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Abstract: A class of molecular electron transfer cascades—those based on PtII complexes of
2-(1-pyrazole)-pyridine (pzpy) ligands—are reported. The synthesis of a new electron-accep-
tor imide-modified pzpy ligands is reported, and their application to transition-metal chem-
istry demonstrated by the synthesis of the PtII chloride and acetylide complexes. These
donor–acceptor assemblies are promising models for investigation of photo induced charge
separation. Accordingly, picosecond time-resolved infrared (TRIR) and femtosecond tran-
sient absorption (TA) studies have been undertaken to elucidate the nature and dynamics of
the lowest excited states in Pt(NAP-pyr-pyrazole)(–CC–Ph–C7H15)2. It has been established
that the initial population of an MLL'CT excited state in the chromophoric [Pt(pyridine-pyra-
zole)(acetylide)] core is followed by an electron transfer to the naphthal imide (NAP) accep-
tor, forming a charge-separated state. This state is characterized by a large shift in ν(CO)
vibrations of the NAP acceptor, as well as by a very intense and broad [×10 times in com-
parison to ν(CO)] asymmetric acetylide stretch which incorporates –CC–Pt–CC– framework
and occurs at approximately 300 cm–1 lower in energy than its ground-state counterpart. In
CH2Cl2 at room temperature, the charge-separated state with the lifetime of 150 ps collapses
into an almost isoenergetic NAP-localized triplet state; the rate of this transformation
changes upon decreasing the temperature to 263 K. This final excited state, 3NAP-(pyr-pyra-
zole)Pt(–CC–Ph–C7H15)2, has an unusually long, for PtII complexes, excited-state lifetime of
tens of microseconds. The work demonstrates the possibility of tuning excited-state proper-
ties in this new class of PtII chromophores designed for electron-transfer cascades.
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INTRODUCTION

Many processes related to solar energy conversion occur via the key step of photoinduced electron
transfer, which leads to the formation of a charge-separated excited state [1–13]. Donor–acceptor PtII

polypyridine acetylide complexes that possess intense metal-to-ligand charge-transfer (MLCT) absorp-
tion bands in the visible region are attractive candidates for photoinduced charge separation in solar
energy conversion applications [4,14]. 

Herein we report a new class of donor–acceptor system based on PtII acetylide complexes con-
taining 2-(1-pyrazole)-pyridine (pzpy) ligands, modified with an electron-accepting imide group
[15–20]. The choice of the imide as an electron acceptor was also determined by its ability to form sta-
ble radical-anions upon reduction, and when reduced these anions display distinct and intense absorp-
tions in the UV/vis spectral range [21,22]. The presence of strong IR reporters—ν(CO) of the imide
electron acceptor as well as ν(CC) of the acetylide electron donor—enables the use of time-resolved
infrared (TRIR) spectroscopy as a powerful complementary technique to that of ultrafast transient
absorption (TA)—to monitor excited-state dynamics and pathways. The use of imide-modified ligands
led to a successful photoinduced charge separation in RuII and IrIII complexes (see refs. [23–28] for sev-
eral examples). Coordinatively unsaturated PtII systems have received much less attention [29–35], with
only relatively few PtII complexes with bidentate “pyrazole-pyridine” ligands reported in the literature
[36–41]. Our work utilizes the ease with which pyrazole-pyridine ligands can be modified, to introduce
imide acceptor groups, thus greatly extending the range of accessible PtII donor–acceptor systems. 

RESULTS AND DISCUSSION

The known 2-(pyrazole)-pyridines precursor 2-NO2 [42] was prepared using a recently described
method [43] by the reaction of 3,5-dimethylpyrazole with 2-chloro-5-nitropyridine in dry dimethyl sul-
foxide (DMSO) in the presence of tBuOK as a base (Scheme 1). 

The key step in the synthesis of the imide-modified 2-(pyrazole)-pyridines was the reduction of
the nitro-group to the amino-group in 1-NO2 and 2-NO2 using hydrazine hydrate and Pd/C catalyst in
ethanol at reflux (Scheme 2). The imide-modified 2-(pyrazole)-pyridine ligands were then prepared by
the reaction of 1-NH2, or 2-NH2 with an appropriate anhydride in dimethyl formamide (DMF) at reflux
(Scheme 2). 

The 2-(pyrazole)-pyridines were heated at reflux with Pt(DMSO)2Cl2 [44] in alcohols to give
Pt(pzpy)Cl2 complexes (Scheme 3). PtII chloride complexes were poorly soluble in organic solvents,
and were used in the next steps without further purification. 

The PtII acetylide complexes were prepared by the reaction of a suitable acetylene with
Pt(pzpy)Cl2 in CH2Cl2 in the presence of i-Pr2NH as a base and CuI as a catalyst (Scheme 3) [45,46].
Introduction of 3,5-dimethylpyrazole (ligands 2-R) instead of pyrazole (ligands 1-R) increased the sol-
ubility of both the ligands and the complexes. 
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Scheme 1 Synthesis of 2-(1-pyrazole)-pyridines: (a) tBuOK, DMSO, N2, heating.



All compounds were purified by column chromatography when required, and were identified by
electron ionization mass spectrometry (EI MS), elemental analysis, and 1H NMR spectroscopy. We
focus here on the studies of one derivative, (NAP-pyr-pyrazole)Pt(-CC-Ph-C7H15), 1.

The absorption spectra of the new compounds recorded in CH2Cl2 solutions are shown in Fig. 1
and tabulated in Table 1. The pzpy ligands and their PtII chloride complexes were obtained as white or
pale yellow solids that in solution did not show absorption bands at wavelengths longer than 400 nm.
The PtII acetylide complex 1 was obtained as a brown solid. In solution, 1 displayed an absorption max-
imum at ~370 nm and extinction coefficient of ~104 M–1 cm–1, typical for a MLCT (PtII-to-diimine)
transition [4,14]. However, from the time-dependent density functional theory (TD-DFT) calculations
it became clear that the transition can be described more accurately as a inter-ligand charge transfer
from the acetylide unit to the 1,8-NAP unit (see Table S-I and Fig. S3). The absorption spectra of the
imide-modified ligands and their PtII complexes in the UV region (300–400 nm) were dominated by the
intense structured bands due to π−π* transitions of the 1,8-NAP chromophore [15–22]. This assignment
was confirmed by TD-DFT calculations (see Table S-I).
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Scheme 2 Synthesis and structures of imide-modified 2-(1-pyrazole)-pyridines: (a) hydrazine hydrate (excess),
Pd/C (catalyst), ethanol, N2, reflux; (b) suitable anhydride, DMF, N2, reflux, 24 h.

Scheme 3 Synthesis and structures of the PtII acetylide complexes with 2-(1-pyrazole)-pyridines: (a)
Pt(DMSO)2Cl2, ethanol or 2-methoxyethanol, N2, heating, 24 h; (b) suitable acetylene (excess), CuI (catalyst),
i-Pr2NH (excess), CH2Cl2, N2, rt, >72 h. The structure is shown for the acetylene HC≡C–C6H4–C7H15.



Table 1 Absorption spectra of 2-(1-pyrazole)-pyridines and PtII complex 1 in CH2Cl2 at rt, and electrochemical
data (in V vs. Fc/Fc+)a for 1 in CH2Cl2 containing 0.2 M NBu4PF6.a

Compound λmax/nm (ε/103 mol–1 dm3 cm–1) Ered
1/2 Ep,a

1-NAP 350 (14), 335 (17), 323 (14, sh), 287 (17), 258 (17)
2-NAP 350 (14), 335 (17), 323 (14, sh), 286 (17), 264 (18)
Pt(2-NAP)(C2Ph-C7)2 374 (10), 353 (24), 337 (25), 323 (24), 282 (52) –1.68 (80) 0.75 (irr)

aThe anodic/cathodic peak separations for reversible processes are shown in brackets; for Fc/Fc+ couple used as an internal
standard this value was 80–90 mV. The anodic peak potential Ep,a is reported for the irreversible oxidation process.

Pt(diimine)(acetylide) complexes [4,14], where diimine is 2,2'-bipyridine [5,47–49], 1,10-phe -
nanthroline [48] or 2-(2'-pyridyl)benzimidazole [50] generally show efficient and long-lived phospho-
rescence from an MLCT state. In contrast, the PtII complexes presented here, which contain imide
groups, did not show luminescence in degassed CH2Cl2 solutions at room temperature (rt). For PtII (di)-
or (tri)imine chloride complexes, such nonluminescent behavior is generally attributed to a quenching
via metal-centered d-d states [4,51]. For the acetylide systems reported herein, lack of emission
observed might be due to an electron-transfer quenching by the attached imide group. This hypothesis
was confirmed by the time-resolved studies presented below and by the DFT calculations, which clearly
show that one of the lowest excited states as obtained by the calculations involves electron transfer from
the acetylide units to the 1,8-NAP unit. Compound 1 displays two redox processes in the potential win-
dow between 1.2 and –2.3 V (all potentials are quoted vs. Fc+/Fc), Table 1. An electrochemically irre-
versible oxidation at 0.75 V is observed, typical for PtII acetylide complexes [1–13,47–50], and is com-
monly accepted to be of mixed PtII/PtIII–acetylide nature [5,47–49]. The one-electron reduction process
at –1.68 V, which was electrochemically reversible, was assigned to the reduction of imide group by
comparison with the reduction potentials reported previously [21,22] and confirmed by results of IR and
UV/vis spectroscopies for the electrogenerated anion. 

UV/vis and IR spectro-electrochemical studies

The reversible nature of the first reduction process allowed for UV/vis and IR spectroelectrochemical
studies of 1. The UV/vis studies were performed in CH2Cl2 at 273 K. The first reduction leads to for-
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Fig. 1 Absorption spectra of the ligands 1-NAP and 2-NAP, and of the PtII complex Pt(2-NAP)(C2–Ph–C7H15)2 (1)
in CH2Cl2.



mation of an electronic absorption band at ca. 420 nm, with a shoulder at approx. 480 nm due to the
NAP anion [21,22] (Fig. 2). The process is fully reversible as is confirmed by the complete restoration
of the initial absorption spectrum of neutral 1 upon re-oxidation. 

Fourier transform infrared (FTIR) spectrum of 1 is also significantly changed upon reduction
(Fig. 2b). Disappearance of the NAP-based IR bands due to ν(CO) combinations at 1682 and
1712 cm–1, as well as of the 1588 cm–1 band due to the NAP ring breathing mode is observed, along
with a formation of new bands at 1523, 1561, and 1626 cm–1, which are shifted considerably to lower
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Fig. 2 (a) UV/vis spectral changes accompanying first electrochemical reduction of 1 in CH2Cl2 containing
[Bu4N][PF6] (0.4 M) at 273 K. The data show the interconversion of 1 to 1– using spectroelectrochemical methods.
Arrows indicate the progress of the reduction. (b) FTIR spectrum (black) and differential spectrum (red) obtained
by electrochemical reduction of 1 in CH2Cl2 containing [Bu4N][PF6] (0.4 M) at 293 K. Positive bands represent
those of 1–. 



energies. Notably, no signal is observed in the differential “anion 1-”-“neutral 1” spectrum (red line,
Fig. 2b) in the acetylide spectral region, indicating that, as expected, formation of the NAP anion has
little effect on the frequency of ν(C≡C) vibration. 

Time-resolved infrared spectroscopy, TRIR

A presence of strong IR reporters—ν(CO) of the NAP electron acceptor, and ν(CC) of the acetylide
electron donor—enable the use of TRIR spectroscopy [52–56] to investigate excited-state dynamics in
1. The FTIR spectrum of this compound, as mentioned above, is dominated by ν(CO) at 1682 and
1712 cm–1, with weaker bands at 1505 and 1588 cm–1 (intra-NAP and intra-pzpy vibrations) and of
acetylide stretching vibrations at 2119 cm–1 with a weak shoulder (2129 cm–1) due to asymmetric and
symmetric combination of ν(CC) of the two acetylide moieties. All assignments were supported by
DFT calculations. 

Upon excitation with ~120 fs, 400 nm laser pulse, and instant population of the MLL'CT excited
state, resulting from charge-transfer from Pt/acetylide highest occupied molecular orbital (HOMO) to a
pyridine-pyrazole localized vacant molecular orbital is anticipated, as well as electron transfer directly
to the NAP-localized  lowest unoccupied molecular orbital (LUMO), albeit rather weak (see Supporting
Information for frontier orbitals and main electronic transitions). Excitation is accompanied by an
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Fig. 3 Top (a,b): TRIR data obtained from 1 in CH2Cl2 at rt, following excitation with 400 nm, 120 fs laser pulse;
data shown at 1, 50, and 500 ps time delays for the fingerprint region (a) and at 5, 150, and 2500 ps for the acetylide
region (b). Bottom (c): Kinetic data at selected frequencies in the fingerprint region (data points) and the results of
global fit analysis with the time constants 10 and 150 ps (solid lines). (d) Kinetic data at selected averaged
frequency intervals (data points) in the acetylide region and the results of global fit analysis with the time constant
15 and 142 ps (solid lines): red -o-, 2062–2093 cm–1, green -Δ-, 2108–2135 cm–1; blue -♦-, 2152–2174 cm–1. 



instantaneous bleaching of the ground-state IR bands due to ν(CO) and ν(CC) as stated above, and for-
mation of new, transient bands (Fig. 3) at 1523, 1561, and 1626 cm–1. The new transient bands in the
fingerprint region correspond to the absorbencies of the NAP radical anion, as observed by IR spectro-
electrochemistry—Figs. 2b and 3a. Their formation occurs with a 10-ps time constant, indicating that
this is the timescale of the process of electron transfer from the initially formed pyridine-pyrazole rad-
ical-anion to the NAP acceptor. Partial instantaneous population of the LUMO localized on the NAP
acceptor is manifested by the presence in both TRIR and TA (vide infra) signals due to NAP anion
within the instrument response and may be attributed to the ultrafast ISC from the initially populated
1MLL'CT excited state to the 3MLL'CT state and to the triplet full charge-separated state (see below). 

The full charge-separated state is expected to be formed vibrationally hot [57] due to a large
amount of energy being dissipated on a very short timescale, from ~3.1 eV of excitation energy
(400 nm) absorbed by the molecule to 2.33 eV energy of the charge-separated state as estimated from
the electrochemical potentials given above. Accordingly, the spectrum at early times (Fig. 3) shows
extremely broad and indistinct transient features which consolidate into well-resolved bands within sev-
eral picoseconds. One would further expect that excited states detected on a ~200 fs and longer
timescales would correspond to the triplet manifold due to ultrafast intersystem crossing reported for
many transition-metal complexes [58,59], which in the case of 1 will be facilitated by the presence of
heavy PtII center [60,61]. 

Global fit analysis of the TRIR data in the fingerprint region yields the lifetimes of 10 and 150 ps.
The 10 ps lifetime corresponds to the population of NAP anion in the charge-separated state convoluted
with vibrational cooling. The 150 ps lifetime corresponds to loss of the NAP anion and a formation of
new transient species with bands at 1602 and 1646 cm–1. These bands are very similar to those observed
for the naphthalene diimide triplet state [34] and attributed to the signature of an NAP triplet state which
is the final excited state of 1 (see below). No further spectral dynamics are observed up to the 2-ns time
limit of the TRIR set-up. 

In the acetylide region of the spectrum, excitation with ~120-fs, 400-nm laser pulse leads to an
instantaneous bleaching of the ν(CC) bands, and the formation of a broad transient signal spanning the
whole spectral range (Fig. 3) where at early times no distinct features can be noted. 

At later timescales, after several picoseconds, some structuring of this broad feature is observed,
bands at ca. 2085 and ca. 1800 cm–1 were identified, the former at ca. 50 cm–1 lower in energy than
ν(CC) in the ground state. According to the DFT calculations, these bands correspond to the symmet-
ric and asymmetric combinations, respectively, of ν(CC) in the triplet charge-transfer excited state.

The extreme width and high intensity of these bands may be associated with highly delocalized
pseudo-cumulenic structure of the [diimine–(Pt-acetylide)+] localized excited state formed at early
times—such observations have been previously made for analogous Pt(MesBIAN)bis(acetylide) sys-
tems [53]. Coupling to a multitude of low-frequency modes may also make a contribution to the broad-
ness of this band. 

Global fit analysis of the dynamics in the acetylide region of the spectrum yields two main time
constants, ~14 and 150 ps, corresponding to the partial decay of the broad transient signal and to the
ground-state recovery, respectively (Fig. 3). These values are consistent with those determined for the
formation and decay of the NAP anion (see above), and are therefore attributed to the formation and
decay of the charge-separated state in 1. No long-lived transients are observed in the acetylide region
of the spectrum, which is consistent with the long-lived excited state localized on the NAP fragment
only. Thus, 150 ps time constant is assigned to the lifetime of the full charge-separated excited state in
1, NAP–•—(NN)[Pt(–CC–Ph–C7H15)2]+•.

An interesting phenomenon observed in TRIR spectra is the broad “offset” that spans the whole
region of the spectrum but becomes more pronounced towards 1800 wavenumbers. Based on the
dynamics of this “offset”, which follows the decay of the charge-separated state even at the frequencies
where no IR absorbances from the compound could be anticipated, we interpret this signal as electronic
absorption spectrum of the charge-separated state, which, also due to its extreme broadness, tails into
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the IR region. This interpretation is supported by the TA spectra described below where an absorption
due to charge-separated excited state is developed towards the near-infrared (NIR) range. It is also con-
sistent with the observations of relatively intense and structureless electronic absorption of MLL'CT
excited state in Pt(diimine)(acetylides) [62]. Importantly, TD-DFT calculations of the electronic absorp-
tion spectrum of the triplet charge-separated state, 3CSS, indeed predict a broad band of considerable
intensity spanning the range from 1000 to 10000 nm (10000 to 1000 cm–1), as shown in Fig. S7. The
electronic absorption spectra extended into IR range may induce strong vibronic coupling, which will
also contribute to the extreme width of the transient IR bands in the acetylide region.

Femtosecond TA spectroscopy 

The dynamics of 1 was further investigated by femtosecond TA spectroscopy. Excitation with a ~120-fs,
400-nm laser pulse led to the instant formation of transient bands (Fig. 4). The band at ~420 nm is char-
acteristic of the NAP anion; this grows in with the lifetime of approximately 15 ps, and then decays with
ca. 150 ps lifetime (Fig. 4). At early times this spectrum also exhibits an extremely intense and broad
transient band in the red region which extends into the NIR region and has a maximum at approximately
650–670 nm, at the limit of the experimental set-up used. The broad TA tailing into NIR is consistent
with the TA spectra obtained for other Pt(diimine)bis(acetylide) compounds, and was associated with a
MLL'CT excited state, [(diimine–){Pt(acetylide)+}] [62]. The broad TA decays mainly with the lifetime
of ~150 ps, same as the ~420 nm signal attributed to the NAP anion. It is notable that the 150-ps life-
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Fig. 4 Ultrafast TA data for 1 in CH2Cl2 at rt. Excitation with 400 nm, 120 fs laser pulse. Top: spectral evolution.
5, 12, 25, 100, 200, and 750 ps. Bottom: kinetic traces at selected wavelength (data points) with solid lines
corresponding to the analysis in the consecutive two-exponential decay model, with the time constants of 14.5 ±
0.4 and 149 ± 5 ps. 



time recorded by femtosecond TA spectroscopy matches the data from the TRIR experiments, and cor-
roborates the assignment of the excited states involved as the full charge-separated state. 

With 150-ps time constant, a new broad band centred at ~470 nm is formed, and persists without
further spectral evolution up to the 3-ns limit of the TA set-up. This band is characetristc of 3NAP-local-
ized excited state.

Nanosecond flash photolysis

In order to determine the lifetime of the final excited state in 1, nanosecond flash photolysis studies in
degassed CH2Cl2 were undertaken under ~9 ns, 355 nm excitation. The transient spectrum matched that
obtained at late delays in the ultrafast TA studies described above, and decayed uniformly to the base-
line with the main component of the decay of 11 ± 1 μs (Fig. 5). The spectral shape matches that of the
NAP triplet state [63–65], and therefore these data serve as a definitive confirmation that the lowest
excited state in 1 is of 3NAP nature.

We note that this lifetime may be a subject to self-quenching effect, and therefore concentration
dependence studies would be necessary to evaluate the lifetime of this state at infinite dilution. 

On the basis of TRIR, TA, and electrochemical data, the energetics and the interplay between the
two low-lying excited states—the charge-separated state and the acceptor-localized triplet state—have
been resolved and summarized in Fig. 6.

TD-DFT calculations 

As highlighted above, DFT calculations were performed on 1 for the singlet ground state using CH2Cl2
in a self-consistent reaction field approximation. These calculations identified the nature of the frontier
orbitals, and provided vibrational assignments (Supplementary Information). Interestingly, performing
such calculations for the triplet state from the singlet optimized geometry leads to the charge-separated
excited state and not the 3NAP state as the lowest in the triplet manifold. Since the difference between
the energies of the charge-separated state and the 3NAP state estimated from the experimental data is
less than 1000 cm–1, it is possible that coordination of the solvent could lead to a switch in the order of
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Fig. 5 Transient absorption spectrum for 1 in CH2Cl2 obtained under 355 nm excitation with 9-ns laser pulse. The
spectrum was obtained by integrating the transient signal from 70 to 670 ns. The main decay component is 11 μs
at 0.16 mJ pulse energy and 20 μM concentration.



the calculated energies of the triplet states involved. Alternatively, the calculations could have yielded
a local rather than the global minimum, suggesting that further structural changes are needed to obtain
the geometry of the Pt(3NAP-pyr-pyrazole)(–CC–Ph–C7H15)2 excited state. 

Interestingly, according to the calculations, the formation of this charge-separated triplet state is
also accompanied by a change in geometry, where the 1,8-NAP unit is no longer perpendicular to the
pzpy unit as it was in the singlet ground state, but is at an angle of 52° with respect to the pzpy unit
(Supplementary Information).

The calculated IR spectra for the ground singlet state and for the charge-separated triplet state
(3CSS) are shown in the Supplementary Information and are in full agreement with the experimental
data. It is important to note that DFT calculations of the triplet charge-transfer excited state also pre-
dict, in agreement with the experimental TRIR data, that the intensity of the main IR stretching vibra-
tions is ca. 10 times higher than that of the ground state. Moreover, the asymmetric ν(CC) band in this
excited state, at 1800 cm–1, is predicted to be further 10 times more intense that other IR bands. 

The electrostatic potentials mapped onto the singlet and 3CSS electron densities are shown in
Fig. 6, along with the spin density map indicating the charge-transfer character of the calculated excited
state. 

CONCLUSIONS

We have demonstrated an easy route to the synthesis of pzpy compounds modified with an electron-
accepting imide group, and their potential as ligands for transition metals by coordination to PtII. These
PtII compounds, which represent a new family of “push–pull” donor–acceptor systems and combine
synthetic versatility with tuneable electrochemical and optical properties, are promising models for the
investigation of photoinduced charge separation. The detailed photophysical study by picosecond
(TRIR) spectroscopy and TA spectroscopy on a femto-to-microsecond timescale, aided by spectro -
electrochemical studies and DFT calculations, allowed us to resolve individual steps in light-induced
processes in molecular cascade 1. Excitation with ~120 fs laser pulse initially populates a local charge-
transfer excited state in the chromophoric core, (diimine)Pt(bis)acetylide, which on the timescale of
several picoseconds evolves into a fully charge-separated state, [NAP–(pyridine-pyrazole)-
[Pt(bis)acetylide]+] over two pathways. This state is characterized by a large shift in ν(CO) vibrations
of the NAP acceptor, as well as by a very intense and broad [×10 times in comparison to ν(CO)] asym-
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Fig. 6 (a) Summary of the energetics and time scales for light-induced processes in 1. (b) The electrostatic
potentials mapped onto the singlet and 3CSS electron densities. Red indicates partial negative charge, blue is partial
positive charge. (c) Spin density map indicating the localization of unpaired spins in the triplet charge-transfer
excited state. 



metric acetylide stretch which incorporates –CC–Pt–CC– framework and occurs at approximately 300
cm–1 lower in energy than that of its ground-state counterpart. At rt in CH2Cl2, the charge-separated
state collapses, with ~150 ps lifetime, into the lowest excited state—3Nap-(pyridine-
pyrazole)Pt(bis)acetylide; the latter has an observed lifetime of 11 μs at rt in degassed CH2Cl2; how-
ever, as the lifetime is concentration-dependent due to self-quenching, this value should only be taken
as a guide and will be larger in more dilute solutions. The charge-separated state (2.33 eV as estimated
from electrochemical data) is almost isoenergetic with 3NAP of free 1,8-NAP (2.30 eV, estimated from
emission data at 77 K, and [63]), and thus the 3CSS and 3NAP states may be in equilibrium in 1. This
suggestion was confirmed by changes in the ratio of transient IR bands due to charge-separated vs. the
3NAP state at 50-ps delay (when both states are present in appreciable amounts) with changing the tem-
perature from rt to –10 °C. The IR signature of 3NAP state has been identified as 1602 and 1646 cm–1,
the band positions being similar to that of asymmetric/symmetric ν(CO) combinations in 3NAP
diimide, NDI [34]. Overall, pyridine-pyrazole-based PtII chromophores represent a new class of diimine
PtII complexes where cascade charge separation is possible. Further tuning of the nature of the ligands
and the energetics of different excited states involved will allow for altering the nature and the proper-
ties of the lowest excited states in this class of chromophores. 

EXPERIMENTAL

General information

All reactions were carried out in the dark under N2, using general grade solvents (unless stated other-
wise) that were degassed by bubbling N2 for 10 min. Purification and handling of all compounds were
carried out in air with a minimum exposure to light. All products were air- and moisture-stable solids
which were stored in the dark when not used.

In-house facilities were used for CHN and EI MS analysis. The following instruments were used:
absorption spectra, a Cary 50 Bio UV/vis spectrophotometer; luminescence spectra, a FluoroMax4
HORIBA spectrofluorimeter; 1H NMR spectra (presented as δ in ppm and J in Hz), a Bruker 250 MHz
spectrometer.

Cyclic voltammetric measurements were performed in freshly distilled dry CH2Cl2 under N2
using 0.2 M of NBu4PF6 as a background electrolyte with an Ecochimie Autolab-100 potentiostat,
using a three-electrode cell with Pt working (disc) and counter (wire) electrodes and an Ag/AgCl ref-
erence electrode. The potentiostat was operated using software package GPES v. 4.9 for Windows 2000.
Scan rates in each experiment were varied between 20 and 500 mV/s. Ferrocene was used in each exper-
iment as an internal standard. All potentials are quoted vs. Fc+/Fc couple (observed at +0.50 V vs.
Ag/AgCl in the set-up used).

The coulometric study, used to generate samples of [1]– for IR spectroscopic studies, was per-
formed in a two-compartment cell using an Autolab PGSTAT20 potentiostat. The Pt/Rh gauze basket
working electrode was separated from the wound Pt/Rh gauze secondary electrode by a glass frit. A sat-
urated calomel reference electrode was bridged to the test solution through a vycor frit orientated at the
center of the working electrode. The working electrode compartment was fitted with a magnetic stirrer
bar, and the test solution was stirred rapidly during electrolysis. The concentration of the sample for IR
spectroscopic studies obtained by bulk electrolysis was ca. 1 mM. IR spectra for [1]– were recorded on
a Nicolet Avatar 360 FTIR spectrometer. The UV/vis spectroelectrochemical experiment was carried
out on ca. 0.4 mM solution in optically transparent electrochemical (OTE) cell (modified quartz cuvette,
with 0.5 mm optical pathlength). The cell comprised a three-electrode configuration, consisting of a
Pt/Rh gauze working electrode, a Pt wire secondary electrode (in a fritted PTFE sleeve) and a saturated
calomel electrode, chemically isolated from the test solution via a bridge tube containing electrolyte
solution and terminated in a porous frit. The potential at the working electrode was controlled by a
Sycopel Scientific Ltd. DD10M potentiostat. The (spectro)electrochemical UV/vis data were recorded
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on a Perkin Elmer Lambda 16 spectrophotometer. The cavity was purged with dinitrogen, and temper-
ature control at the sample was achieved by flowing cooled dinitrogen across the surface of the cell.

Silica gel for flash chromatography (DAVISIL) was supplied by Fluorochem Ltd. (catalogue
number LC301, 40–63 micron).

Synthesis of 2-(1-pyrazole)-pyridines

1-NO2. tBuOK (0.708 g, 6.3 mmol) and pyrazole (1 g, 14.7 mmol, excess) were stirred in dry DMSO
(5 ml) at rt for 10 min under N2 to give a colorless solution. This was followed by addition of 2-chloro-
5-nitropyridine (1 g, 6.3 mmol). An exothermic reaction took place immediately, and the reaction mix-
ture thickened. The mixture was stirred at 70 °C for 3 h. Cooling to rt and addition of water (50 ml) pre-
cipitated the product that was thoroughly washed with water and ether. The product was obtained as a
white solid, 0.814 g (4.1 mmol, 65 %). Calc. for C8H6N4O2�(H2O)0.5 (M.W. 199.17): C, 48.24; H, 3.54;
N, 28.13. Found: C, 48.77; H, 2.96; N, 28.49. EI MS m/z: 190 (100 %, M+). 1H NMR (CDCl3): 6.54
(dd, J 2.8, J 1.5, 1H), 7.82 (dd, J 1.6, J 0.6, 1H), 8.15 (dd, J 8.9, J 0.9, 1H), 8.59 (dd, J 9.2, J 2.8, 1H),
8.62 (dd, J 2.8, J 0.6, 1H), 9.26 (dd, J 2.8, J 0.6, 1H).

2-NO2. tBuOK (0.708 g, 6.3 mmol) and 3,5-dimethylpyrazole (0.8 g, 8.3 mmol, excess) were
stirred in dry DMSO (4 ml) at rt for 10 min under N2 to give a colorless solution. This was followed by
addition of 2-chloro-5-nitropyridine (1 g, 6.3 mmol). The reaction mixture was stirred at 70 °C for 3 h.
Cooling to rt and addition of water (50 ml) precipitated the crude product as a black solid that was thor-
oughly washed with water. Purification by column chromatography (SiO2, CH2Cl2) gave the product as
yellow solid (0.794 g, 3.6 mmol, 58 %). Calc. for C10H10N4O2 (M.W. 218.21): C, 55.04; H, 4.62; N,
25.68. Found: C, 56.54; H, 4.77; N, 25.82. EI MS m/z: 218 (100 %, M+). 1H NMR (CDCl3): 2.29 (s,
3H), 2.70 (d, J 0.9, 3H), 6.06 (s, br, 1H), 8.11 (dd, J 9.2, 0.6, 1H), 8.50 (dd, J 9.2, 2.8, 1H), 9.23 (dd, J
2.8, 0.6, 1H).

Reduction of nitro- to amino-group in 2-(1-pyrazole)-pyridines

1-NH2. Hydrazine monohydrate (1 ml, excess) was added to a suspension of 1-NO2 (0.5 g, 2.5 mmol)
and Pd/C (10 % Pd, 50 mg, catalyst) in degassed ethanol (25 ml) under N2. The reaction mixture was
sonicated for 1 h at rt, heated at reflux for 24 h, cooled to rt, filtered to remove Pd/C, evaporated to dry-
ness, and dried under vacuum to yield the product as a white solid in >95 % yield. C8H8N4 (M.W.
160.18). 1H NMR (DMSO-d6): 5.42 (s, 2H, NH2), 6.45 (dd, J 2.5, J 1.8, 1H), 7.11 (dd, J 8.9, J 3.1, 1H),
7.59 (d, J 8.6, 1H), 7.66 (dd, J 1.8, J 0.9, 1H), 7.76 (dd, J 2.8, J 0.6, 1H), 8.38 (dd, J 2.4, J 0.6, 1H).

2-NH2. The synthetic procedure was identical to the one described for 1-NH2. 2-NO2 (328 mg,
1.5 mmol), Pd/C (30 mg, catalyst) and hydrazine monohydrate (1 ml, excess) gave 274 mg (1.46 mmol,
97 %) of the product as a colorless oil. The product was pure by TLC (SiO2, CH2Cl2).

Synthesis of the imide-modified 2-(1-pyrazole)-pyridines

1-Nap. 1-NH2 (543 mg, 3.39 mmol) and 1,8-naphthalic anhydride (672 mg, 3.39 mmol) were stirred in
dry DMF (5 ml) under N2 at 140 °C for 24 h. Cooling to rt precipitated the product which was filtered,
washed with ethanol and ether and sonicated in acetone (50 ml) to remove unreacted 1,8-naphthalic
anhydride. The product was obtained as a white solid, 480 mg (1.41 mmol, 42 %). Calc. for
C20H12N4O2 (M.W. 340.34): C, 70.58; H, 3.55; N, 16.46. Found: C, 70.04; H, 3.49; N, 16.45. EI MS
m/z: 340 (100 %, M+). 1H NMR (CDCl3): 6.49 (dd, J 2.8, J 1.8, 1H), 7.76–7.86 (m, 4H), 8.17 (dd, J 8.6,
J 0.6, 1H), 8.31 (dd, J 8.6, J 1.2, 2H), 8.39 (dd, J 2.5, J 0.6, 1H), 8.62 (dd, J 2.8, J 0.9, 1H), 8.68 (dd,
J 7.3, J 0.9, 2H).
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2-Nap. 2-NH2 (333 mg, 1.77 mmol) and 1,8-naphthalic anhydride (351 mg, 1.77 mmol) were
stirred in dry DMF (4 ml) under N2 at 140 °C for 24 h. Cooling to rt and addition of ethanol (20 ml)
precipitated the product which was filtered and washed with ethanol and ether. The product was
obtained as a white solid, 259 mg (0.70 mmol, 40 %). Calc. for C22H16N4O2 (M.W. 368.39): C, 71.73;
H, 4.38; N, 15.21. Found: C, 72.18; H, 4.31; N, 14.82. EI MS m/z: 368 (100 %, M+). 1H NMR (CDCl3):
2.31 (s, 3H), 2.70 (d, J 0.9, 3H), 6.01 (s, 1H), 7.74 (dd, J 8.9, 2.8, 1H), 7.82 (t, J 8.6, 2H), 8.06 (dd,
J 8.6, 0.9, 1H), 8.30 (dd, J 8.6, 0.9, 2H), 8.37 (dd, J 2.8, 0.9, 1H), 8.67 (dd, J 7.4, 1.2, 2H).

Synthesis of PtII chloride complexes with 2-(1-pyrazole)-pyridines

Pt(DMSO)2Cl2 and the substituted pzpy in 1:1 molar ratio (0.1–0.6 mmol scale) were stirred in
degassed ethanol or 2-methoxyethanol (10–20 ml) at 80 °C for 24 h under N2 to give a yellow precip-
itate of pure product. The reaction mixture was cooled to rt and filtered. The product was washed with
methanol and ether and dried in vacuum. The complexes were a pale yellow color and were poorly sol-
uble in organic solvents.

Pt(1-Nap)Cl2. Pt(DMSO)2Cl2 (186 mg, 0.44 mmol) and 1-NAP (150 mg, 0.44 mmol) gave
237 mg (0.39 mmol, 89 %) of the product. Calc. for C20H12Cl2N4O2Pt (M.W. 606.32): C, 39.62; H,
1.99; N, 9.24. Found: C, 39.06; H, 2.11; N, 8.75.

Pt(2-Nap)Cl2. Pt(DMSO)2Cl2 (172 mg, 0.41 mmol) and 2-NAP (150 mg, 0.41 mmol) gave
243 mg (0.38 mmol, 93 %) of the product. Calc. for C22H16Cl2N4O2Pt (M.W. 634.37): C, 41.65; H,
2.54; N, 8.83. Found: C, 41.89; H, 2.41; N, 8.58.

Synthesis of PtII acetylide complexes with 2-(1-pyrazole)-pyridines

The compound Pt(pzpy)Cl2 (0.1–0.2 mmol scale), an acetylene ligand (excess) and CuI (5 mg, catalyst)
in a dry and degassed mixture of CH2Cl2 (10–20 ml) and i-Pr2NH (2 ml) were sonicated for 8 h and
stirred for 72–96 h at rt under N2 to give clear yellow or orange solutions. The reaction mixture was
diluted with CH2Cl2 and extracted with a mixture of water (30 ml) and acetic acid (2 ml) to remove
amine and inorganic salts. The organic phase was dried (MgSO4) and evaporated. Purification by col-
umn chromatography (20 g of SiO2, eluting with 0.5 % CH3OH in CH2Cl2) gave the product as a first
major yellow. It was reduced in volume and the product was precipitated with ether or hexane. The com-
plex was obtained as brown solid that was soluble in CH2Cl2 and were insoluble in alcohols, ether, and
alkanes.

Pt(2-Nap)(C2Ph-C7)2 (1). Pt(2-NAP)Cl2 (90 mg, 0.14 mmol) and 4-(n-heptyl)-phenylacetylene
(0.2 ml, excess) gave 72 mg (0.075 mmol, 53 %) of yellow product. Calc. for C52H54N4O2Pt (M.W.
962.09): C, 64.92; H, 5.66; N, 5.82. Found: C, 64.67; H, 5.46; N, 5.55. 1H NMR (CDCl3): 0.8–0.9
(m, 6H), 1.12–1.55 (m, br, 20H), 2.40 (t, J 6.7, 2H), 2.51 (t, J 7.0, 2H), 2.68 (s, 3H), 2.95 (s, 3H), 6.30
(s, 1H), 6.82 (d, J 8.0, 2H), 7.00 (d, J 8.2, 2H), 7.27–7.36 (m, 4H), 7.74 (t, J 7.8, 2H), 7.97–8.08
(m, 2H), 8.24 (dd, J 8.3, 0.9, 2H), 8.57 (dd, J 7.3, 0.9, 2H), 9.71 (dd, J 1.8, 0.9, 1H).

Picosecond time-resolved IR 

The studies of compound 1 were performed in the Laser for Science Facility, Rutherford Appleton
Laboratory, on the PIRATE and ULTRA set-ups. The PIRATE set-up was described in detail elsewhere
[66]. The estimate of time resolution of TRIR set-up is ca. 0.4 ps for these experiments. Briefly, part of
the output from a 1 kHz, 800 nm, 150 fs, 1 mJ Ti:Sapphire oscillator/regenerative amplifier was used
to pump a white light continuum seeded BBO OPA. The signal and idler produced by this OPA were
difference frequency mixed in a type I AgGaS2 crystal to generate tuneable mid-IR pulses (ca. 150 cm–1

FWHM, 0.1 μJ). Second harmonic generation of the residual 800-nm light provided 400-nm pulses,
which were used to excite the sample (typical excitation energy 3 μJ, focus 150 × 150 μm2). All meas-

© 2013, IUPAC Pure Appl. Chem., Vol. 85, No. 7, pp. 1331–1348, 2013

Ultrafast charge separation in PtII cascades 1343



urements were carried out at magic angle polarization. Changes in infrared absorption were recorded
by normalizing the outputs from a pair of 64-element HgCdTe linear array detectors on a shot-by-shot
basis. A solution of 1 in CH2Cl2 was flown through IR Harrick cell (100–500 μm pathlength) over the
course of the experiment to supply fresh sample solution into the photoexcited volume. The sample cell
was mounted on a 2D-translational stage which was raster-scanned in x and y directions during irradi-
ation. The FTIR spectra recorded before and after TRIR experiments confirm the absence of the photo -
degradation. 

The ULTRA set-up was commissioned recently and has been described in detail in [67]. In brief,
a 65-MHz Ti:Sapphire oscillator synchronously seeded a pair of regenerative amplifiers (Thales) oper-
ating at 10 kHz repetition rate. One amplifier was configured to produce 40–80 fs duration pulses with
broad bandwidth. Second harmonic generation of part of the 800 nm output from the femtosecond
amplifier produced UV pulses of ~50 fs at 400 nm for sample excitation. Approximately 0.4 mJ of the
50-fs, broadband output pulse train pumped a TOPAS OPA, and difference frequency mixing of the sig-
nal and idler components generated mid-IR pulses with ~500 cm–1 bandwidth and ~50 fs pulse dura-
tion at the output of the OPA to be used as a probe beam. All measurements were carried out at magic
angle polarization. The UV pump beam energies were <2 μJ per pulse, and the UV and IR beam diam-
eters at the sample were, respectively, ~70 and 100 μm. The IR radiation transmitted by the solution
was dispersed by a grating onto a pair of 128-element HgCdTe array detectors (IR Associates), provid-
ing broad (i.e., ~500 cm–1) spectral coverage with every laser pulse. The overall instrument response
time was ~200 fs. A reference spectrum of the IR probe pulse was accumulated on a third, 64-element
array detector and used to remove the effects of laser fluctuations from TA data. 

Electronic TA

Picosecond TA experiments were performed in the Laser for Science Facility, Rutherford Appleton
Laboratory, on the set-up which was described in detail elsewhere [68]. In brief, the same laser source
was used as in the PIRATE set-up described above. The fundamental output of the Ti:Sapphire oscilla-
tor/regenerative amplifier was split into two beams. One beam after frequency doubling produced UV
pulses of ~150 fs at 400 nm for sample excitation. The other beam was used for the white light contin-
uum generation by focusing ~3 μJ of 800 nm radiation into a CaF2 plate which provided a broadband
visible probe light across 400–700 nm. The continuum was then collimated and split using a silvered
plate to 2:3 reference and probe. The reference and probe beams were re-collimated and then focused
onto the reference and probe diode arrays after dispersion from a 600 l/mm 500 nm blazed diffraction
grating (Thorlabs) set ~30 cm from the arrays. Silicon arrays from Electron Tubes Ltd., were connected
to the XDAS platform as described elsewhere for InGaAs detector elements [69]. The noise of the spec-
trometer in the 420–700 nm range was measured to be ±0.0003 delta A in 1 s. 

Nanosecond flash photolysis measurements were performed on samples dissolved in dry,
degassed CH2Cl2 using a home-built set-up comprising a Nd:YAG laser (9 ns pulse width), the third
harmonic output of which was used for sample excitation (355 nm). The typical laser energy used in
the experiments was 1–3 mJ. A steady-state Xe lamp (Hamamatsu L 2273) was used as a probe source.
The detection system includes a Hamamatsu R928 PMT, and a Tektronix 3032B oscilloscope, inter-
faced with a standard PC. The pump and probe beams were arranged in a collinear geometry.

TR data analysis

The analysis of TR data to obtain decay lifetimes was performed using Igor Pro software (WaveMetrics,
Inc.). The decay kinetics were fitted to the sum of exponentials (with an addition of a long-lived com-
ponent when required) using least-squares algorithm built into Igor Pro. In case of picosecond TA data,
the deconvolution of the instrument response function (approximated as Gaussian profile) from exper-
imental decay kinetics was employed. The determination of actual zero time delay for each spectral
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position was incorporated in the data analysis algorithm, which automatically provided chirp correction.
For TRIR data, global fitting was applied to analyse simultaneously decay kinetics obtained for a num-
ber of spectral points, which considerably increased reliability of the fitted lifetimes.

DFT calculations

All calculations were performed using Gaussian 09, version C.01 [70], compiled using Portland com-
piler v. 8.0-2 with the Gaussian-supplied versions of ATLAS and BLAS [71,72], using the B3LYP func-
tional of DFT [73]. In all cases, an extensive basis set was used, consisting of 6-311G** [74,75] on all
elements apart from Pt, which was described using a Stuttgart-Dresden pseudo-potential [76,77]. In the
previous work it was found, that this results in a reasonably accurate description of transition-metal
complexes and their properties [78–80], allowing for semi-quantitative comparison with experiment. In
all calculations, the bulk solvent was described using PCM ([81,82], and references therein), whereby
the standard parameters for dichloromethane as supplied in Gaussian were used.

Upon convergence frequencies within the harmonic approximation were calculated to check
whether a local minimum was found and for use in comparison with the IR spectra. For all converged
structures, the UV/vis spectrum was calculated using TD-DFT for 100 states.

Some initial analysis on our calculations was done using the Gaussum program v. 2.2.5 [83].
Calculated IR spectra were generated using in-house developed software. We scaled the frequencies by
0.98 for the fingerprint region and by 0.97 for the acetylide region to account for anharmonicity [84].
The electrostatic potential in Fig. 6 was mapped onto the electron density at an isovalue of 0.0004.
Structures in supporting information were created using Jmol and Povray [85,86].
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