated intensity of the 2114 cm-1 resonance Raman CtC
stretch peak and its determined absolute cross section. The
fluorescence quantum yield is given by dividing the fluorescence
cross section by the absorption cross section at the excitation
wavelength.56

Calculations

The calculations presented here are not intended to be a
complete description of the photoinduced electron transfer
process in the Franck-Condon region of the MLCT transition
of 1 or the MMLCT transition of2. The simulations and model
presented here are meant to provide a reasonable estimate of
the vibrational reorganizational energies and short-time dynam-
ics in the Franck-Condon region of the initially excited state
as well as the contributions of inhomogeneous and homogeneous
broadening processes to the absorption bandwidths of the MLCT
transition of1 and the MMLCT transition of2. The results
presented here will also serve as a reference to which more
sophisticated models and calculations can be compared to assess
the importance of effects such as interference effects from
smaller transitions nearby the dominant MLCT or MMLCT
transition, changes in the transition dipole moment with
vibrational coordinate, Duschinsky rotation of normal coordi-
nates, vibrational dependent IC (internal conversion) rates,
vibrational-dependent ISC (intersystem crossing) rates, IVR
(intramolecular vibrational relaxation) rates on the initial excited
state, and other effects on the resonance Raman, absorption,
and fluorescence spectra.
The absorption spectrum and the resonance Raman intensities

were simulated using a time-dependent formalism57-66 and
simple model. The absorption cross sections were calculated
from the following expression:

The resonance Raman cross sections were calculated from this
formula:

with

Equation 2 is generally applicable to a transition involving a
single excited state. For our application to the dominant MLCT
transition of1 and MMLCT transition of2 we have made a
number of assumptions and these are detailed in the next few
paragraphs.M is the transition length (magnitude of transition
dipole) evaluated at the equilibrium geometry,n is the solvent
index of refraction,EL is the incident photon energy,ES is the
scattered photon energy,Pi is the initial Boltzmann population
of the ground-state vibrational level|i〉 which has energyεi (the
number of initial vibrational energy levels included in the
Boltzmann sum was up toV ) 2 for the 180 cm-1 mode),δ(EL
+ εi - ES - εf) is a delta function to add together cross sections
with the same frequency,|i(t)〉 ) e-iHt/p|i〉 which is |i(t)〉
propagated on the excited state surface for a timet, H is the
excited state vibrational Hamiltonian,f is the final state for the
resonance Raman process, andεf is the energy of the ground-
state vibrational level|f〉. The exp[-g(t)] term in eqs 1 and 2
is a damping function that depends on the nature of the
electronic dephasing and in our system we chose to use an
overdamped Brownian oscillator model.67 The termg(t) then
has the following form

σA(EL) ) (4πe2ELM
2/3np2c)∫-∞

∞
dδ G(δ) ∑

i

Pi

Re[∫0∞ 〈i|i(t)〉 exp[i(EL-εi)t/p] exp[-g(t)] dt] (1)

σR(EL,ωs) )∫-∞

∞
dδ G(δ) ∑

i
∑
f

PiσR,iff(EL) δ(EL +

εi - ES - εf)

σR,iff(EL) ) (8πe4ES
3ELM

4/9p6c4)|∫0∞ 〈f|i(t)〉 exp[i(EL+
εi)t/p] exp[-g(t)] dt|2 (2)
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where the solvent is treated as a random perturbation that makes
the solute energy levels fluctuate with a particular magnitude,
D, and frequency,Λ. We assume that the temperature,T, is
high enough that the frequencies of the solvent modes are very
small relative tokTand that all of the solvent modes are grouped
together into one effective mode. Thet/τ term represents the
pure lifetime decay, and this term is found to be important for
our present molecular systems.
The absorption cross sections and resonance Raman cross

sections were calculated from eqs 1 and 2 by addition over a
ground state Boltzmann distribution of vibrational energy levels.
We have used harmonic oscillators with their potential minima
offset by∆ in dimensionless normal coordinates (the displace-
ments are defined with respect to the ground state frequency)
to approximate the ground and excited state surfaces, and
the harmonic oscillators could have either the same frequen-
cies or different frequencies as appropriate. We also assumed
no coordinate dependence of the transition length (Condon
approximation). The time-dependent overlaps (〈i|i(t)〉 and
〈f|i(t)〉) in eqs 1 and 2 were calculated numerically from analytic
expressions of Mukamel and co-workers.68 The vibrational
reorganizational energies,λv, were found from the dimensionless
normal coordinates (∆) using the following expressions:

wherepω is the vibrational frequency of the Franck-Condon
active vibrational modes.

Results and Discussion

Figure 1 shows the geometry of [Pt(dppm)2(PhCtC)2] (1)
and [Pt2(µ-dppm)2(µ-PhCtC)(PhCtC)2]ClO4 (2) that are ex-
amined in this study. Figure 2 shows the absorption spectra of
[Pt(dppm)2(PhCtC)2] in dichloromethane solvent and [Pt2(µ-
dppm)2(µ-PhCtC)(PhCtC)2]ClO4 in acetonitrile solvent with
the excitation wavelengths for the resonance Raman experiments
given as numbers in nm above the absorption spectra. The
absorption band of [Pt(dppm)2(PhCtC)2] with a maximum at
ca. 345 nm has been assigned to a predominantly metal to ligand
charge transfer (MLCT) transition based on previously reported
spectroscopic studies of d8 metal acetylide complexes.1,5-8 The
absorption band of [Pt2(µ-dppm)2(µ-PhCtC)(PhCtC)2]ClO4

with a maximum at ca. 393 nm has been attributed to a MMLCT
transition.6 The absorption bands of1 and2were deconvoluted
into a sum of Gaussians (dashed curves in Figure 2) so as to
estimate the strength and position of the MLCT and MMLCT
transitions. It would be quite helpful to have MCD spectra of
these compounds to better estimate the transitions that compose
the MLCT and MMLCT absorption bands, but no MCD spectra
have been reported for these compounds to our knowledge.
Figures 3 and 4 show an overview of the resonance Raman
spectra of [Pt(dppm)2(PhCtC)2] and [Pt2(µ-dppm)2(µ-PhCtC)-
(PhCtC)2]ClO4 which have been intensity corrected and solvent
subtracted.
The resonance Raman spectra of1 have many fundamental

peaks as well as many overtone and combination band peaks.
The peak positions and relative intensities of the 282.4, 319.9,
341.5, 354.7, and 368.9 nm resonance Raman spectra of1 are
given in Table 1. The relative intensity patterns for the four
(368.9, 354.7, 341.5, and 319.9 nm) resonance Raman spectra
of 1 obtained with excitation within the MLCT transition
absorption∼345 nm are very similar to one another while the

282.4 nm resonance Raman spectrum of1 taken with excitation
within the next higher energy absorption band displays a
significantly different intensity pattern with many new Raman
peaks (510, 532, and 2766 cm-1) and much greater intensity in
the 406, 428, 998, 1103, 1175, 1595, and 3190 cm-1 Raman
peaks. Table 1 also shows our absolute Raman cross section
measurements for the large 2114 cm-1 peak of1. The absolute
cross section measurements follow the basic profile of the
absorption spectra (see Figure 2). This and the very similar
intensity patterns for the 354.7 and 341.5 nm resonance Raman
spectra of1 suggest that the resonance enhancement of these
spectra are due mainly to the strong MLCT transition absorption
band ca. 345 nm which accounts for 75-80% of the absorption
coefficient at these wavelengths.
The resonance Raman spectra of2 display almost all of their

intensity in fundamental Raman peaks and we observed no
appreciable Raman intensity above 2200 cm-1 Raman shift. The
monomer (1) resonance Raman spectra show only one very
strong CtC stretch peak∼2114 cm-1 while the dimer (2)
resonance Raman spectra have three very strong CtC stretch
peaks at 2027, 2062, and 2125 cm-1 corresponding to the three
different acetylide ligand environments. The dimer (2) strong
CtC stretch peaks are tentatively assigned as follows: the dimer
terminal CtC vibration that is trans to theσ-bondedµ-PhCtC-

bridge to the 2125 cm-1 peak in view of its close resemblance
to the monomeric system, theµ-bridging CtC vibration to the
lowest frequency wide 2027 cm-1 peak, and the lone terminal
CtC vibration to the 2062 cm-1 peak. Depending on the
configuration of the dimer molecule and/or nearby solvent
molecules at the time of photoexcitation it seems that the
MMLCT electron transfer can go to any of the three acetylide
acceptor ligands. Table 2 lists the relative Raman intensities

g(t) ) (D/Λ)2 (Λt - 1+ exp(-Λt)) +
i(D2Λ/2kT)(1- exp(-Λt)) + t/τ (3)

λv ) (pω∆2)/2 or λv ) (ωe
2∆g

2)/(2ωg) (4)

Figure 1. Geometry of [Pt(dppm)2(PhCtC)2] (1) and [Pt(µ-dppm)2-
(µ-PhCtC)(µ-PhCtC)2]+ (2) examined in this study.
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of 2 for excitation wavelengths of 299.1, 341.5, 368.9, 397.9,
416.0, and 435.7 nm. Table 2 also gives the absolute Raman
cross sections for the 2125 cm-1 peak of2. The absolute Raman
cross sections for the 2125 cm-1 peak and most of the others
closely follow the absorption band profile and the 416.0, 397.9,
and 368.9 nm spectra have similar intensity patterns for most
of the Raman peaks. This could suggest that the 416.0, 397.9,
and 368.9 nm resonance Raman spectra receive most of their
resonance enhancement from the large MMLCT transition

centered at 393 nm. However, we note that there is an
interesting trend in the relative intensities of the three CtC
stretch peaks (2027, 2062, and 2125 cm-1) in that the intensity
of the 2125 cm-1 peak is smallest on the red edge of the
MMLCT absorption band and increases in intensity relative to
the 2027 and 2062 cm-1 peaks as one goes toward the blue
edge of the MMLCT band. This could be an indication that
there may be more than one configuration that contributes to
the MMLCT absorption band. The different configurations may
correspond to photoinduced electron transfer to different local-
ized CtC bonds. If the MMLCT state is degenerate, the
depolarization ratios will be significantly different from the
assumed 0.33 and the absolute cross sections measured will have
noticeably different values. This would make a more complex
analysis necessary to obtain accurate vibrational reorganizational
energies. Thus, the analysis presented here for the MMLCT
transition should be considered very preliminary and the values
given as only an estimate in nature.
We have simultaneously simulated the absolute resonance

Raman intensities and absorption spectra of1 and2 using time-
dependent wavepacket calculations and the model described in
the Calculations section in order to estimate the vibrational
reorganizational energies for the initially excited MLCT or
MMLCT state. For the initial MLCT state of1 we focused on
fitting the 341.5 and 354.7 nm Raman intensities (we placed
approximately equal weight on the 341.5 and 354.7 nm Raman
intensities) because the MLCT absorption extinction coefficients
are stronger at these excitation wavelengths and it is much less
likely that the smaller transitions on the red and blue edges of
the absorption band will noticeably perturb the Raman intensities
of the 341.5 and 354.7 nm Raman spectra. Similarly, we
concentrated on the 397.9 nm resonance Raman intensities of
2 for simulating the initial MMLCT state. Tables 3 and 5 give
the best fit parameters for modeling the resonance Raman
intensities and absorption spectra of1 and2. Figure 5 presents
a comparison of the experimental, Gaussian deconvolution, and
calculated MLCT and MMLCT absorption spectra of1 and2,
respectively. We obtain reasonably good agreement between
the calculated and experimental Gaussian deconvolution estimate
absorption spectra for both1 and2. Tables 4 and 6 compare
the experimental and calculated absolute Raman intensities using
the parameters of Tables 3 and 5 and the simple model described

Figure 2. Absorption spectra of [Pt(dppm)2(PhCtC)2] (1) in dichlo-
romethane solution and [Pt(µ-dppm)2(µ-PhCtC)(µ-PhCtC)2]ClO4 (2)
in acetonitrile solution. The scale of the absorption spectra are indicated
on the left axis. The excitation wavelengths for the resonance Raman
experiments are given above each spectrum as numbers in nanometers.
The dashed curves display a sum of Gaussian curves deconvolution of
the absorption spectra. The experimental absolute Raman cross sections
for the 2114 cm-1 CtC stretch of (1) and the 2125 cm-1 CtC stretch
of (2) are also displayed as circles with error bars and the appropriate
scale indicated on the right axis.

Figure 3. Overview of the resonance Raman spectra of [Pt(dppm)2-
(PhCtC)2] (1) in dichloromethane solution. The spectra are intensity
corrected, solvent subtracted, and background subtracted. Tentative
assignments of some of the larger Raman peaks are also given. The
asterisks mark regions where solvent subtraction artifacts are present
and # represent ambient light or stray light features. A very large
Raman-shifted laser line at 4155 cm-1 in the 368.9 nm obscures the
overtone of the 2114 cm-1 mode and this part of the spectrum (3800-
4300 cm-1) is not shown in the 368.9 nm resonance Raman spectrum.

Figure 4. Overview of the resonance Raman spectra of [Pt(µ-dppm)2-
(µ-PhCtC)(µ-PhCtC)2]ClO4 (2) in acetonitrile solution. The spectra
are intensity corrected, solvent subtracted, and background subtracted.
Tentative assignments of some of the larger Raman peaks are also given.
The asterisks mark regions where solvent subtraction artifacts are
present and # represent ambient light or stray light features. Part of
the low-frequency region in the 299.1, 341.5, and 368.9 nm spectra
are not shown since the Raman peaks are obscured by strong Rayleigh
light scattering.
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in the Calculations section. We find reasonable agreement
between our calculated and experimental resonance Raman
intensities and absolute Raman cross sections of1 for 341.5
and 354.7 nm. There are noticeably greater differences between
the calculated and experimental resonance Raman intensities
and absolute Raman cross sections of1 for the 319.9 and 368.9
nm excitation wavelengths and this is most likely due to the
larger contributions of other transitions to the absorption
coefficients at these wavelengths. We also find reasonable
agreement between our experimental and calculated absolute
Raman intensities for2 at 397.9 nm near the center of the
MMLCT absorption band where the MMLCT transition has the
dominant contribution to the absorption band. We do not see
very good agreement for2 near the blue (368.9 nm) or red edges
(416.0 and 435.7 nm) of the MMLCT absorption presumably
due to other transitions making more significant contributions
to the resonance Raman intensities.
We needed to use a large amount of inhomogeneous

broadening (690 cm-1 standard deviation) and a moderate
amount of homogeneous broadening (200 cm-1 fwhm plus a
45 cm-1 hwhm population decay) to fit the absorption spectra
and absolute Raman cross sections of1. Investigations on
similar compounds like Pt(CtCH)2(PEt3)2 in 77 K glasses
exhibited strong emission heterogeneity attributed to site
heterogeneity1 and this is consistent with the observation that
our simulations of the absorption spectra and absolute Raman

cross sections needed a large amount of inhomogeneous
broadening to model adequately. It is interesting to note that a
resonance Raman intensity analysis on a covalent dicyanoeth-
ylene-azaadamantane45 charge transfer band∼300 nm in the
solution phase found both large “inhomogeneous” (standard
deviation of 2000 cm-1) and “homogeneous” (1500 cm-1 fwhm)
contributions to the absorption bandwidth. It would be very
useful to have other experimental studies such as hole-burning
experiments done on1 or similar inorganic complexes in order
to better characterize and independently corroborate the inho-
mogeneous broadening indicated by our resonance Raman
analysis of1.
The noticeable amounts of homogeneous broadening needed

in our calculations indicate that there is a significant degree
of population decay and/or electronic dephasing for the ini-
tial excited states of1 and 2. Electronic dephasing of these
fairly large molecules in room temperature solutions would
be expected to be fairly large with the dephasing rate faster
for 2 than 1 which is consistent with our homogeneous
broadening parameters for2 (Γ ) 2500 cm-1 fwhm) and1 (Γ
) 200 cm-1 fwhm). The small amount of fluorescence
observed for both1 and2 suggests that the population decay
probably makes significant contributions to the total homoge-
neous broadening.
Tables 3 and 5 also list the vibrational reorganizational

energies associated with the initial MLCT state of1 and the

TABLE 1: Resonance Raman Peaks of [Pt(dppm)2(PhCtC)2] (1) in Dichloromethane Solutiona

intensityc

peak
Raman

shiftb (cm-1) 282.4 nm 319.9 nm 341.5 nm 354.7 nm 368.9 nm

F 180 5.7 7.0 27.0 43.4 30.3
F 226 5.4 6.0 6.5 7.1
O (2× 180) 362 1.1 1.8 4.1 4.8
F 406 14.5 5.6 5.9 7.3 7.2
F 428 21.8 12.7 4.4 7.2 12.8
F 510 8.6
F 532 8.2
F 569 1.3 5.0 5.7 4.6
F 809 10.4 5.4 26.8 24.0 15.0
F 998 27.0 6.5 9.7 9.8 8.4
F 1103 25.6 5.0
F 1175 28.4 6.2 8.6 8.8 7.5
F 1216 2.9 2.4 3.5 1.6 2.1
F 1486 4.8 1.1 1.8 1.3 1.5
F 1595 99.5 21.0 18.3 18.3 20.1
C (1595+ 180) 1776 0.6 2.3 0.7
F 1902 2.7
C (2114- 180) 1934 1.8 2.1 2.6 1.2
F 1995 3.5 4.6 1.2 0.9
F 2024 2.7 1.8 4.2 3.3
F 2114 100.0 100.0 100.0 100.0 100.0
absol Raman cs of
2114 (Å2/molecule)

[5.1× 10-8] [2.2× 10-8] [6.6× 10-8] [6.9× 10-8] [1.2× 10-8]

2177 4.4
C (2114+ 180) 2294 4.3 5.4 13.5 7.0
C (2114+ 226) 2339 2.7 2.0 1.9 1.3
C (2114+ 406, 428) 2537 12.5 7.4 3.9 2.7 1.6
C (2114+ 569) 2685 0.9 0.5 1.7 0.4
C (1595+ 1175) 2766 5.6
C (2114+ 809) 2927 9.8 4.1 2.1 3.5
C (2114+ 998) 3112 7.8 4.1 3.7 1.6 0.8
O (2× 1595) 3190 6.2 2.3 0.3
C (2114+ 1103) 3211 4.9
C (2114+ 1175) 3293 6.2 3.1 2.9 1.4 0.7
C (2114+ 1215) 3329 2.4
C (2114+ 1486) 3609 0.4 0.6
C (2114+ 1595) 3716 13.5 8.8 3.7 2.5 1.1
O (2× 2114) 4226 10.9 37.0 11.4 4.8

a F ) fundamental, O) overtone, and C) combination band; c.s.) cross section.b Estimated uncertainties are about 4 cm-1 for the Raman
shifts. cRelative intensities are based on integrated areas of the peaks. Estimated uncertainties are about 5% for intensities 30 and higher, 10% for
intensities between 5 and 30, and 20% for intensities lower than 5.
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MMLCT state of2. The internal reorganizational energies are
partitioned among many different vibrational modes with a wide
range of vibrational frequencies. We note that the total internal
reorganizational energies for1 and2 are noticeably smaller than
those reported for MLCT transitions of other inorganic com-
plexes. About 70% of the internal reorganizational energy of
1 appears in the nominal CtC stretch mode at 2114 cm-1 which
is associated with the acetylide ligands. Only a fairly small

amount of internal reorganizational energy shows up in the low-
frequency vibrational modes below 1000 cm-1 that may be
associated with the metal portion of1. The 180 cm-1 mode of
1 is likely due to theδ(P-Pt-P) bending mode.69 In general,
the vibrational reorganizational energies we find for1 are
consistent with changes in the structure of both the metal and

TABLE 2: Resonance Raman Peaks of [Pt2(µ-dppm)2(µ-PhCtC)(PhCtC)2]ClO4 (2) in Acetonitrile Solutiona

intensityc

peak
Raman

shiftb (cm-1) 299.1 nm 341.5 nm 368.9 nm 397.9 nm 416.0 435.7 nm

F 179 d d 17 8 22
F 216 d d 19 14 12
F 261 d d 100 39 26
F 382 d d 140 85 87
F 421 d d 26 23 20
F 452 36 42 d 62 27 38
F 529 44 66 97 103 55 44
F 552 28 24 23 17 6
F 568 18 7 23
F 799 37 86 36 61 45 49
F 967 5 16 20 14
F 994 43 35 36 21 33 27
F 1095 14 15 7 11
F 1147 9 29 13 5
F 1170 35 31 37 30 42 42
F 1213 24 40 39 21 15 10
F 1481 5 6 8 7 7 6
F 1529 8 30 8 5
F 1589 100 100 100 100 100 100
absol Raman c.s. of 1589 cm-1

peak (Å2/molecule)
[6.8× 10-9] [1.2× 10-9] [1.5× 10-9] [3.6× 10-9] [3.3× 10-9] [1.9× 10-9]

C (1589+ 179) 1766 13
F 1806 12 52 44 45 41 16
F 1996 51 67 56 53 65 75
F 2027 40 82 124 167 111 153
F 2062 50 109 116 217 140 81
F 2125 65 101 205 151 64 68
absol Raman c.s. of 2125 cm-1

peak (Å2/molecule)
[4.4× 10-9] [1.2× 10-9] [3.1× 10-9] [5.5× 10-9] [2.1× 10-9] [1.3× 10-9]

a F ) fundamental, O) overtone, and C) combination band; c.s.) cross section.d Low-frequency region obscured in the 299.1, 341.5, and
368.9 nm spectra due to strong scattered Rayleigh light.b Estimated uncertainties are about 4 cm-1 for the Raman shifts.cRelative intensities are
based on integrated areas of the peaks. Estimated uncertainties are about 10% for intensities 50 and higher, 15% for intensities between 15 and 50,
and 30% for intensities lower than 15.

TABLE 3: Parameters for Simulations of Resonance Raman
Intensities and Vibrational Reorganizational Energies of
[Pt(dppm)2(PhCtC)2] (1) in Dichloromethane Solutiona

ground state
vibrnl freq (cm-1)

excited state
freq (cm-1) |∆|

vibrnl reorganizational
energy (cm-1)

180 180 0.382 13
226 226 0.197 4
406 406 0.122 3
428 428 0.129 3.6
569 569 0.115 4
809 809 0.206 17
998 998 0.175 15
1175 1175 0.171 17
1216 1216 0.084 4
1486 1486 0.075 4
1595 1595 0.255 52
1995 1995 0.101 10
2024 2024 0.101 10
2114 2114 0.620 406

totalλv ) 562.6

transition length,M ) 0.61 Å,E0 ) 28 860 cm-1, n) 1.45
lifetime broadening,Γ ) 45 cm-1 hwhm
homogeneous broadening,Γ ) 200 cm-1 fwhm
inhomogeneous broadening,G) 690 cm-1 standard deviation
Brownian oscillatorΛ/D ) 0.1,Λ ) 8.64 cm-1, D ) 86.43 cm-1

aCalculated using the parameters of this table in eqs 1-4 and the
model described in the Calculations section.

Figure 5. Comparison of experimental (solid lines) with calculated
(dotted lines) absorption spectra of1 and 2. The Gaussian curves
(dashed lines) found from deconvolution of the experimental absorption
spectra which estimate the strength and positions of the MLCT and
MMLCT transitions of1 and2, respectively, are also shown.
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ligand parts of the molecule that one would expect to find for
a MLCT transition.
Figure 6 displays the 319.9, 341.5, and 354.7 nm resonance

Raman spectra of1 (these spectra have been intensity corrected
and solvent subtracted) with the background signal underneath
the resonance Raman peaks. The background signal in Figure
6 has been deconvoluted into a portion that is due to scattered
laser light (not shown) and a Gaussian portion (dashed line)
that is tentatively assigned to fluorescence from the excited
MLCT state of1. We estimated the rate constant for radiative
decay from the Einstein coefficient for spontaneous emission:

whereνmm is the electronic transition frequency andMmm is
the transition length. Using an absorption maximum of 29 090
cm-1 and a transition length of 0.61 Å (obtained from the fit to
the dominant MLCT transition∼340 nm) we obtainkR ) 6.0
× 107 s-1. The integrated fluorescence cross section at 354.7
nm was found to be∼1.44 × 10-6 Å2/molecule and the
absorption cross section at 354.7 nm was 0.176 Å2/molecule
(for 341.5 nm the values are∼1.69× 10-6 Å2/molecule and
0.292 Å2/molecule, respectively). This gives an estimated
fluorescence quantum yield (ΦF) of ∼8.2× 10-6 for 354.7 nm
andΦf ∼5.8 × 10-6 for 341.5 nm. Using the fluorescence
quantum yield and the radiative rate constant we estimate the
excited state lifetime to be∼136 fs at 354.7 nm and∼86 fs at

341.5 nm. The nonradiative rate constant (kNR) can be found
from

and this giveskNR ) 7.3× 1012 s-1 at 354.7 nm andkNR ) 1.2
× 1013 s-1 at 341.5 nm for the MLCT excited state of1. Thus,
nonradiative processes are the dominant population decay
mechanism of the MLCT excited state for1. The phenomeno-
logical homogeneous line width that best fit the resonance
Raman cross sections of1 has three possible significant con-
tributions: excited state population decay, dynamics along
modes not modeled in the calculation, and solvent dephasing.
The contribution from excited state population decay is large
(∼45 cm-1 hwhm from the fit given in Table 3) but does not
account for all of the homogeneous line width we needed to fit
the absolute Raman cross sections and this suggests that solvent
dephasing also makes a noticeable contribution to the total
homogeneous linewidth. Inspection of the fluorescence for the
initial MLCT excited state of1 shown in Figure 6 reveals that
the fluorescence band shape is quite asymmetric and blue-
shifted. This suggests that the fluorescence is mainly from
vibrationally unrelaxed excited states and that the fluorescence
and nonradiative transfer mechanisms proceed mostly from a
nonequilibrated excited MLCT state. Our resonance Raman
intensity analysis homogeneous broadening parameters and our
fluorescence quantum yield measurements indicate that both

TABLE 4: Comparison of Experimental and Calculated Resonance Raman Intensities of [Pt(dppm)2(PhCtC)2] (1) in
Dichloromethane Solutiona

intensity

319.9 nm 341.5 nm 354.7 nm 368.9 nm

peak
Raman

shiftb (cm-1) exptc calc exptc calc exptc calc exptc calc

F 180 7.0 3.3 27.0 47.1 43.4 45.1 30.3 30.8
F 226 6.0 0.9 6.5 13.1 7.1 12 7.9
O (2× 180) 362 1.1 0.3 1.8 4.4 4.1 3.4 4.8 1.9
F 406 5.6 0.8 5.9 10.3 7.3 7.9 7.2 4.8
F 428 12.7 0.7 4.4 9.1 7.2 6.9 12.8 4.3
F 569 1.3 0.6 5.0 7.7 5.7 5.3 4.6 3.4
F 809 5.4 2.9 26.8 23.3 24.0 15.0 15.0 10.8
F 998 6.5 2.8 9.7 15.3 9.8 9.9 8.4 7.8
F 1175 6.2 3.6 8.6 13.2 8.8 8.9 7.5 7.5
F 1216 2.4 0.9 3.5 3.1 1.6 2.1 2.1 1.8
F 1486 1.1 1.2 1.8 2.1 1.3 1.6 1.5 1.5
F 1595 21.0 15.4 18.3 22.1 18.3 18.1 20.1 16.9
C (1595+ 180) 1776 1.5 0.6 1.6 2.3 1.2 0.7 0.8
C (2114- 180) 1934 1.8 1.8 2.1 1.7 2.6 2.2 1.2 2.2
F 1995 2.7 4.6 2.8 1.2 2.7 0.9 2.7
F 2024 2.7 2.7 1.8 2.8 4.2 2.7 3.3 2.7
F 2114 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
expt absol Raman c.s. of
2114 (Å2/molecule)

[2.2× 10-8] [6.6× 10-8] [6.9× 10-8] [1.2× 10-8]

calc absol Raman c.s. of
2114 (Å2/molecule)

(7.3× 10-8) (8.6× 10-8) (4.6× 10-8) (3.4× 10-9)

C (2114+ 180) 2294 4.3 7.9 5.4 7.4 13.5 6.9 7.0 4.6
C (2114+ 226) 2339 2.7 2.2 2.0 2.1 1.9 1.8 1.3 1.2
C (2114+ 406, 428) 2537 7.4 3.2 3.9 3.0 2.7 2.3 1.6 1.3
C (2114+ 569) 2685 0.9 1.3 0.5 1.2 1.7 0.8 0.4 0.5
C (2114+ 809) 2927 9.8 3.9 4.1 3.7 2.1 2.3 3.5 1.5
C (2114+ 998) 3112 4.1 2.7 3.7 2.4 1.6 1.5 0.8 1.1
O (2× 1595) 3190 2.3 1.1 0.5 0.3 0.3 0.2
C (2114+ 1175) 3293 3.1 2.5 2.9 2.1 1.4 1.3 0.7 1.0
C (2114+ 1215) 3329 2.4 0.6 0.5 0.3 0.2
C (2114+ 1486) 3609 0.5 0.3 0.4 0.2 0.6 0.2
C (2114+ 1595) 3716 8.8 6.0 3.7 3.7 2.5 2.7 1.1 2.3
O (2× 2114) 4226 37.0 38.2 11.4 9.2 4.8 7.4 6.5

a F ) fundamental, O) overtone, and C) combination band; c.s.) cross section. The fit of the simulations only focused on the 341.5 and
354.7 nm data which were given about equal weight (see text).b Estimated uncertainties are about 4 cm-1 for the Raman shifts.c Experimental
relative intensities are based on integrated areas of the peaks. Estimated uncertainties are about 5% for intensities 30 and higher, 10% for intensities
between 5 and 30, and 20% for intensities lower than 5.

kR ) (64π4e2νmm
3Mmm

2)/3h (5)

kNR ) (kR/ΦF) - kR (6)
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population decay and electronic dephasing are occurring on
similar time scales. This is also consistent with the fluorescence
of the initial excited MLCT state being due to emission from a
nonequilibrated excited state. The effect of the excited state
lifetime on the absorption, resonance Raman, and fluorescence
spectra has been explored with a single solute mode with a single
Brownian oscillator solvent mode model.67 These calculations
showed that as the excited state lifetime becomes very small
and is comparable to the solvent relaxation time, the fluores-
cence quantum yield becomes very small and the fluorescence
band shape becomes significantly blue-shifted, indicating that
there is not enough time for the fluorescence to proceed to its
full Stokes shift.67 In other words, the fluorescence is mainly
due to emission from an unequilibrated (unrelaxed) excited state.
These model calculations are consistent with our interpretation
of the fluorescence of the initial excited MLCT state as being
due to emission from an unequilibrated excited state. There
have been many other experimental measurements of unrelaxed
fluorescence, including observation of “lifetime” gating of the
Stokes shift in steady-state experiments70 and time-dependent
Stokes shifts in ultrafast time-resolved fluorescence experi-
ments.71

The excited state lifetime of the initial excited MLCT state
of 1 likely has important implications for both the observed
internal reorganizational energy and the photochemistry associ-
ated with the photoinduced electron transfer associated with
MLCT transitions in Pt acetylide complexes (and possibly many
other inorganic systems). Many models of excited state
relaxation usually assume that IVR is much faster than IC which
is much faster than ISC with the rate constants ordered as
follows: kIVR . kIC . kISC. This type of model leads to a

relaxation from the initial Franck-Condon part of the excited
potential energy surface of that electronic state to the lowest
energy of that state before moving on to the next electronic
state via IC or ISC. Our results provide experimental evidence
(both absolute resonance Raman cross sections and intensities
as well as fluorescence quantum yields and fluorescence band
shape) that indicates that these general models of excited state
relaxation are inadequate for MLCT transitions of1 and possibly
other similar inorganic compounds in which the excited-state
lifetime competes effectively with IVR so that IC and/or ISC
occur mostly from unrelaxed and/or partially relaxed states in
or near the Franck-Condon region of the initial excited state.
Inspection of the vibrational reorganizational energies shows
most (∼70%) of the internal reorganizational of1 appears in
the nominal CtC stretch mode. Most of the motion of the
initial MLCT excited state would also be along this mode.
Emissions from the3MLCT states of related platinum com-
plexes, [Pt(CtCPh)2(PEt3)2] and [Pt(CtCH)2(PEt3)2], exhibit
very strong vibrational progressions in the CtC stretch ligand
mode, indicating that there is a large distortion of this mode in
the3MLCT states.1 This and our current results strongly suggest
that initial excitation of the1MLCT state leads to mostly motion
along the CtC stretch mode to a region of strong overlap with
the 3MLCT resulting in ISC at a very fast rate that competes
effectively with IC and IVR on the1MLCT state. Our
simulations of the absolute resonance Raman intensities of the
MLCT transition of1 using a Brownian oscillator model for
the solvent indicate that solvent relaxation is occurring on a
similar time scale (within a factor of 10) as the excited state
decays via ISC and/or IC.
We note that very recent and elegant femtosecond time-

resolved transient absorption experiments on the [Ru(bpy)3]2+

system by McCusker and co-workers72 followed the formation
of the 1MLCT excited state and subsequent formation of the
3MLCT excited state and found that the decay of the1MLCT
state and formation of the3MLCT state was complete in 300 fs
with a half-life of 100 fs. Their transient absorption spectra of
the1MLCT state of [Ru(bpy)3]2+ displayed complex evolution
with time, indicating that dynamical processes were taking
place in the1MLCT state as it decayed. They noted that their
CH3CN solvent has inertial solvent response times in the 100
fs range73-76 and that the1MLCT excited state would have a
large dipole moment suggesting that solvent relaxation is con-
current with the1MLCT dynamics. McCusker and co-workers72

suggested that IVR, IC, ISC, and solvent reorganization may
be occurring concurrently or on similar time scales. Their time-
resolved results for a MLCT transition in a different compound
are similar to our results for the platinum acetylide complex1
presented here. Our frequency domain approach using reso-
nance Raman and fluorescence emission complements the
femtosecond time-resolved experiments like transient absorption
and it would be quite useful to have both results for comparison
to calculated results from various theoretical models to help
develop an improved understanding of the ultrafast molecular
dynamics (both solvent and solute) of the photoinduced elec-
tron transfer process in transition metal complexes. Toward
this goal we are presently undertaking a reinvestigation of the
[Ru(bpy)3]2+ complex in acetonitrile solvent using resonance
Raman and fluorescence spectroscopy for comparison to the
femtosecond time-resolved results of McCusker and co-work-
ers.72 The results of this study will be reported in the future.
If it is fairly common for very fast dynamical processes (such

as ISC) to take place from unequilibrated (i.e., unrelaxed) excited
states, then this raises the possibility of using more of the stored
energy of the absorptive state to accomplish photon induced

TABLE 5: Parameters for Simulations of Resonance Raman
Intensities and Vibrational Reorganizational Energies of
[Pt2(µ-dppm)2(µ-PhCtC)(PhCtC)2]ClO4 (2) in Acetonitrile
Solution

ground state
vibrnl freq (cm-1)

excited state
freq (cm-1) |∆|

vibrnl reorganizational
energy (cm-1)

179 179 0.4431 18
216 216 0.4408 21
261 261 0.846 93
382 382 0.6941 92
421 421 0.2738 16
452 452 0.3946 35
529 529 0.4406 51
552 552 0.2002 11
568 568 0.1727 8
799 799 0.236 22
967 967 0.0969 4
994 994 0.116 7
1095 1095 0.0783 3
1147 1147 0.0505 1
1170 1170 0.1231 9
1213 1213 0.1005 6
1481 1481 0.0509 2
1529 1529 0.0421 1
1589 1589 0.1863 28
1806 1806 0.1181 13
1996 1996 0.1234 15
2027 2027 0.2188 48
2062 2062 0.248 63
2125 2125 0.2051 45

totalλv ) 612

transition length,M 1.20 Å,E0 ) 22 300 cm-1, n) 1.344
lifetime broadening,Γ ) 50 cm-1 hwhm
homogeneous broadening,Γ ) 2500 cm-1 fwhm
inhomogeneous broadening, G) 850 cm-1 standard deviation
Brownian oscillatorΛ/D ) 0.01,Λ ) 10.6 cm-1, D ) 1060 cm-1

aCalculated using the parameters of this table in eqs 1-4 and the
model described in the Calculations section.

MLCT Transition in Metal Acetylides J. Phys. Chem. A, Vol. 101, No. 49, 19979293



reactions. By carefully tailoring the molecular system one may
be able to achieve much better yields of the desired photo-

chemical reaction since less energy would be wasted through
intramolecular energy distribution. It is interesting to note that
both complex1 (and possibly2) and the [Ru(bpy)3]2+ complex
appear to have ultrafast ISC from unequilibrated states in the
initially formed excited electronic state. This suggests it would
be very worthwhile to explore the initial excited state dynamics
of many different types of transition metal complexes which
may be considered for building blocks in molecular photo-
chemical devices.
We should note some caveats about our present study of the

platinum acetylides1 and2. The partially overlapping transi-
tions of the absorption bands make it difficult to extract accurate
quantitative information about the MLCT transition of1 and
the MMLCT transition of2. The resonance Raman intensity
analyses presented here are meant to obtain semiquantitative
information (or estimates) about the dominant transition con-
tributing to the MLCT absorption of1 and the dominant
transition contributing to the MMLCT absorption of2. The
parameters of Tables 3 and 5 (used in the single electronic state
model to simulate the resonance Raman intensities and absorp-
tion spectra) should be regarded as initial estimates of character-
izing the MLCT transition of1 and the MMLCT transition of
2. These initial estimates could be significantly improved with
a more complete excitation profile of the intensities and
simulations using a multiple electronic state model. We are
currently investigating substituent effects on the initial excited
state Franck-Condon region dynamics of several platinum
acetylide complexes such as Pt(PEt3)2(CtCH)2 which have
much better resolved absorption bands. This will help minimize
contributions to the resonance Raman intensities of the MLCT

TABLE 6: Comparison of Experimental and Calculated Resonance Raman Intensities of
[Pt2(µ-dppm)2(µ-PhCtC)(PhCtC)2]ClO4 (2) in Acetonitrile Solution

intensity

368.9 nm 397.0 nm 416.0 nm 435.7 nm

peak
Raman

shifta (cm-1) exptb calc exptb calc exptb calc exptb calc

F 179 * 9 17 17 8 22 22 27
F 216 * 10 19 19 14 24 12 29
F 261 * 55 100 100 39 128 26 152
F 382 * 81 140 140 85 174 87 202
F 421 * 15 26 26 23 32 20 37
F 452 * 37 62 62 27 76 38 87
F 529 97 64 103 103 55 125 44 140
F 552 24 13 23 23 17 28 6 3
F 568 11 18 18 7 22 23 24
F 799 36 43 61 61 45 70 49 75
F 967 20 11 14 14 15 16
F 994 36 16 21 21 33 23 27 24
F 1095 7 9 11 11 12 12
F 1147 13 4 5 5 5 5
F 1170 37 25 30 30 42 32 42 33
F 1213 39 18 21 21 15 22 10 23
F 1481 8 7 7 7 7 7 6 7
F 1529 8 7 7 7 7 7 6 7
F 1589 100 100 100 100 100 100 100 100
absol Raman c.s. of 1589 cm-1

peak (Å2/molecule)
expt [1.5× 10-9] [3.6× 10-9] [3.3× 10-9] [1.9× 10-9]
calc (4.9× 10-9) (3.7× 10-9) (1.7× 10-9) (4.7× 10-9)

F 1806 44 49 45 45 41 44 16 44
F 1996 56 62 53 53 65 51 75 51
F 2027 124 199 167 167 111 161 153 160
F 2062 116 261 217 217 140 208 81 207
F 2125 205 185 151 151 64 144 68 144
absol Raman c.s. of 2125 cm-1

peak (Å2/molecule)
expt [3.1× 10-9] [5.5× 10-9] [2.1× 10-9] [1.3× 10-9]
calc (9.1× 10-9) (5.6× 10-9) (2.4× 10-9) (6.7× 10-10)

a Estimated uncertainties are about 4 cm-1 for the Raman shifts.bRelative intensities are based on integrated areas of the peaks. Estimated
uncertainties are about 10% for intensities 50 and higher, 15% for intensities between 15 and 50, and 30% for intensities lower than 15.

Figure 6. Expanded view of the fluorescence background found below
the resonance Raman spectra of1 for 319.9, 341.5, and 354.7 nm
excitation wavelengths. The dashed curves estimate the shape of the
fluorescence observed.
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absorption from other electronic transitions and likely allow us
to extract more reliable quantitative information about the
MLCT transitions of these platinum acetylide compounds. This
work will subsequently be reported.
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