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ABSTRACT: This work describes a comprehensive assignment of the vibrational
spectra of the platinum(II) diimine bisthiolate and chloride complexes as a prototype
structure for a diversity of Pt(I) diimine chromophores. The dynamics and energy
dissipation pathways in excited states of light harvesting molecules relies largely on the
coupling between the high frequency and the low frequency modes. As such, the
assignment of the vibrational spectrum of the chromophore is of utmost importance,
especially in the low-frequency region, below 500 cm™’, where the key metal—ligand
framework modes occur. This region is experimentally difficult to access with infrared
spectroscopy and hence frequently remains elusive. However, this region is easily
accessible with Raman and inelastic neutron scattering (INS) spectroscopies.
Accordingly, a combination of inelastic neutron scattering and Raman spectroscopy
with the aid of computational results from periodic-DFT and the mode visualizations, as
well as isotopic substitution, allowed for an identification of the modes that contain

significant contributions from Pt—Cl, Pt—S, and Pt—N stretch modes. The results also demonstrate that it is not possible to
assign transition energies to “pure”, localized modes in the low frequency region, as a consequence of the anticipated severe
coupling that occurs among the skeletal modes. The use of INS has proved invaluable in identifying and assigning the modes in
the lowest frequency region, and overall the results will be of assistance in analyzing the structure of the electronic excited state in

the families of chromophores containing a Pt(diimine) core.

I. INTRODUCTION

In solar energy conversion, the key transient is a charge-
separated excited state which is formed as a result of
photoinduced charge transfer following the initial absorption
of light." Transition metal complexes are often used in artificial
systems for solar energy conversion because of their intense
absorption in the visible region and the charge transfer nature
of the lowest excited state.” Among those systems, Pt(II)
diimine complexes with ancillary anionic ligands are frequently
used as a core chromophoric part of extensive molecular
assemblies designed for photoinduced electron transfer, dye-
sensitized solar cells, and hydrogen production.® Accordingly,
the properties of their excited state have been studied in detail.*
However, the structure of the charge transfer excited state in
those systems, and its difference from the ground state
structure, is yet to be resolved. Another important, and as yet
unanswered question, in relation to charge-transfer excited
states is elucidation of their deactivation pathways. It is widely
accepted that low frequency vibrational modes play an
important role in the vibrational energy redistribution and
energy dissipation in the excited state.® In this context, metal—
ligand framework vibrational modes, such as Pt—S, Pt—N or
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Pt—Cl vibrations, are of major importance in fundamental
questions of structure and dynamics. Vibrational spectroscopy,
time-resolved infrared and time-resolved resonance Raman
spectroscopy, is one of the few direct tools which can assist in
answering those questions as it provides bond-specific
structural information.’®

The assignment of the ground state vibrational spectrum is
an essential first step toward the assignment of the excited state
spectra. This work describes a study aimed at a comprehensive
assignment of the vibrational spectra of the ground state of the
platinum 2,2"-bipyridine (bpy) thiolate (SPh) complex, Pt-
(bpy)(SPh), (see Scheme 1 for the structure) as a prototype
structure for a diversity of Pt(Il) diimine chromophores. Its
precursor Pt(bpy)Cl, was studied to assist with identifying the
modes associated with the S—Ph group. The modes of
particular interest, Pt—S, Pt—N, and Pt—Cl vibrations,” all lie
below ~500 cm™". This region is experimentally difficult to
access with infrared spectroscopy and hence remained elusive
until now. However, this region is readily accessible with
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Scheme 1. Compounds Investigated in This Study:
Pt(NN)R,, where NN = dg-2,2'-bipyridine, or hg-2,2'-
bipyridine, and R = Cl or —S-Ph
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Raman spectroscopy and inelastic neutron scattering (INS)
spectroscopy; hence, these techniques were employed in this
study.

Inelastic neutron scattering (INS) is a powerful technique
that is complementary to infrared and Raman spectroscopies.”
For the present work, the key feature is that there are no
selection rules and all modes are allowed. The intensities in the
INS spectrum are proportional to the incoherent cross section
and the amplitude of motion of the atoms involved in the
mode. For 'H normal hydrogen, the cross section of 80.27
barns (1 barn =1 X 107** m?) is ~20-fold larger than for any
other atom or isotope (cf. *H 2.05 barns) and since 'H is the
lightest isotope of the lightest element, the amplitude of motion
is largest for this isotope, thus the technique emphasizes the
vibrational modes involving hydrogen motions. INS can
provide information on the low-energy region of the vibrational
spectrum—as low as 16 cm™'—which is not accessible with
standard Raman methods. There is a natural synergy with
computational methods in that to generate the INS spectrum,
all that is required are the displacements of each atom in each
mode.® INS has been used extensively to investigate transition
metal hydrides;9 however, the application to inorganic
complexes in general is much more limited,'® although a
recent study reported a detailed vibrational study of cis-platin,
[cis-PtCl,(NH,;),]."!

Mode assignment was done with the aid of isotopic
substitution using fully deuterated dg-2,2'-bipyridine as a ligand,
that is, Pt(dg-bpy)(SPh),, and periodic density functional
theory (periodic-DFT) calculations.

Il. EXPERIMENTAL SECTION

A. Compounds. Pt(bpy)(SPh), and the yellow form of Pt(bpy)Cl,
were prepared as described previously.'* Pt(ds-bpy)(SPh), was
prepared from dg-2,2'-bipyridine, kindly provided by Prof. H. Vos,
Dublin City University, Ireland, and Prof. O. Poizat, Université de Lille
I, France. Bipyridine (Aldrich, 99%) was used as received; diphenyl
disulfide (Ph—S—S—Ph, Aldrich, 99%) was recrystallized from ethanol.

B. Vibrational Spectroscopy. The INS spectra were recorded
using the high resolution (~1.25% E/E) broadband (16—4000 cm™")
spectrometer TOSCA'? at the pulsed spallation neutron source ISIS"*
(Chilton, U.K.). TOSCA is an inverted geometry time-of-flight
spectrometer where a pulsed, polychromatic beam of neutrons
illuminates the sample at 17 m from the source. The scattered
neutrons are Bragg reflected by a pyrolytic graphite analyzer, and those
with a final energy of ~32 cm™" are passed to the *He detector bank.
Energy transfer and spectral intensity is then calculated using standard
programs to convert to the conventional S(Q). The samples, ~2 g,
were held in aluminum sachets, cooled to ~20 K, and the spectra were
recorded for 6—12 h. The INS spectra are available from the INS
database at http://wwwisis2.isis.rl.ac.uk/INSdatabase/. Raman spectra
were recorded with a Renishaw inVia Raman spectrometer which is
fiber-optically coupled to a Raman microscope. The excitation
wavelength was 785 nm. Spectra were recorded from 100—3200
cm™!, the lower limit is set by the notch filter used to reject the
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Rayleigh scatter and the high limit by the falloff in the CCD response.
Typical conditions were 5—10 min measurement time with ~10 mW
laser power at the sample and ~4 cm™" resolution. The instrument is
described in detail elsewhere.'®

C. Ab Initio Calculations. Periodic-DFT calculations were carried
out using the plane wave pseudopotential method implemented in the
CASTEP'®" code. Exchange and correlation were approximated using
the PBE functional."® The plane-wave cutoff energy was 850 eV for
PhSSPh and bpy, 720 eV for Pt(bpy)Cl, and 850 eV for
Pt(bpy)(SPh),. Brillouin-zone sampling of electronic states was
performed on 3 X 3 X 4 Monkhorst—Pack grid for PhSSPh and
bpy, a 1 X 2 X 3 grid for Pt(bpy)Cl, and a 2 X 2 X 2 grid for
Pt(bpy)(SPh),. The equilibrium structure, an essential prerequisite for
lattice dynamics calculations was obtained by BFGS geometry
optimization after which the residual forces were converged to zero
within 0.0012 eV/A. Phonon frequencies were obtained by
diagonalization of dynamical matrices computed using density-
functional perturbation theory'” (DFPT) and also to compute the
dielectric response and the Born effective charges, and from these the
mode oscillator strength tensor and infrared absorptivity were
calculated. The Raman activity tensors were calculated using a hybrid
finite displacement/DFPT method." Transition energies for isotopic
species were calculated from the dynamical matrix that is stored in the
CASTEP checkpoint file using the PHONONS utility.”® Calculation of
the Raman spectrum of Pt(ds-bpy)(SPh), would have required a new
DFPT calculation and so was not carried out. Some preliminary
calculations were also carried out with Gaussian03.*' For both
CASTEP and Gaussian03, the atomic displacements enable visual-
ization of the modes that aid assignments; they are also all that is
required® to generate the INS spectrum using the program
ACLIMAX.>> We emphasize that all the spectra shown have not
been scaled.

lll. RESULTS

The focus of this paper is on the low energy region of the
vibrational spectrum where the modes of interest, Pt—S, Pt—N,
and Pt—Cl, occur. In this section we present the experimental
INS and Raman spectra and the corresponding spectra
generated from the CASTEP calculations for the region 0—
800 cm . The procedure adopted is to build up in complexity
starting with the ligands, through Pt(bpy)Cl, and finally to
Pt(bpy)(SPh), and its dg-bpy isotopomer. For each molecule, a
comparison of the experimental and calculated structures is
given in the Supporting Information together with a table of
vibrational assignments.

A. Diphenyl Disulfide, PhSSPh. X-ray crystallography*>**
shows that PhSSPh has a C; structure, (see inset to Figure 1).
The calculated structure is in reasonable agreement with the
crystallographic result, see Supporting Information, Table S1,
although the S—S distance (2.009 A calc, 2.028, 2.0343 A
obs.*>**) is slightly too short. All other bond distances are
within 0.015 A deviation of the experimental distances, and all
the bond angles except one are within 1°, the exception is a S—
S—C angle which differs by 1.8/1.6°. In particular, the dihedral
angle between the phen%rl rings is very well reproduced (85.0°
calc, 84.2, 84.4° obs. 3’24). We have also calculated the
structure for an isolated PhSSPh molecule, where we have
retained the same size unit cell but removed all the molecules
except one. The reason for doing this reduction is that the cost
of calculating the Raman intensities is very dependent on the
number of atoms present, this procedure drastically reduces the
computational time and hence cost. The structural parameters
are very similar to those of the complete crystal, the only
significant change is that the dihedral angle has increased to
91.2°. The calculation for the complete unit cell has one small
imaginary mode (—31 cm™") that is an optic translation, which
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Figure 1. Observed and calculated (blue traces) (a) INS and (b)
Raman spectra of diphenyl disulfide, PhSSPh.
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Figure 2. Observed and calculated (blue traces) (a) INS and (b)
Raman spectra of transoid 2,2'-bipyridine, bpy.

is of no consequence for the present work. Figure 1 presents
the observed and calculated INS and Raman spectra and show
excellent agreement. Our assignments of the vibrational bands,
Supporting Information, Table S2, are in agreement with
previous work.>>~%’

B. 2,2’-Bipyridine, bpy. 2,2'-Bipyridine has a transoid, C,;,
structure in the gas phase”® and in the solid state®® whereas a
cisoid, C,,, structure is found in many metal complexes,30
including those studied here. The structure is virtually
unchanged between the gas phase and the solid state, and the
calculated structure, with two molecules in the unit cell, is in
good agreement with the literature data, see Supporting
Information, Table S3. We have also calculated the spectra
for the hypothetical cisoid structure in the same unit cell (but
with only a single molecule in the unit cell, Z = 1) as for the
experimental transoid structure. Bond distances and angles are
almost unchanged by the rotation about the 2,2" linkage. The
observed INS and Raman spectra for the transoid structure of
bpy are shown in Figure 2 and the INS spectrum of transoid
2,2'-bipyridine is compared to that calculated for the
hypothetical cisoid structure in Figure 3. As may be expected,
it can be seen that the match of observed and calculated spectra
is much better for the transoid than the cisoid structure.
Nonetheless, it does demonstrate the sensitivity of vibrational
spectroscopy to the local structure. The vibrational spectra of
bpy have been previously assi§ned for both the isolated
molecule®? and the crystal, 33% and our assignments,
Supporting Information, Table S4, are largely in agreement
with these previous assignments. The only significant exception
is a mode that is clearly seen at 553 cm™" in the INS spectrum
that has not observed in either the infrared®® or the Raman (see
Figure 3b) spectra. The calculations correctly predict modes at
561 (A,) and 564 cm™' (B,), which are formally Raman active
and are out-of-plane ring deformations; however, they are
calculated to have almost zero Raman intensity and were
previously assigned at 442 (A,) and 438 cm ™ (B,). These latter
two modes are now assigned as the inter-ring in-plane bend
(previously at 410 (A,) and 415 cm™ (B,)). CASTEP also
correctly predicts the mode symmetry. For the cisoid,
inspection of the modes shows that the external modes couple
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Figure 3. Observed INS spectrum of transoid 2,2'-bipyridine (black
trace) and the calculated (blue trace) INS spectrum of the hypothetical
cisoid 2,2'-bipyridine.

to the ring—ring torsion (since the space group is P1) and
consequently this mode falls in energy to 54 cm™". In principle,
this would be expected to be imaginary since it is the
coordinate that converts the cisoid to the transoid structure.
Supporting Information, Table S4 also lists the transition
energies and Raman intensities for the cisoid structure.

C. 2,2’-Bipyridyl Dichloro Platinum(ll), Pt(bpy)Cl,.
Pt(bpy)Cl, exists as two polymorphs, a red and a yellow
form. Structural determinations®>*® show that the molecular
structure is the same in both cases and that the difference in
color arises from differences in both the intermolecular packing
and the intermolecular Pt---Pt distance that allows a direct Pt to
Pt interaction in the red solid.>> In the present work, we have
used the yellow form which has Z = 8 with C; site symmetry,
although the molecular symmetry is very close to C,,. (The red
solid has Z = 2 with crystallographically imposed C,, molecular
symmetry). As with PhSSPh, we optimized the complete unit
cell and carried out the vibrational analysis, but to make the
Raman calculation tractable we reduced the crystal symmetry to
P1 and removed seven of the molecules. This was then
optimized again and the Raman intensities calculated. As may
be seen from Supporting Information, Table S5, the calculated
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structure for Z = 8 is in good agreement with the experimental
determinations, and elimination of seven molecules does not
change the structure of the isolated molecule to any significant
degree. The observed INS spectrum of Pt(bpy)Cl, and the
calculated INS spectra for the yellow form with Z=8and Z =1
are shown in Figure 4. It can be seen that there are only minor
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Figure 4. Observed (a) and calculated (b) Z = 1, (c) Z = 8 INS
spectra of 2,2"-bipyridyl dichloro platinum(II), Pt(bpy)CL,.

differences between the spectra of the Z = 8 and Z = 1 cases,
indicating that the isolated molecule approximation is valid for
these weakly interacting systems. The observed and calculated
(for Z = 1) Raman spectra are shown in Figure S. In this case
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Figure S. Observed (a) and calculated (b) (for Z = 1) Raman spectra
of 2,2'-bipyridyl dichloro platinum(II), Pt(bpy)CL,.

the calculated intensities only poorly reproduce the observed
ones. This is probably the result of pre-resonance enhancement
of the experimental intensities that are not included in the
calculated intensities.

The addition of the [PtCl,] unit to 2,2'-bipyridine adds an
additional nine modes per molecule. These can be categorized
as translations of the platinum atom along ¥, y, and z, which in
the molecular context are the symmetric Pt—N stretch (x
translation), the asymmetric Pt—N stretch (y translation), and
the displacement of the platinum atom perpendicular to the
molecular plane (z translation), similar to the umbrella motion
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of ammonia. The Cl-atoms contribute six modes, that are
completely analogous to the modes of a methylene CH, group.
Thus there are symmetric and asymmetric stretch modes, a
scissors mode, and rock, wag, and twist modes, and these are all
apparent from the visualizations. Supporting Information, Table
S6 lists the observed and calculated transition energies and
assignments.

D. 2,2’-Bipyridyl (bis)thiolate platinum(ll), Pt(bpy)-
(SPh), and Pt(dg-bpy)(SPh),. The analysis of the spectra of
these compounds is severely complicated by the fact that the
crystal structure is not known, and all our attempts to obtain
suitable crystals were unsuccessful. The related complex
Pt(bpy)(S—CgF,p-CN),, (where S—CgF,p-CN is 4-cyano-
2,3,5,6-tetrafluorothiolate), has been structurally character-
ized,*”® and this was used as the starting structure with the
fluorines and cyanides replaced by hydrogen. The geometry
optimization was very slow because the structure of the
complex with the fluorinated thiophenolate ligand is stabilized
by a m—r interaction between the thiolate rings. This
interaction is not present in the hydrogen analogue, and the
rings could be seen to be slowly drifting apart. To circumvent
this problem, the structure was first optimized using
Gaussian03, and the resulting structure used as the starting
structure for the CASTEP calculation. The resultant energy
minimized structure is shown in Figure 6. Table 1 compares
selected bond distances and angles with related com-
pounds,*”>*7* and it can be seen that the calculated structural
parameters are in good agreement with relevant experimental
and theoretical values. In particular, the overall geometry of the
phenyl rings above and below the plane of the Pt-bpy is very
similar to that found experimentally for the closely related
complex Pt(dtbbpy)(S-4-py),, (di-tert-butylbipyridine)bis-
(pyridine-4-thiolato ) platinum (I1).>”®

The vibrational analysis shows the first six modes to be
external modes, two of which are imaginary modes at —19 and
—10 cm™. Since these are librations of a hypothetical structure,
this is not surprising. The internal modes are all real suggesting
that the molecular geometry is a reasonable approximation to
the (unknown) real structure. Supporting Information, Table
S7 lists the observed and calculated transition energies and
assignments for both Pt(bpy)(SPh), and Pt(ds-bpy)(SPh), and
the spectra are shown in Figures 7 and 8. It can be seen that the
observed and calculated INS spectra are in excellent agreement,
demonstrating that the assignments in Supporting Information,
Table S7 are reliable. The calculated Raman spectrum of the
fully hydrogenous complex is in poor agreement with the
experimental data, again probably because of pre-resonance
effects that are not included in the model.

IV. DISCUSSION

As discussed in the Introduction, the assignment of the low
frequency modes where the key metal—ligand framework
modes lie is severely complicated by experimental difficulties in
their observation as well as by intermode coupling. We give a
brief survey of the related literature data available for some
Pt(II) diimine and thiolate compounds in the region below 500
cm™', before proceeding to our results.

In Pt(I) complexes, the v(Pt—N) vibration has been
variously assigned to bands at 260—290, 370—380 cm™' and
—417—478 cm ™" in the vibrational spectra. Vibrational satellites
at 245—251 cm™ in the luminescence spectra of Pt(qol), (qol-
= 8-quinolinolato-O,N)) in n-alkane Spol’skii matrices were
assigned to the Pt—N bond,*® since similar values (266—257
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Figure 6. Two views of the CASTEP geometry optimized structure of
2,2"-bipyridyl (bis)thiolate platinum(II), Pt(bpy)(SPh),.

cm™') were reported for Cu—N vibrations in the infrared
spectra of Cu compounds.*® For [Pt(bpy-hg),]** and [Pt(hy-
bpy)(dg-bpy)]**, on the basis of comparison of resonance
Raman data and highly resolved emission spectra obtained at T
= 1.3—5 K, the bands observed at 382 cm™! and 226 cm™" were
assigned to a bpy mode, and the bands at 417, 437, and 471
cm™! were assigned to Pt—N stretches since these modes did
not vary greatly with deuteration of bpy.*!
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Figure 7. Observed and calculated (a) INS and (b) Raman spectra of
2,2"-bipyridyl (bis)thiolate platinum(II), Pt(bpy)(SPh),.
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Figure 8. dg-2,2'-bipyridyl dithiolate platinum(II), Pt(dg-bpy)(SPh),:
(a) The observed (black trace) and calculated (blue trace) INS spectra
and (b) observed Raman spectrum.

Table 1. Comparison of Selected CASTEP Calculated Bond Distances and Angles of 2,2’-Bipyridyl Dithiolate Platinum(II),

Pt(bpy)(SPh),, with Values of Related Compounds

Pt(bpy)(SPh), Pt(bpy)(S—C¢F4-p-CN), Pt(bpy)Cl, PS4 Pt(dtbbpy)(S-4-py),”
calc® expt.? expt® calc® expt expt

Pt—N/A 2.064, 2.076 2.049, 2.054 2.038 2.034 2.057, 2.059
Pt—S/A 2290, 2.265 22823, 22963 2.323, 2.310 2291, 2293
S—Aryl/A 1.747, 1.746 1.747, 1.765 1.761, 1.768 1.742, 1.751
£4N—Pt—N/deg 78.87 79.77 80.9 79.7 79.5
£S—Pt—S/deg 92.10 92.10 89.95 88.88
£N—Pt—Scis/deg 96.00, 93.50 92.58, 95.15 174.4, 175.0
£N—Pt—Strans/deg 174.36, 171.43 170.82, 173.56 96.7, 94.9
£4N—C—C'—N'/deg 0.88 0.43 0.0 22

“PtS4 = bis(pentafluorophenylthiolato)-(2,3-bis(methylthio)butane-S,S’)-platinum(II) Pt(CH;SCH(CH,)CH(CH;)SCH,)(S—C4F;),, ref 38.
th(dtbbpy) (S-4-py), = (di-tert-butylbipyridine )bis(pyridine-4-thiolato)platinum(II), ref 37b. “This work. “Ref 37a. “Ref 36.
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For the series of compounds® Pt(thpy),, Pt(phpz)(thpy),
and Pt(SEt,)I(thpy) (thpy = 2'-thienyl-(2-pyridine), phpz = N-
phenyl-pyrazole) vibrational satellites were observed at 400,
390, and 390 cm™’, respectively, and hence can be assigned to
Pt—N vibrations. For [cis-Pt(glycine),] a strong vibration at
389 cm ™! was assigned”® to v(Pt—N).

For the related compounds* Ni(baba)(mnt) and Pd(baba)-
(mnt), (baba = bisacetylbisaniline, mnt = 1,2-maleonitriledi-
thiolate), the Raman bands at 273 and 258 cm™, respectively,
were attributed to the M—N bond, and hence the Pt—N
vibration can be expected at slightly lower wavenumbers,
following the tendency observed** for [M(mnt),]*~ with M =
Ni', pd", Pt".

This summary demonstrates that there is a lack of
consistency in the assignments of the low frequency framework
modes for this group of compounds. The purpose of this study
was to assign the vibrational modes of the molecule
Pt(bpy)(PhS), with particular emphasis on locating the Pt—X
(X =N, S) modes, since these are most likely to be involved in
dissipating the energy absorbed on photoexcitation.

We begin with the simpler (by virtue of the symmetry)
Pt(bpy)Cl, system and then apply the same methods to the
dithiolate complex. To generate the INS spectrum, the
ACLIMAX program>* calculates the amplitude of vibration of
each atom from its displacement in each mode; the
displacement is weighted by the total scattering cross section.
If the cross sections of all the atoms are set to zero, except for
the atom(s) of interest, then the result shows which atoms have
significant motion in each mode. This process was done
separately for the platinum, nitrogen, and chlorine atoms and
the results are shown in Figure 9. From the results of such

T T T T T T T T T

R Cl
S L1,
&
N
Expt.
T T y T T T T T T
100 200 300 400 500 600

-1
Wavenumber / cm

Figure 9. Observed INS spectrum of Pt(Bpy)Cl, and those calculated
considering the N, Cl, and Pt atoms only, which highlight the modes
associated with the particular atom.

analyses it is immediately apparent that the Pt—Cl stretch and
bend modes are located at 347/331 and 166/144 cm™
respectively. Similarly, the Pt—N stretch modes are at 294
and 261 cm™" and the bending modes are at 214 and 202 cm ™.
Since the modes involving nitrogen at >400 cm™" do not cause
any significant platinum motion, they must relate to C—N
deformations, in agreement with the assignments in Supporting
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Information, Table S7. We note that this result strongly
suggests that the bands at 417, 437, and 471 cm™" in [Pt(hy-
bpy),]** are probably internal bipyridyl modes, rather than Pt—
N stretch modes as was suggested previously.*' Inspection of
the spectra in ref 39 shows bands at 227, 245, and 267 cm™
that show only small shifts on deuteration, and these are
assigned as the Pt—N stretch modes, consistent with the other
complexes listed in Table 2.

The Pt—Cl and Pt—N modes have been previously assigned
by comparison of the infrared spectra of a series of M(bpyX,)
complexes (M = Pd, Pt; X = Cl, Br, I) and the corresponding
dg-bpy complexes.*”*® Our assignments are in complete
agreement with the earlier work, see Table 2. It is of relevance
to see if the spectral changes on metal and/or halogen
substitution are purely mechanical, that is, the result of the
change in mass or whether there is an electronic component as
well. If the former proposition is correct, then the spectra
calculated for the “isotopes” should match those experimentally
observed. Table 2 compares the experimental and calculated
transition energies. It can be seen that the M—N stretch is
largely independent of the halogen and that the M—X transition
energies are largely determined by the mass, suggesting that the
bonding is very similar in all the cases.

The same procedure was applied to the bis-thiolate
complexes, and the results are shown in Figures 10 and 11. It
can be seen that the results are much less clear. Many of the
modes involve motion of all the atoms, and this is particularly
so for the dg-bpy complex, Figure 11. We believe that there are
two main reasons for this phenomenon. First, the molecular
symmetry is now C, rather than (approximately) C,, for the
dihalo complexes; thus, all the modes are allowed to couple by
symmetry and, second, the mass of the ligands has greatly
increased: 70.9 for the dichloro versus 218.4 for the bis-thiolate.
For the latter, the mass is now comparable to that of the
platinum atom (195.1); thus the bipyridyl is now mechanically
coupled to the thiolates whereas this does not happen for the
dichloro complex, in essence the heavy platinum atom isolates
the two parts of the complex.

Nonetheless, using mode visualization in particular, and the
summary of the literature data given below, some useful
conclusions have been drawn on the origin of the low
frequency vibrations in the thiolate complexes.

A similar diversity of assignments can be found in the
literature with respect to v(Pt—S) as we discussed above for
v(Pt—N). The Pt—S vibration was reported’® to appear at 405
and <310 cm™! for Pt(S,C,Me,),, 403 and 373 cm™' for
Pt(S,C,Ph,),; 375 and 288 cm™ for Pt(S,CNH,),; 362 and
330 cm™! for Pt(Me-xanthane), and 298—350 cm™" for [cis-
PtCl,(SMe,),].*

In the mixed valence Pt"/Pt" complexes [Pt(en)(SCN),]-
[Pt(en)(SCN),X,], (en = 1,2-ethanediamine and X = I, Br)
bands observed at 272.4 and 298.3 cm™' in the resonance
Raman spectra were assigned*® to 2/(Pt—S) (and also tentatively
206.6 cm™), while the bands at 355 and 385 cm™ were
assigned to 2v;(Br—Pt—Br) and to {v(Br—Pt—Br) + 6(N—Pt—
N)}, respectively. In the infrared spectra of these compounds
all bands observed in the region 297—339 cm™ were assigned
to v(Pt—S) modes.

In the case of a bis(dithiolate) complex [Pt(mnt),]*” the
bands at 377.6 and 311.1 cm™ were assigned** to Pt—S
stretches. The assignment of the 375—380 cm™' polarized
vibrational band to a Pt—S stretch was confirmed by analyzing*’
the vibrational satellites in the emission and polarized
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Table 2. Observed and Calculated Transition Energies (cm™') of Modes with Metal Displacement in the Complexes M(bpy)X,
(M = Pd, Pt, X = Cl, Br, I), Pt(bpy)(SPh), and Related Compounds”

M—X stretch M—X bend M~—N stretch ref.
complex X obs? calc obs calc obs calc
Pd(bpy)l, i 180/161 199/182 102 93 280/208 342/321 49
Pd(bpy)Br, Br 225/190 223/198 151 121/114 302/290 347/328 49
Pd(bpy)Cl, cl 357/344 381/364 172 169/147 279/247 299/276 49
depy)h I 171/156 193/181 138/101 89 286/195 304/277 49
Pt(bpy)Brz Br 244/231 239/221 133/113 116/113 331/244 307/282 49
Pt(bpy)Cl, Cl 350/336 347/331 175/154 165/143 295/260 292/262 49
Pt(bpy)Cl, Cl 343/333 347/331 175/149 165/143 294/261 292/262 this work
Pt(bpy)(SPh), S 393/393¢ 399/390 122 141/128 283/253 278/251 this work
Pt(dg-bpy)(SPh), S 393/393¢ 389/383 140/125 251/241 267/249 this work
Pt(bpy)(dg-bpy) 227/245/267% 41
Pt[(mnt),]*~ S 311/377 44
Pd(baba)(mnt) N 360 258 43
Ni(baba)(mnt) S 330 273 43

“The calculated transition energies are for M(bpy)X, with appropriate mass substitutions. bObserved transition energies from the literature are from
infrared spectra, those from this work are from the INS spectra. “From the Raman spectrum. “The Pt—N stretch modes are given as 417, 437, and

471 cm™" in ref 41. See text for explanation.
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Figure 10. Observed INS spectrum of Pt(bpy)(SPh), and those
calculated considering the N, S, and Pt atoms only.

S(0,w)
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Figure 11. Observed INS spectrum of Pt(dg-bpy)(SPh), and those
calculated considering the N, S, and Pt atoms only.

absorption (T = 2 K) spectra of single crystals of [Bu,N],[Pt-
(mntS,),].

Highly resolved low temperature emission spectra obtained
for Pt(qtl), (qtl = 8-quinolinethiolato-) in Spols’kii matrices at
1.2 K possess two progression forming bands at 239—242 cm™
and at 361—372 cm™, which the authors assigned48 to Pt—N
and Pt—S vibrations, respectively. No definite assignment is
given for the Pt—S vibration on the basis of vibrational satellites
observed in the highly resolved low temperature emission
spectra*' of Pt(SEt,)I(thpy), although vibrations at 70—90
cm™ were reported as “complex vibrations”.

For Ni(baba)(mnt) and Pd(baba)(mnt), wavenumbers at
330 and 360 cm™! were attributed® to the M—S bond, and
hence Pt—S vibrations can be expected at a slightly higher
wavenumbers, following the tendency observed** for [M-
(mnt),]*>” with M = Ni, Pd", Pt",

The INS spectra of Pt(bpy)(SPh), and Pt(dg-bpy)(SPh),
shown in Figure 10 and 11 along with the spectra emphasizing

9754

only Pt, S, or N containing modes, allows for some mode-
specific assignment. First, one notes that the most strong and
broad bands in the INS spectra do not appear in the Pt, N, or S-
only spectra, as could be anticipated, as modes with large
amplitude hydrogen motions largely involve the atoms on the
periphery of the complex, rather than the [S,—Pt—N,] core.
Specifically, broad bands appear in the INS spectrum of
Pt(bpy)(SPh), at 121, 202, 160, 283, 409, and 547 cm™". The
INS spectrum of Pt(bpy)Cl, (Figure 9) also demonstrates INS
bands at 120, 410, and 547 cm™" which do not appear at all in
the spectra calculated with only Pt, N, or CI contribution.
Accordingly, those bands are assigned to the bpy-based
vibrations. The bands at 547, 283, and 121 cm™ are not
present in the experimental INS spectrum of Pt(dg-bpy)(SPh),,
further supporting their assignment to the bpy-based vibrations.
Notably, the bands at 409 cm™ and ~200 cm™' are
considerably broader and more intense in the spectrum of
Pt(bpy)(SPh), as compared to Pt(bpy)Cl,, which indicates a
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considerable contribution of the Ph-ring based vibrations of the
—SPh ligand in those bands but which do not involve any
appreciable contribution from the S-atoms.

Given the particular emphasis of this study on the framework
modes, that is, those involving N, S, and Pt, we will now focus
on the assignment of the modes pronounced in the atom-
specific N, S, and Pt spectra, which may be weak in the
experimental INS spectrum because of the small amplitude of
motion of the protons.

The mode visualizations show that all the modes at >400
cm™" are internal modes of the phenyl groups or the bipyridyl
ligand. Motion of the Pt, N, or S can result from these, a case in
point is the mode at 488 cm™ which is a classic deformation
mode of the phenyl ring (20b): since the carbon atom to which
the sulfur is bonded is displaced out of the plane of the ring, the
sulfur atom must also move in the mode. This effect arises
because a requirement of a normal mode is that the center of
mass is invariant during the motion.

For modes at <400 cm™" in Pt(bpy)(SPh),, the vibrational
bands which are (almost) exclusive to the motions of the S-
atom, that is, do not appear in the spectrum calculated using N
or Pt contribution only, and are very weak in the experimental
INS spectrum, are at 390 and 399 cm™' and are assigned as
v(Pt=S). In the Raman spectrum a medium band at 393 cm™
is observed that does not shift on deuteration of the bipyridyl
ligand, the width of this band is double that of the surrounding
bands suggesting the presence of two modes. The calculations
suggest that the two Pt—S stretch modes occur at similar
energy, so it is likely that they are not resolved in the
experimental Raman spectrum. Similarly, the modes at 278 and
251 cm™" can be assigned as a Pt—N stretch. Surprisingly, the
antisymmetric Pt—N stretch at 251 cm™ only appears very
weakly; the adjacent strong mode at 258 cm™' is an out-of-
plane motion of the bipyridyl that results in considerable
displacement of the nitrogen atoms. The presence of these
bands in the INS spectrum of Pt(bpy)Cl, calculated in the “N-
only” mode support this assignment. At lower energy, most of
the modes exhibit a moderate contribution from both N and S,
with variable contribution from the Pt atom and can be
assigned as strongly coupled deformations of the [S,—Pt—N,]
framework.

For the deuterated analogue, Pt(dg-bpy)(SPh),, the calcu-
lations predict that v(Pt—S) is at 389/393 cm™, very close to
the 393 cm™ observed in the Raman spectrum. Interestingly,
no modes specific to the Pt—N contribution have been
detected—all modes involving N contribution also involve that
from S. Overall, as with the fully protonated complex, all the
modes detected in the range 390—103 cm™' can be assigned as
coupled [S,—Pt—N,] modes with variable contribution from S,
N, and Pt. This observation implies a somewhat larger degree
of coupling in case of the Pt(ds-bpy)(SPh), if compared to
Pt(bpy)(SPh),. Overall, despite severe coupling in the low
frequency region, the combination of INS and Raman spectra
supported by periodic-DFT calculations have allowed us to
assign several Pt—S and Pt—N specific modes in the case of the
Pt(1I) diimine thiolate complex, Pt(bpy)(SPh),.

V. CONCLUSIONS

A combination of inelastic neutron scattering and Raman
methods (Figures 10 and 11) with the aid of the mode
visualizations allowed for an identification of the modes that
contain significant contributions from Pt—S and Pt—N stretch
modes (Table 2). For Pt—S the stretches are located near 400
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cm™" and for Pt—N in a wide range of complexes these occur in
the 250—300 cm™" range. The results also demonstrate that it is
extremely difficult to assign transition energies to “pure”,
localized modes in the low frequency region, as a consequence
of the anticipated severe mixing that occurs among the skeletal
modes. The modes involving sulfur motion are relatively weak
in the Raman spectrum, but observable. For the higher energy
modes that relate to the internal motions of the phenyl and
bipyridyl groups these conform to the expected pat-
terns.”> >"°"*> The use of INS has proved invaluable in
identifying and assigning the modes in the lowest frequency
region, and overall the results will be of assistance in analyzing
the structure of the electronic excited state in chromophores
containing a Pt(diimine) core essential to understanding of
their photoreactivity.
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