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Resonance Raman spectra including absolute Raman cross section measurements were
acquired with excitation wavelengths within the MLCT absorption band of [Pt(PEt;),(C=
CH).]. The absorption and resonance Raman cross sections were simultaneously modeled
with time-dependent wave packet calculations to give an estimate of the vibrational
reorganizational energies and initial structural changes of the excited state. We compare
our results for [Pt(PEts),(C=CH),], which contains no phenyl groups, with previous results
for [Pt(dppm),(PhC=C),], which contains a number of phenyl groups. The predominant
nominal C=C stretch reaction coordinate and the vibrational reorganizational energies are
significantly altered in the initial excited state by the absence or presence of the aromatic
substituents, and we semiquantitatively estimate these changes.

Introduction

The chemistry of metal acetylides has attracted
enormous attention, in particular, with the emerging
interest in their potential applications in the field of
materials science. Metal acetylides have been increas-
ingly employed as building blocks for molecular wires
and organometallic oligomeric and polymeric materials
which may possess unique properties such as optical
nonlinearity, electrical conductivity, and liquid crystal-
linity. Recent work has shown that a number of metal
acetylides also possess interesting and rich lumines-
cence properties. Although there have been a number
of investigations to elucidate the spectroscopy and
photochemistry of metal acetylides,’~12 relatively little
is known about the structure of their excited states.
Upon photoexcitation, some of these metal acetylides
display photoluminescence and/or undergo photochemi-
cal reactions with other compounds via a somewhat
long-lived excited electronic state.l~12 Sometimes the
structural changes associated with these photoexcita-
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tions can be deduced from vibronically resolved absorp-
tion and/or emission spectra.l3-16 However, there are
many charge transfer absorption bands that do not
display any vibronic structure (especially in room-
temperature solutions where a lot of chemistry of
interest takes place), and this makes it difficult to
elucidate the structural changes of the excited state.
Resonance Raman intensity analysis has been used by
several groups'’~2° to determine the vibrational reor-
ganizational energies or structural changes associated
with the initial excited electronic state for diffuse
absorption bands such as metal-to-ligand charge trans-
fer (MLCT), ligand-to-ligand charge transfer (LLCT),
intervalence transitions of inorganic complexes, organic
noncovalent or covalent donor—acceptor compounds,
and metal—metal charge transfer bands.

We have recently examined the MLCT transition
(~344 nm) of [Pt(dppm)2(PhC=C),] using resonance
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Raman intensity analysis to estimate the structural
changes of the initially excited IMLCT state and its
short-time dynamics.2® In this paper, we report a
resonance Raman intensity analysis investigation of the
[Pt(PEt3)2(C=CH)] (1) complex, which unlike the [Pt-
(dppm)2(PhC=C),] (2) complex contains no phenyl groups.
Comparison of results for 1 and 2 allows us to examine
the extent of possible perturbation of the phenyl groups
on the IMLCT transition of platinum acetylides, as well
as the interplay of various kinds of excited states in
governing the nature of the lowest-lying excited state
upon a change in the acetylide orbital energy. We have
also obtained a vibronically resolved room-temperature
solution phase emission spectrum from the SMLCT state
of 1, and we use this to estimate the structural change
in the 3MLCT state. We discuss the 'MLCT and 3SMLCT
states’ structural changes and their initial photophysics.

Experimental Section

[Pt(PEts)2(C=CH),] (1) was prepared according to the
literature method.* Sample solutions of 1 with concentrations
of ~2 mM were prepared using spectroscopic grade dichlo-
romethane solvent. The resonance Raman experimental ap-
paratus and methods have been described previously?®2° so
only a short description will be presented here. The harmonics
of a Nd:YAG laser and their hydrogen Raman shifted laser
lines provided the excitation frequencies for the resonance
Raman experiments. A stirred cell sample or flowing liquid
jet sample was excited by a loosely focused laser beam, and a
backscattering geometry was used to collect the Raman-
scattered light with reflective optics. An ellipsoidal mirror
imaged the Raman-scattered light through a depolarizer and
entrance slit of a 0.5 m spectrograph onto a 1200 groove/mm
grating, which dispersed the light onto a liquid nitrogen cooled
CCD detector. The Raman signal was accumulated for 60—
120 s by the CCD before being read out to an interfaced PC
computer, and the addition of ~30—60 of these readouts were
used to obtain the resonance Raman spectrum.

The known vibrational frequencies of the dichloromethane
solvent Raman bands were used to calibrate the wavenumbers
of the Raman spectra. Reabsorption of the Raman light by the
sample was corrected for using previously described methods.3°
The spectra were also corrected for the wavelength variation
of the detection system response using spectra of an intensity-
calibrated tungsten lamp. An appropriately scaled solvent
spectrum was subtracted from the sample resonance Raman
spectra to remove solvent bands from the spectra. Portions of
the spectra were fitted to a baseline plus a sum of Lorentzian
bands in order to get the integrated areas of the Raman bands.

The concentrations of the sample solutions were determined
spectrophotometrically before and after each absolute Raman
cross section measurement, and changes of less than 5% were
observed due to solvent evaporation and/or sample degrada-
tion. The sample absolute Raman cross sections were computed
from the average of three trials at each excitation wavelength
and measured relative to the known dichloromethane solvent
Raman cross sections, which were previously measured rela-
tive to cyclohexane.?® The maximum molar extinction coef-
ficient for 1 was measured to be 7430 M~ cm~. The phos-
phorescence spectrum of 1 was obtained using a SPEX
Fluorolog-2 spectrofluorimeter.

Calculations

The computations presented here are not meant to
be a complete description of the photoinduced charge
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transfer process in the Franck—Condon region of the
MLCT transition of 1, but are intended to give a
reasonable estimate of the structural changes and short-
time dynamics in the Franck—Condon region of the
initial excited state. The absorption spectrum and
resonance Raman intensities of 1 were simulated using
a time-dependent methodology31—34 and a simple model.
The following equation was used to calculate the
absorption spectrum:

oA(E) = (47e’E M?/3nk’c) [ do G(9) > iPiRel Iy
[i(t)Cexp[i(E. + &)t/A] exp[—g(t)] dt] (1)

and this expression was used to compute the resonance
Raman cross sections:

or(EL,0g) = f:odé G(9) zi Zf Piori-(EL.wg) O(E_ +
€ — Es— &)
with

0 iAEL0g) = (87e"EG3E, MY9R%Y) | [ li(t)D
exp[i(E, + )t/A] exp[—g(®)] dt|* (2)

E. is the incident photon energy, Es is the scattered
photon energy, and P; is the initial Boltzmann popula-
tion of the ground-state vibrational level |iOwhich has
energy €. M is the transition length (magnitude of
transition dipole) evaluated at the equilibrium geom-
etry, G(9) is a Gaussian inhomogeneous distribution of
electronic zero—zero frequency shifts centered at 6 =
0, and n is the refractive index of the solvent. 6(E_ + «;
— Es — ) is a delta function to sum up cross sections
with the same frequency. |i(t)C= e H|i[Jwhich is |i(t)0
propagated on the excited-state surface for a time t, H
is the excited-state vibrational Hamiltonian, f is the
final state for the resonance Raman process, and ¢; is
the energy of the ground-state vibrational level |fl] The
exp[—g(t)] partin eqgs 1 and 2 is a damping function that
depends on the nature of the electronic dephasing. In
our system we chose to use a simple exponential decay
function where g(t) is given by

g(t)=tir ®)

Addition over a ground-state Boltzmann distribution
of vibrational energy levels was used to calculate the
absorption and resonance Raman cross sections. We
used harmonic oscillators with their potential minima
offset by A in dimensionless normal coordinates (the
displacements are defined with respect to the ground-
state frequency) to mimic the ground- and excited-state
surfaces. The harmonic oscillators could have either the
same frequencies or different frequencies as appropri-
ate, and we assumed no coordinate dependence of the
transition length (Condon approximation). Analytic
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expressions of Mukamel and co-workers3® were used to
numerically compute the time-dependent overlaps ([i(t)0
and {|i(t)0 in eqs 1 and 2. The vibrational reorganiza-
tional energies, 1,, were found from the dimensionless
normal coordinates (A) by

A, = (hwA?)2 or A, =h(w A)QRw)  (4)

where Aw is the vibrational frequency of the Franck—
Condon active vibrational modes. The difference in the
energy between the excited-state structure initially
prepared at the reactant ground-state geometry and the
relaxed equilibrium excited-state structure is termed the
“reorganizational energy”, A. This “reorganizational
energy” can be divided into contributions from the
reacting molecule(s), which is called an internal reor-
ganizational energy, and from the environment, a
solvent reorganizational energy. The internal reorga-
nization energy can be further divided into its contribu-
tions from individual vibrations, known as vibrational
reorganizational energies.

The absorption spectrum and resonance Raman in-
tensities are simultaneously modeled using egs 1 and
2. Parameters such as the normal mode displacements
(A) were adjusted to better fit the resonance Raman
intensity pattern, and the transition length, Ep, and
Amax Were adjusted to better fit the integrated strength
of the absorption spectrum, the position of its maximum,
and its overall half-width. The solvent broadening
contributions for inhomogeneous broadening (G(d)) and
homogeneous broadening (g(t)) were adjusted to better
fit the absolute Raman cross section and the absorption
spectrum width. These parameters were adjusted it-
eratively until both the absorption spectrum, resonance
Raman intensity pattern, and absolute resonance Ra-
man cross sections were best fit with the simple model
employed.

Results and Discussion

Figure 1 shows an absorption spectrum of 1 (top) and
an overview of the 299.1 and 309.1 nm resonance
Raman spectra (bottom) obtained in resonance with the
absorption band at ~305 nm. The absorption band at
~305 nm has been tentatively assigned to a metal-to-
ligand charge transfer (MLCT) transition.%267 The
resonance Raman spectra in Figure 1 have been inten-
sity corrected, solvent subtracted, and background
subtracted. The resonance Raman spectra of 1 is similar
to those previously reported for Pt(dppm),(PhC=C),.28
Most of the resonance Raman intensity appears in eight
fundamental modes (409, 459, 566, 813, 978, 1039, 1223,
and 1965 cm~1) and several combination bands and an
overtone band. The most intense band is the nominal
C=C stretch of the acetylide ligand, and this funda-
mental (1965 cm™1) has an overtone (3950 cm~1) and
forms combination bands with the 409 and 459 cm™?!
fundamentals (at 2379 and 2423 cm™, respectively).

Table 1 lists the Raman band wavenumbers and
Raman cross sections for the 299.1 and 309.1 nm
resonance Raman spectra of Figure 1. Table 2 gives the
best fit parameters used to simulate the resonance
Raman intensities and absorption spectrum of 1 using
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Figure 1. (Top) Electronic absorption spectrum of the [Pt-
(PEt3)2(C=CH);], 1, complex in dichloromethane solution
with the excitation wavelengths for the resonance Raman
experiments indicated above the spectrum. The dashed
lines show a Lorentzian deconvolution of the absorption
spectrum. (Bottom) Overview of the 299.1 and 309.1 nm
resonance Raman spectra of 1. The spectra have been
intensity corrected, solvent subtracted, and background
subtracted. The asterisks (*) mark regions where solvent
subtraction artifacts are present.

Table 1. Resonance Raman Bands of
[Pt(PEt3)(C=CH);] (1) in Dichloromethane
Solution (Raman Shifts and Absolute Raman Cross
Sections)

Raman shifta 299-1 nm°  309.1 nm¢

peak (cm™Y) exptt calc expt® calcd
fundamental 409 291 2.68 0.74 0.72
fundamental 459 1.05 1.32 0.28 0.31
fundamental 566 0.49 0.37 0.09 0.07
fundamental 813 1.72 1.66 0.32 0.25
fundamental 978 0.36 0.23 0.03 0.04
fundamental 1039 0.15 0.08 0.016 0.014
fundamental 1223 1.48 1.15 0.19 0.23
fundamental 1965 1.9 2.78 0.79 0.89
combination (1965+409) 2379 0.11 0.12 0.02 0.02
combination (1965+459) 2423 0.10 0.06 0.03 0.01
overtone (2 x 1965) 3950 0.07 0.06 0.019 0.014

a Estimated uncertainties are about 4 cm~! for the Raman
shifts. P Estimated uncertainties are about 10% for intensities 1.0
x 1079 A2/molecule and higher, 20% for intensities between 0.1
and 1.0 x 10~° A2/molecule, and 50% for intensities lower than
0.10 x 10~° A%/molecule. ¢ x 10~° A2/molecule.
the simple model and computations described in the
Calculations section. Figure 2 displays a graphical
comparison of the calculated and experimental absorp-
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Table 2. Parameters for Calculation of Resonance
Raman Intensities of [Pt(PEt3),(C=CH),] (1)

ground-state vibrational
vibrational excited-state reorganizational
wavenumber/cm~! wavenumber/cm~! |A] wavenumber/cm~1

409 409 0.45 41
459 459 0.29 19
566 566 0.12 4
813 813 0.195 15
978 978 0.07 2
1039 1039 0.042 1
1223 1223 0.16 15
1965 1965 0.285 80
total 4, = 177

a Transition length, M = 0.45 A, Eo = 32 850 cm™%, n = 1.45.
Homogeneous broadening, I' = 460 cm~1 hwhm. Inhomogeneous
broadening, G = 50 cm~! standard deviation.
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Figure 2. (Top) Comparison of the calculated (dotted line),
Lorentzian deconvolution (dashed line), and experimental
(solid line) electronic absorption spectra of 1. The best fit
parameters of Table 2 in eq 1 and the simple model
described in the Calculations section were used to obtain
the calculated absorption spectrum. (Bottom) Comparison
of the calculated (open bars) and experimental (solid bars)
resonance Raman cross sections for the 299.1 and 309.1
nm resonance Raman spectra of 1. The parameters of Table
2 in eq 2 and the simple model given in the Calculations
section were used to obtain the calculated Raman cross
sections.

tion and resonance Raman cross sections for 1, and
Table 1 presents a tabular comparison of the experi-
mental and calculated Raman cross section. There is
reasonable agreement between both the absorption and
resonance Raman calculated and experimental cross
sections. Most of the initial excited-state vibrational
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Figure 3. Emission spectrum of 1 in degassed dichlo-
romethane solution at 298 K.

reorganizational energy and displacement is along the
nominal C=C stretch, and this is consistent with the
assignment of the absorption band to a MLCT transition
from the Pt to an acetylide ligand. If we assume that
the nominal C=C stretch mode can be approximated by
a pure C=C stretch, then we can estimate the bond
length change along this coordinate in the initial excited
state by using

q = (uwlh)"*(Ax) (5)

where q is the dimensionless normal coordinate, u is
the reduced mass of the C=C bond, o is the ground-
state vibrational frequency, and Ax is the change in the
bond length. Using the parameters for 1 in Table 2, we
find that the excited-state bond length change is ~0.04
A. We have also acquired the emission spectrum of the
SMLCT state, and this is shown in Figure 3. This
spectrum in Figure 3 displays mainly a progression with
~2000 cm~1 spacing, and this suggests that the phos-
phorescent triplet MLCT state exhibits a noticeable
structural change along the nominal C=C stretch mode
for 1. A simple estimate of the C=C bond length change
in the phosphorescent triplet state can be found using
the spectrum of Figure 3 and the following formula:

AX = [2Sho Juw 1" (6)

where Ax is the bond length change, u is the reduced
mass of the bond, and S is the ratio of the vibronic (1,0)
and (0,0) intensities, which is the Huang—Rhys factor.
Using wg = 1965 cm~! and we = 1800 cm™%, this gives a
bond length change of ~0.09 A for the C=C bond in the
SMLCT phosphorescent state. This indicates that the
initial MLCT state has only a partial change or weak-
ening of the C=C bond by ~0.04 A relative to the ground
state, and then this further weakens in the triplet
MLCT state by ~0.09 A relative to the ground state.

It is interesting to compare our present results for 1
with those previously found for Pt(dppm)(PhC=C),, 2,
which contains a number of phenyl groups.2” Compari-
son of the MLCT resonance Raman spectra of 1 with 2
shows that the spectra of 2 have more intensity in the
overtones and combination bands of the main C=C
stretch mode. This is consistent with the larger dimen-
sionless normal mode displacement parameter found
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from the simulations for the C=C stretch mode in 2 (A
= 0.620 from ref 28) compared to 1 (A = 0.285).
Assuming that the nominal C=C stretch mode is a pure
stretch, we can use eq 5 to estimate C=C bond length
changes of ~0.04 A for 1 and ~0.09 A for 2 for the initial
excited state. This suggests that the aromatic groups
in 2 significantly perturb the C=C reaction coordinate.
The total vibrational reorganizational energy found for
2 (~563 cm~! from ref 28) is also significantly larger
than that for 1 (~177 cm™1), and the distribution of
energy between the predominant C=C stretch mode and
the other modes also appears to shift noticeably (80 cm™!
out of 177 cm~1 for 1 compared to 406 cm~! out of 563
cm~1 for 2). The best fit simulation parameters for 1
and 2 also have large changes in the amount of
homogeneous and inhomogeneous broadening needed to
simultaneously fit the absolute Raman cross sections
and absorption band: the homogeneous broadening
parameter was 460 cm~! for 1 and 100 cm™? plus a
lifetime broadening of 45 cm™1 for 2 (hwhm), while the
inhomogeneous broadening parameters were about 50
cm~1 for 1 and 690 cm~1 for 2 (standard deviation). The
aromatic substituents of compound 2 appear to notice-
ably perturb the Pt to acetylide MLCT transition of 1
by drawing the charge and associated structural changes
further out into the ligands. This seems to be consistent
with the changes observed in the total vibrational
reorganizational energy (from 177 cm~1in 1 to 563 cm~?!
in 2) as well as the proportionately larger amount of
change in the C=C stretch compared to the lower
frequency 409 and 459 cm~! modes associated with the
Pt—P and Pt—C groups for 2 compared with 1. Since
the acceptor s* acetylide orbitals are higher in energy
in 1 than 2 (o* orbital energy: —C=CH > —C=CPh)
and closer to the 3d orbital of phosphorus (P), we would
expect the MLCT transition of 1 to have somewhat more
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Pt—P character. Comparison of the MLCT resonance
Raman spectra and best fit simulation parameters for
1 with those for 2 does indicate there is more enhance-
ment of the Pt—P modes ~400—460 cm™1 relative to the
predominant nominal C=C stretch in 1 compared with
2

Typical bond lengths for C=C and C=C are 1.204 +
0.002 and 1.337 4+ 0.006 A, respectively (from 62nd
edition of the CRC Handbook of Physics and Chemistry).
This gives a bond length change of about 0.133 A for a
full bond order change of the carbon—carbon bond from
C=C to C=C. We find bond length changes of around
0.04—0.09 A for the acetylide in 1 and 2 upon excitation
of the MLCT transition (~305 nm for 1 and ~344 nm
for 2), and these changes appear to be consistent with
an expected nominal change of bond order from 3 to 2.5
for an electron transfer from Pt to a =#* orbital of the
acetylide. Such bond order changes, together with the
observed Huang—Rhys factor S < 1, are further sup-
portive of an assignment of a MLCT nature rather than
that of an intraligand #—a* transition. Our results for
1 and 2 suggest that the initial MLCT state reaction
coordinate and structural changes are noticeably influ-
enced by aromatic substituents possibly through some
st orbital interaction with the acetylide ligand as well
as the relative energy separation of the acceptor 7*
acetylide orbital with the 3d P orbital.
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