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The lowest excited triplet (T;) state of 3,3-biisoquinoline(dicyano)platinum(Il), [Pt(CN),(i-biq)] was examined by

time-resolved electron paramagnetic resonance (TREPR) and optical techniques in comparison with that of a ligand 3,3’-
biisoquinoline (i-biq). Trans and cis i-bigs were assigned from obtained and calculated zero-field splittings (zfs’) in the
T state. The zfs parameter D increased with complex formation from 2.66 to 4.66 GHz in a rigid dimethylformamide
solution; the polarization pattern of the spectrum was very different between the ligand and the complex. The triplet
lifetime (ca. 1 s) of i-biq is also remarkably shortened in the complex (ca. 2 ms). These facts were analyzed in terms of the
spin-orbit coupling (soc) between T (™) and '*dn™. From the analyses, the soc matrix element and the magnitude of
delocalization of ™ electrons over the Pt atom are obtained as 65 cm™' and 0.02, respectively. The solvent dependences
of the D value and the triplet lifetime also support the importance of the '*dx™ states for the T; (™) properties of the

complex.

The lowest excited states are very important, for their life-
times are the longest among the excited states; they determine
the properties of emissions and lifetimes of the excited states
and suffer from various kinds of chemical reactions depend-
ing on their characters. In metal complexes, the nature of
the lowest excited triplet (T,) state varies with combination
of a central metal, a ligand, and a counter ion, showing mt™,
ds*, and dd characters. Extensive studies were reported on
the T, states of metal complexes involving a-diimine ligands
owing to their utilities as photosensitizers in energy transfer
and/or electron transfer reactions.'?

In these studies, quantitative characterization of the state
was essential and has been examined by various parameters
and techniques. Among those, properties of the triplet sub-
levels including zero-field splittings (zfs’), a g-value, and an
S| — T, intersystem crossing (isc) rate, which are obtained
by an electron paramagnetic resonance (EPR) technique, of-
ten provide unique and valuable information on the T state.
Especially in a case where a mixing occurs between the ex-
cited states, these parameters are very useful in elucidating a
mixed character. This method was applied for the first time
to studies of the metal complex by Komada et al. in 1986°
by means of an optically detected zero-field magnetic reso-

nance (ODMR) technique. Thereafter, several ODMR and
time-resolved EPR (TREPR) studies have been reported on
metal complexes such as Rh, Ru, Cd, Zn, and Re complexes,
whose T, states provide similar properties to those of the
ligands and show almost pure 7txt™ character.’—

In this report, we extend the study to a mixed state of *7z™
and 3dr™ in the T, state of the metal complex. Among the
metal complexes reported so far, platinum (Pt) a-diimine
complexes are considered to have mixed characters on the
basis of their phosphorescence spectra and triplet lifetimes.
We selected [Pt(CN),(i-biq)] as a model system having a
mixed 3*—3dn* character. Kato et al. reported the optical
properties for this system and have assigned the T, state as
37[:“*_10

We obtained EPR parameters and an isc ratio from the
analyses of TREPR spectra and determined energy levels of
the excited states from emission, excitation, and absorption
spectra. On the basis of these data, the T; properties are
interpreted in terms of a mixing between the 3mr* and ' dr*
states via a spin-orbit coupling (soc). We also analyze the
triplet properties of the ligand i-biq including assignment of
trans and cis conformers.

The fine structure axes are taken as shown in Fig. 1, where
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cis-, (b) trans-3,3’-biisoquinoline (i-biq), and (c) [Pt(CN),
(i-biq)]. See the next for 6.

Fig. 1.

the z axis is perpendicular to the plane.

Experimental

Materials.  The ligand molecule i-biq was synthesized from
3-bromoisoquinoline (briq),ll which is obtained by consecutive
syntheses of homophthalimide'? and 1,3-dibromoisoquinoline.'
We used the following method for 3,3’,4,4’-tetramethoxy-2,2'-
bipyridyl."* NiCl,-6H,0 (0.896 g, 3.77 mmol) and triphenylphos-
phine (3.955 g, 15.1 mmol) were stirred in dimethylformamide
(DMF; 18.8 ml) under nitrogen atmosphere. Activated Zn'> (0.246
g, 3.76 mmol) was added to this blue-colored solution, which was
stirred for an hour at 50 °C under nitrogen atmosphere, giving a
prompt color change from blue to wine red. Then briq (0.784 g,
3.77 mmol) in DMF (2.8 ml) was added to the solution, which
was refluxed for one and half hours at the same temperature under
nitrogen atmosphere and then poured into an aqueous (5.6%) am-
monium solution (50 ml) in air. After extraction from chloroform
four times, i-biq was obtained by column chromatography of silica
gel using chloroform as eluent. The pale yellow product of ca.
80% yield was purified by recrystallization from methanol. The
compound was further purified by HPLC through silica gel column
using hexane and acetic acid (1 : 1) with 3% triethylamine as eluent.
The colorless needle-shaped crystals were finally obtained.

[P(CN),(i-big)]'® (i-biq complex) and [Pt(CN),(bpy)1'® (bpy
complex) were prepared according to the methods described in the
literature and were recrystallized from DMF.

Measurements.  The solutions for low temperature measure-
ments were deareated by repeated freeze-pump-thaw cycles using
a vacuum line. The crystalline samples were made by pasting
the crushed crystal on a quartz plate. UV-vis absorption spectra
were observed on Shimadzu UV-160A spectrophotometer at room
temperature. Phosphorescence emission and its excitation spec-
tra were obtained at room temperature and at 77 K with a Hitachi
850 fluorescence spectrophotometer equipped with a Hamamatsu
R928 photomultiplier. The excitation spectra were corrected with
the Rhodamine B solution. A triplet lifetime was measured from
the decay of phosphorescence by using an electric shutter or a
laser pulse. Each decay curve was stored on an Iwatsu DM7200
digital memory. The concentrations of the samples were 1 x 1073
mol dm~3 and 5% 10~¢ mol dm ™~ for i-biq and the complexes, re-
spectively. TREPR spectra were observed on a JEOL FE2X EPR

Lowest Triplet State of Pt Complex

spectrometer by an NF BX-531 boxcar integrator without field mod-
ulation. The samples were excited at 308 nm by a Lamda Physik
LPX 100i excimer (XeCl) laser. Temperature was controlled by
using an Oxford ITC4 cryo-system at 20—120 K. Magnetophoto-
selection (MPS) experiments were made by using a Glan—-Thompson
polarizer and the unpolarized excimer laser. For these EPR exper-
iments, the concentrations of the samples were 5Xx 10~* mol dm—3
and 5% 107°—5x10~* mol dm > for i-biq and the complexes, re-
spectively.

Results and Interpretation

We first examine the excited states of the ligand, i-biq, by
means of optical and TREPR spectroscopy and compare the
results with those of the Pt complex.

1. 3,3'-Biisoquinoline. As trans and cis conformers are
expected to be involved in i-biq such as cases of 2,2'-bipyr-
idine (bpy) and 2,2’-biquinoline (bq), solvent dependences
were analyzed on their optical and EPR properties of the T,
states.'”—2° Two kinds of solvents, ethanol and acidic ethanol
including 2.02 wt% H;SO4, were used as typical solvents for
two conformers, based on previous studies.'”—"?

1.1. Optical Properties. An absorption spectrum of
i-biq was observed in ethanol and the peak in the longest
wavelength region was shifted to the red by adding acid into
ethanol, where the bands rise at 365 and 400 nm (Fig. 2),
respectively. Isosbestic points were observed at 253, 280,
and 332 nm in these solvents. These results are similar to
those of bpy'™'® and bq'® reported previously and suggest
involvements of trans and cis isomers, which are discussed
in the following section. Phosphorescence spectra were ob-
served at 77 K, as shown in Fig. 3, and also red-shifted
(ca. 450 cm™!) in acidic solvent. Vibrational analyses of
the spectra are summarized in Table 1. The energies of
the S; states were determined from an overlap of the ab-
sorption and fluorescence spectra (Fig. 2) as 28000 cm ™!
(¢ = 1000 mol~!dm?®cm~!) and 25950 cm~! (& = 4200
mol~!dm?® cm™!') in both solvents. The phosphorescence
was weaker and the lifetime shorter (1.0 s vs. 1.3 s) in acidic
ethanol. Based on these properties, the S| and T, states are
assigned to be ™ in nature.

We examined i-biq in ethanol including 12.1 wt% ethyl
iodide, because Belser et al.” reported that the cis form is
stable in this system. It was found that the phosphorescence
spectra (Fig. 3 and Table 1) and the lifetime (0.27 s) are
different from those in neat ethanol, but the T energy is
nearly the same.

1.2. EPR Properties. = TREPR spectra were observed
at 73 K and 0.8 ps after the laser pulse in both solvents, as
shown in Figs. 4 and 5. The polarization pattern is different
depending on the solvent, showing E, AEA/EAE and E,
EEE/AAA from the low to high fields in neat and acidic
ethanol, respectively. E and A denote an emission and an
absorption of microwave and are shown at the stationary
fields in the figure. These spectra were easily simulated
with the parameters summarized in Table 2, giving rise to
two possible parameter sets having different orders of triplet
sublevels in both systems; D= (—3/2)Z > 0 with P,, P, >
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Fig. 3. Phosphorescence spectra of 3,3’-biisoquinoline in

(a) neat ethanol and in (b) acidic ethanol, and in (c) ethanol
with ethyl iodine (12.1 wt%) observed at 77 K.

P,and D < 0 with P, > P,, P, where Z is the energy of the
T, sublevel.

In order to assign the triplet sublevel, we made MPS ex-
periments using unpolarized light (4 = 308 nm) of the laser
and the polarizer. The MPS spectra were observed with E||B
and E_LB as shown in Figs. 4 and 5, where E and B denote

gl

(nun Azenique) |

nm

Absorption (Abs) and fluorescence (Flu) spectra of 3,3’-biisoquinoline in neat ethanol (- - -) and in acidic ethanol with H,SO4
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300 400
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Fig. 4. Time-resolved EPR spectrum (a) of 3,3’-biisoquino-
line observed in ethanol at 73 K and 0.8 us after the laser
pulse, the simulation spectrum (b) using parameters summa-
rized in Table 2, and magnetophotoselection spectra under
excitation with (¢) E_1 B and (d) E||B at 308 nm.

100 200 500

the direction of polarized light and that of the magnetic field,
respectively. In ethanol, three sets of stationary peaks, L,
and H,, L, and H,, and Ls; and Hs, were observed. The
intensities at L, and H; increased with E 1 B and remarkably
decreased with E||B in neat ethanol (Fig. 4). As the laser
induces the transition to the '™ state, E should be located
within the xy plane (E||x, y ; Fig. 1). From these facts, the L,
and Hj; fields are assigned to be at B||z, meaning that T. has
the second highest energy and lies at the lowermost (D > 0)
or uppermost (D < 0) position among three sublevels. In
acidic ethanol (Fig. 5) although the changes in the spectra
were not remarkable, the outermost L, and H; peaks were
assigned to be at Bi|z by the same reason, where T, has the
largest absolute energy (|Z| > |X1,|Y]). In both cases, the in-
ner-most peaks Lz and Hj slightly decreased their intensities
with E||B.

In ethanol with ethyl iodide, the similar TREPR spectrum
was observed to that in neat ethanol both for polarization and
for zfs’.
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Table 1. Vibrational Analyses of the Phosphorescence Spectrum of 3,3’-Biisoquinoline in Various Solvents

Ethanol Acidic ethanol® C;HsI added ethanol®
Yoo /cm ™! AVO Yoo / e~ AVO Yo / cm ™! AV®
19670 0 (m) 19200 0 (m) 19650 0 (s)
510 (a’) (m) 510 (a’) (m)
870 (a”’) (s) 880 (s) 870 (a”) (w)
1450 (") (m) 1460 (m) 1440 (2”) (m)
1600 (a’) (m) 1600 (a’) (m)
1940 (510+1440) (@") (w)
2110 (510+1600) (a) (m) 2110 (510+1600) (a’) (w)
2330 (870+1450) (a”) (m) 2330 (880+1460) (m)

a) Including 2.02 wt% H,SO04. b) Including 12.1 wt% ethyl iodide (C,HsI). ¢) a’, a” band; See Ref. 41.; Intensity; w: weak, m:
medium, s: strong.

Table 2. Observed and Calculated EPR Parameters of 3,3’-Biisoquinoline

Solvent X/GHz Y/GHz ZIGHz  P,—P,: P,—P, DI/GHz® E/GHZ”
Ethanol Obsd (A) 2070 —0.220”  —1.850 0.15: 0.85 2.775 1.145
(B) 0220  —2.070Y 1.850 0.45: 0.55% —2.775 1.145
(trans) Calcd 2.238 —0.305 —1.933 S — 2.900 1272
Acidic ethanol®  Obsd (A) 0.985Y 0.785" —1.770 0.45:0.55 2.655 0.100
(B) —0.785"  —0.985Y 1.770 0.15: 0.85° —2.655 0.100
(cis) Caled 1.112 0.854 —1.966 —_ e 2.949 0.129

a) Including 2.02 wt% H;80,4. b) X—Y > Owasassumed. c¢) Py—Pyx:P;—Pyx. d) D=(—-3/2)Z. e) E=(X—-Y)/2.

A over all one electron excitation configurations. The D and E
M Abs :
a | /l\ values were calculated from Eqgs. 1 and 2, respectively:
3 377 - R
! E ' D=3 /Amep) [ o prdndie, ()
b ' Emi
Eg 3 ©— y2
E=—3/4n0@) [ gngrdndn. @
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Fig. 5. Time-resolved EPR spectrum (a) of 3,3’-biisoquino-

line observed in acidic ethanol with H,SO, (2.02 wt%) at 73

]
100 200

| (arbitrary Unit)

K and 0.8 ps, the simulation spectrum (b) using parameters b

summarized in Table 2, and magnetophotoselection spectra

under excitations with (c) E_LB and (d) E||B at 308 nm.

1.3. Theoretical Calculation of zfs. The zfs parameters

D and E were calculated for the trans and cis conformers of i
i-biq by the method of Higuchi,”” which was applied to assign 300 400 500 600
the T conformers of 2,2’-(1,2-ethenediyl)bispyridine.?® The A /nm
optimized geometry was calculated with the PM3 method Fig. 6. Absorption (Abs) and Phosphorescence (Phos) spec-
in the MOPAC (ver. 3.8)* program package and was used tra observed in dimethylformamide at room temperature
for the following MO calculations. The wavefunction of the and 77 K, respectively for (a) [Pt(CN)2(i-biq)] and (b) [Pt-

T, state was obtained from the PPP calculation including CI (CN)2(bpy)].
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Table 3.  Energy of the 0—0 Band for S; and T and Phos-
phorescence Lifetime of [Pt(CN)(i-big)]

Solvent Sifem™" Ty/em™'  7/ms®
Dimethylformamide 26300 19000 1.94+0.04
Ethanol/toluene (1 : 1) 26400 19000 2.11+0.02
Acidic ethanol/toluene (1 : D™ 26400 19000 2.31+0.02

a) 1:1by volume.
at 77 K.

b) Including 10.7 wt% H;SO4. ¢) Obtained

Here ¢r, denotes the electronic wavefunction of the T, state.
The obtained values are measurably different from frans to
cis forms, especially for the E value, as summarized in Ta-
ble 2. The value of @ in Fig. 1 is calculated as 43°.

2. [Pt(CN),(i-biq)]. In the analyses of the T| properties
of the complex, the locations of the lowest singlet and triplet
dn* states are very important. As these states, however, are
higher than the lowest '*szt™ states and the energies cannot
be determined directly from their optical data, the locations
of the '*dn* states in the bpy complex are employed.'®!
The EPR parameters and the isc ratio were obtained from the
analyses of the TREPR spectra.

L Abs ‘Phos
1 Lt
240 21.0 180 150
=
c ik
~ m:
g AR
s R
s L
340 280 220 16.0
¥ x10¥em!
Fig. 7. Absorption (Abs) and Phosphorescence (Phos) spec-

tra of the red form of [Pt(CN),(i-biq)] (---) and the red
form of [Pt(CN)(bpy)] (—) observed in the neat crystal
and those (—--) in dimethylformamide at room tempera-
ture. The bars indicate peaks of the spectra.
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2.1. Optical Properties. Phosphorescence and absorp-
tion spectra of the i-biq complex were obtained at 77 K and
at room temperature, respectively, in DMF, ethanol/toluene
(1:1 by volume), and acidic ethanol/toluene (1 : 1) including
10.7 wt% H,S0Oy4. The typical spectra are shown in Fig. 6(a).
The triplet lifetime was determined from the decay of the
phosphorescence in these solvents at 77 K, as summarized
in Table 3, where the T; energy remains nearly the same
(ca. 19000 cm™') and the lifetime (1.9—2.3 ms) is longer
in more protic solvent. The absorption spectrum indicates a
nt* character for S; having £rax = 19500 mol ! dm? cm !,
which is shifted a little to the blue in more protic solvent.
It is found from these data that both the S; and T, states
show dominant mst™ characters with a little mixed ds™® char-
acter. In the neat crystal, new broad peaks appeared in the
longer wavelength regions both for the absorption and emis-
sion (Fig. 7) observed at room temperature. The emission
spectra have already been reported in the literature and are
assigned to those of the 1*dt™ (dy(Pt) — 7*(i-biq)) states.’!
An absorption edge overlaps with the phosphorescence and
is assigned as that of the T|(d,mt™) state.

In order to determine the locations of '“dm* in the
monomeric i-biq complex, we made the same experiments
for the bpy complex. In DMEF, phosphorescence and ab-
sorption spectra were obtained as shown in Fig. 6(b). The
triplet lifetime was obtained as 65 ps at 77 K. From the
structured emission spectrum and the triplet lifetime, the T}
state is also assigned to be 7t in nature. For the absorption
spectrum, the peak of &n4 = 19000 mol~' dm? cm~! at 320
nm is assigned to that of Sy(7t™). The longer wavelength
part (330—360 nm) having £ = 4500—100 mol~! dm® cm~!
is assigned to include S;(dn*) and T,(dnt*) by referring to
those of the other Pt complexes.*>—** The absorption spec-
trum was simulated by a sum of the single Gaussian curve for
the '7* and the double Gaussian curve for both the !3dnt™
states, as shown in Fig. 8. In the neat crystal the absorption

2.0

-
()
I

e (mol ~1dm 3em™")/ x 10 4
'O -—
(S} (@)
]

T T
30.0 28.0
7 x10% em™
Fig. 8. Absorption spectra (—) of [Pt(CN)(bpy)] in dimeth-
ylformamide at room temperature and fitted curves (-« —)
with two Gaussian (—-—) lineshapes A and one Gaussian
(---)B.
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Fig. 9. Observed Phosphorescence spectrum (—) of the red
form of [Pt(CN),(bpy)] in the neat crystal at room temper-
ature, fitted curves with two Gaussian lineshapes (- - -), and
the total curve (— - -).
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Fig. 10. Location of the 0~0 band determined from the over-
lap between the fitted curves (---) of phosphorescence
(Phos) and absorption (Abs) spectra in the neat red crystal
of [Pt(CN)2(bpy)]. The curve (—- —) in the absorption spec-
trum is obtained from the dotted curve (- - -) and normalized
with respect to the phosphorescence peak.

and emission spectra (Fig. 7) for the red form of the bpy
complex are very similar to those of the red form of the i-big
complex at room temperature. These spectra are assigned to
be due to the 3dym™ (dg(Pt) — m* (bpy)) states. The double
Gaussian curve is obtained from the analysis of the phos-
phorescence spectrum of the *d,mt™* in the neat crystal,
where the spacing (1250 cm~!) of the two Gaussians (Fig. 9)
is similar to that (1300 cm~!) of the Pt bpy complexes.®
The 0-0 energy was evaluated to be lower than that of the
Gaussian peak by 1100 cm™~!, which was determined from
an overlap of the normalized absorption and emission spectra
in the neat crystal (Fig. 10).

From these data, it is concluded that S;(dnt*) and T,(dx*)
of the bpy complex locate at 29000 and 27600 cm ™!, respec-
tively, in DMF solution. We will discuss the locations of
these states for the i-biq complex in the following section.

Lowest Triplet State of Pt Complex

1 1 ) 1 1 1 1 1

100 200 300 400 500
B/mT

Fig. 11. Time-resolved EPR spectrum (a) of [Pt(CN)2(i-biq)]

observed in ethanol/toluene (1 : 1 by volume) at 110 K and
0.8 ps. The simulation spectrum (b) using parameters sum-
marized in Table 4 and magnetophotoselection spectra un-
der excitations with (c) E_LB and (d) E||B at 308 nm.

2.2. EPR Properties. TREPR spectra of the i-biq com-
plex were obtained at 20—120 K under various concentra-
tions (5x1076—5x10~* mol dm—3) in the three solvents;
a typical spectrum is shown in Fig. 11. No temperature or
concentration dependences were observed in these systems.
The polarization pattern shows an A, AAA/EEE type and is
quite different from those of the ligand (Fig. 5). A spectral
region becomes wider, indicating a larger zfs parameter in
the complex. In order to assign triplet sublevels, the MPS
experiment was made in the same way as for i-big. The
polarized laser pulse of 308 nm excites the complex to the
nn* state of € = 19000 mol~! dm® cm™!, whose transition
moment lies within the xy plane (E||x, y). The MPS spectra
with E||B and E_LB are shown in Fig. 11. From the spectra,
it is found that the intensities increase in the inner two sets of
the magnetic fields, L, and H; and L; and Hj, and decrease
remarkably at the outer most L, and H; fields with E||B.
With ELB, the L; and H; peaks increase their intensities.
Therefore, the outermost peaks turn out to correspond to the
magnetic fields at B||z and the T, energy gives the maximum
principle value (|Z| > |X|,|Y]). Discrimination of the T, and
T, sublevels was not possible in this experiment.

The spectra were simulated in the three solvents by two
parameter sets summarized in Table 4; D =(—3/2)Z > 0 and
D < 0 are again possible. From the solvent dependence of
the |D| value, it was found that |D| decreases in more protic
solvent, as also summarized in Table 4. The determination
of a sign of D is made in the next section.

Discussion

1. Conformation and Sublevel Scheme of i-biq. We
first discuss the isc rate (k;) of the triplet sublevel T; based
on the mechanisms of radiationless transitions, determine the
dominant path, and assign the triplet sublevel by comparing
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Table 4. Obtained EPR Parameters of [Pt(CN),(i-biq)]

X/GHz®  Y/GHZY

DIGHz®  E/GHZ"

Solvent Z/GHz Py—Px : P, — Py Bxxs vy 8z
Dimethyiformamide (A) 1.665 1445 —3.110 0:1.0 4.655 0.110 2.001 2.002
B) 1445 —1.665 3.110 0.5:0.59 —4.655 0.110 2.001  2.002
Ethanol/toluene (1 : 1)* (A) 1.595 1.445 —3.040 0:1.0 4.560 0.075 2.001 2.002
By -—1445 —1.595 3.040 0.5:0.59 —4.560 0.075 2.001 2.002
Acidic ethanol/toluene (1 : 1)®  (A) 1.540 1.410 —2.950 0:1.0 4.425 0.065 2.001 2.002
(B) —1410 —1.540 2.950 0.5:0.5% —4.425 0.065 2.001 2.002

a) 1:1byvolume. b) Including 10.7 wt% H,804,.

the results with those of zfs’ calculated for the trans and cis
isomers.

In the case of nitrogen-heteroaromatics, the '*nst™ states
are important as perturbing states in the S (mn*) - T (™)
isc process as in the following:

ki = 2n/h)| < ysi|Hso + Hin| i > [FO(E(S1) — Eo(T1)) (3

< Ysi1|Hso + Hin|¥ri >
=< @\ (wa*)S|Hso| g (™) T; >
< @ (™) Hin | g (nm™) > < @, (n*)S| Hso| @ (™) T >

E(S2) — E(S1)
o < @8 (u)S| Hso| ¢l (0)Ti > < gty(n) | Hx| gty () >
E(T2) — E(S1) '

C))

where Hgo and Hyy are the Hamiltonians for soc and a kinetic
energy of nuclei. Total wavefuctions s and yry; are written
as a product form, ys; = @51 S and ¥py; = @1 T;, where S and
T; (i=x, y, ) are spin functions and @, (n =S4, S, Ty, Ty) can
be expressed as @, = ¢,x, where ¢, and y are electronic and
vibrational wavefunctions, respectively. It is well-known
that the first term in Eq. 4 is negligibly small because of the
three center terms involved.*’*® In the second and third terms,
the selectivity in isc of the triplet sublevel is determined by
the matrix elements of soc, Eq. 5.

3" < gsa(an)S|Hso| ¢ ()T, >
=(1/2) < expy + Py |Gile — &bl D eapt >< Slsix — 24| Te >

+1/2) < Py +CyP;l|§llly = Gy chl’? >< Sis1y — 52| Ty >

5

Here the  and n orbitals are described by
m= et ©)
n=cpr o), ™

where ¢, (n=1,2,----) denotes the coefficient of the atomic
orbitals of C and N. From Eq. 5 it is found that T, is the
least active sublevel (P, Py > P,) inthe §; — T; isc process,
which is realized in most of the ™ triplets in nitrogen-het-
eroaromatics. Then sublevel scheme A in Table 2 is selected

¢) X—Y >O0wasassumed. d) Px—Pz:Py—Pz.

e) D=(-3/2)Z. f) E=(X-Y)/2.

and compared with those of the calculated zfs’. The obtained
D values are satisfactorily consistent with the calculated ones
including the sign of D > 0 (Table 2). We, therefore, con-
clude that the sublevel ordering is T, > Ty > T, in energy for
both isomers, where the trans form is dominantly observed
in neat ethanol and the cis in acidic ethanol. The different
polarizations observed for the frans and cis forms are ex-
plained in terms of a difference in the sublevel scheme with
different populations and splittings.

As for 8 in trans (Fig. 1), the value is obtained as 37°
from the following equation®® based on Egs. 3,4, 3, 6, and 7:

P./Py =sin*(60° — 0)/cos’(60° — 6) =0.15/0.85.  (8)

This value is reasonably consistent with the calculated value
(43°). For the cis conformer, the fine structure axes are
expected to be parallel to the symmetry axes. The following
equation is derived for P,/P,:

P./P, =sin’60°/ cos”60° = 3. )

As this value is very different from the obtained one (0.8),
the '3on* states are important instead of '*nz* states in
this case. This might be due to the blue shifts of the '*nsx*
states in the acidic solvent. As for the influence of the '*na*
states on the zfs parameters of T, a very weak contribution
is expected, because the zfs’ are determined by the spin-spin
interactions in nitrogen-heteroaromatics.* Actually, Yagi et
al. have reported negligibly small effects of protonation on
the zfs’ of Ty dipyridylethylene.*°

For the geometry of the cis-conformer, the MOPAC calcu-
lation for the protonated form, the experimental results of the
vibrational structure in the phosphorescence (Table 1) and the
relative isc ratio (Table 2), and the coincidence between the
calculated and obtained zfs’ (Table 2) do all support a nearly
planar structure. The conformer in the system of ethyl io-
dide/ethanol solution is assigned as the trans-form based on
the zfs scheme and the triplet energy (Tables 1 and 2). The
short lifetime and the enhancements of totally-symmetric vi-
brations (a’ in Table 1)*' in the phosphorescence spectrum
are interpreted in terms of an external heavy atom effect.*?

2. Excited States of [Pt(CN)(i-biq)]. On the basis
of the optical and EPR measurements, the following results
were obtained for the i-biq complex:

1. The zfs |D| value increases with complex formation.
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2. The g, and g, values are smaller than g,.

3. The T, sublevel provides the maximum principal value
(12| > |x1./¥D.

4. Two kinds of the sublevel schemes are possible: D=
(=3/2)Z > O with P, > P,, Py(A) and D < O with P, P, > P,
(B), as summarized in Table 4.

5. The triplet decay rate and |D| are smaller in the protic
solvent. We first discuss the changes in the D and g values
and the isc ratio with complex-formation based on an energy
level diagram and determine the sublevel scheme. Next we
obtain magnitudes of the spin-orbit coupling involved and
excitation delocalization over the Pt atom and interpret the
effect of solvent.

2.1 Lowest dn™* States and Molecular Orbitals.  As
Pt(Il) has 5d® configuration and is in low spin state, the
complex has one vacant 5d orbital, which is considered to be
d,, based on electronic interactions with the ligand (Fig. 1).
In the extended Hiickel MO calculation, the d,, energy is
the highest and far from the others, and d2_y2 is the most
stabilized orbital. Therefore, we consider three kinds of
d orbitals (d,, dy,, d2) involved in the lower dn* states.
Due to the symmetry, d,, and d,, orbitals mix with the =
and ¥ orbitals of the ligand, whereas d,» orbital with the o
character does not mix with those orbitals. Then the 7t orbital
is described by

30.0- Sa(dn*)
29.0
Ta(dn*)
- 27.6
St(nn*)
26.3
25.0+
e |
o -
=
X T ISC
zl -
20.0 - Ti(mn*) 0.007 cm
] 19.0 Tx
* Ty
5y Tz
T 0.152 cm -1
So

Fig. 12. Energy level diagram of the excited states of [Pt-
(CN), (i-biq)] including the zero-field splittings of T; (™).
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T= Y Cnp) + Coxlor + Cydly:, (10)

where ¢, (n=1,2,----) denotes the coefficient of the atomic
orbital.

2.2. Energy Levels of the dn™* States. Although the
energies of the >mn™ states are determined directly from the
optical spectra for the i-big complex in solution, those of the
3dm™ states cannot be obtained. In the bpy complex, these
dn*™ energies were determined from the phosphorescence
excitation and absorption spectra, as shown in the previous
section. In contrast, the 13d ™ states are observed as the
lowest excited states in both neat crystals, owing to the strong
Pt---Pt interaction. We try to determine the '*dn* energies
of the i-biq complex in solution by comparing these data.

In the neat crystal of the i-biq complex, the spectral peak of
the 'd,m™* locates at ca. 450 cm™! lower in energy than that
of the bpy complex (Fig. 7). This differences is interpreted
by the shifts of the n* energies in two complexes; the 'mor*
states are red-shifted from solution to crystal by ca. 800 and
200 cm™! for the i-biq and bpy complexes, respectively
(Fig. 7). Then the d and !dn™* energy are determined to
be nearly the same for the bpy and i-biq complexes. This
conclusion is supported by the fact that the distance between
Pt---Pt is almost the same (3.34 A)!*% at room temperature
and a similar energy shift of the d orbital is expected for
both complexes with crystal formation.** From the phospho-
rescence peaks in the neat crystals (Fig. 7), we calculate that
the 3d ™ state is lower for the i-biq complex by ca. 700
cm™~! than that for the bpy complex. Although we do not
know the exact amounts of the change in the *mtst* energy by
crystal formation in the triplet states, 700 cm ™! is considered
to be comparable to 450 cm ™! in the singlet states. Therefore,
the 3dn™* energy is again estimated to be the same for the both
complexes.

On the basis of these discussions, the energies of the
S2(dm*) and Tp(dm*) states in the i-biq complex are de-
termined as 29000 and 27600 cm~! in solution, respectively,
as summarized in Fig. 12. These states are located a little far
from the T; state (19000 cm™").

2.3. Assignment of Triplet Sublevel.  Here we deter-
mined the sublevel scheme based on the discussion of the isc
rate and the change in the D value (Table 4) with complex
formation. The AD (= D(complex)— D(cis-ligand)) value is
considered to come from the contribution of soc as described
by Eq. 11.4546

Table 5. Matrix Element of the Spin-Orbit Coupling on the Pt Atom Appeared in Eq. 127

Intermediate state First term

Second term Third term

dnt* or dy, CCyr & <dy|L|dy, > 5 P,

d.m* CuxCy: & <dy|L]dy,> 5 P,

el <dy|L|di> 5 P,
Cy: & <dy|ly|dy,> ; P,

cyzé’ <dz2|lx|dyz> ; Py
el <dz|ly|dy> 5 Py

e <dy |l |dee> s P,
¢y & <dy|L|dy> 5 P,

& <dga|le|dy.> 5 Py
el <da|ly|dx> ; Py

a) { = Zpy; spin-orbit coupling parameter on Pt.
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Fig. 13. Two possible interaction schemes of (a) D < 0 and (b) D > 0 for T; [P(CN)2(i~biq)].

Do | < @ri(ma*)Ti| Hio| gsa(d™)S > |2
E(Sz) — E(T1)
‘l < (prl(J'[JT*)Ti|H§O|(pr2(dTE*)Tj > |2
E(T2) — E(Th) '

A

(D

The change in the spin—spin interaction is negligible, because
very small amounts of 7 and * electrons are delocalized
over the Pt atom, as obtained in 2.4. The isc rate constant
k; is expressed identically as Eq. 3. Here the matrix element
determines sublevel selectivity as described by

< s51|Hso + Hin| yri >
=< @8\ (m")S|Hso| g1, (™) T: >
, <81 () | | ga(da”) > < gy (d”)S|Hso| s ()T >

E(Sy) — E(S))
W< @8 (i)S | Hso| @ (dr*)T; > < @iy (do™ )| Hrn| @F (o) >
E(T2) — ES1) '

(12)

In this case, as the first term includes the one center term
on Pt because of contamination of the d character in the n
orbital (Eq. 10), all three terms in Eq. 12 should be con-
sidered for three kinds of d orbitals: d,,, d,,, and d,.. The
matrix elements of soc which appear in these equations are
summarized in Table 5.

We discuss the two possible sets of P; and D (Table 4) for
two cases, a; d =d,, and/or d,;, and b; d =d.. In case a,
P, > P,, Py is expected for all three terms in Eq. 12. The
obtained P; is the relative value of k;. For the sublevel energy,
T, is stabilized by the interaction with S;(drt™*) and T, and T,
are stabilized with T5(drt™®), as illustrated in Fig. 13(a). When
the energy denominator is considered for these two states, the
latter contribution prevails over the former, making T, and
T, lower in energy and giving D < 0 (D=(—3/2)Z). This
is not consistent with either of the two possible schemes and
case a does not explain the experimental results.

In case b, the first term in Eq. 12 gives rise to P, > P,
P, and the second and third terms give P,, P, > P,. For
the D value, T, and T, are stabilized by the interaction with
S»(dnc*) and T, is more stabilized with T,(dst™) (Fig. 13(b)).
Due to the smaller energy denominator again for the latter, T,
is stabilized more, giving D > 0. This expectation together
with the one (P, > P, P,) from the first term of Eq. 12

is consistent with the experimental results of scheme A in
Table 4 and scheme b in Fig. 13. This fact indicates that the
direct soc term is more important in this complex. Now the
sublevel scheme and the dominant isc route are determined
as shown in Fig. 12 and the '3d.7™ states are found to be
most important perturbing states for the T, properties of the
complex.

2.4. Spin Density on Pt and g Value.  From the above
discussion, the values of AD (= —0.0667 cm™"), E(S;)—
E(T;)(=10000cm™"), and E(T,)—E(T}) (=8600cm™') are
obtained. These values give rise to the magnitude of the soc
matrix element | < 3qa* |Hiy |3 dn* > | (i=x,y) as 65 cm™!
from Eq. 11 and the assumption that the values are same for
the dn™* states. Using Eq. 13 and &p = 4000 cm™!, the
delocalization coefficients ¢y, and c,, of the m* electrons
over the d; and d,, orbitals on Pt (Eq. 10) are obtained as
0.02.

< @sa(dim™)S|Hio| @ri (o™ )T; >
=(1/2) < dpm*| Gl — by)|me™ >< S|s1i — 53T >
= ()b < dplbldu > /2= oy /3/2
= —cysz‘\/3/E.

The g; (i = x,y,2) value is changed by soc with the
Ta(d,m™) state as described by*#¢

(i=y)
(i=x) (13)

Agii = &ii — 8e
_ =23 < ()l ora(d 2 W) >< @ra(d 2 )T | Hy o | @i () Ty >
E(T2) — E(Ty) '

(14)

When g. (=2.0023), E(T,)—FE(T)), and the soc matrix el-
ement of 65 cm™! are used, Ag, and Ag,, are obtained as
—0.0005 and Ag,, =0. The experimentally obtained values
(Table 4) nicely coincide with these estimated ones, which
again supports the importance of the 3d,z* state for the
T (nn™*) property.

2.5. Solvent Effect. The correlation between the triplet
decay rate and the D value was found from the results in
three solvents (Tables 3 and 4). These results are interpreted
by the blue shifts of the '*dzt* states in protic solvent. As
the '3nn™* states shift little (< 100 cm™!) in these solvents,
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the magnitudes of the change in the AD value from that
in DMF, 3.2x1073 cm™! (ethanol/toluene) and 7.7x 1073
cm™! (acidic ethanol/toluene), provide the energy shifts of
230 and 600 cm™ !, respectively for the !3dm™* states. These
values are consistent with those for [Pt(CN),(bpy)] in eth-
anol (520 cm~!) and acidic ethanol (850 cm™"), which are
obtained from the UV-vis absorption spectra.

Conclusion

1. The trans and cis forms of the ligand i-biq were as-
signed in the T, state in ethanol and acidic ethanol solution,
respectively, on the basis of the obtained and calculated zero-
field splitting parameters.

2. For the complex of [Pt(CN),(i-biq)], the energy levels of
the '3m™ states were assigned spectroscopically and those
of 13dn™ were estimated by comparing the optical spectra
with those of [Pt(CN),(bpy)].

3. The triplet sublevels of the i-biq complex were assigned
from the analyses of the spin-orbit coupling between T, (strt™)
and the 1*dn* states and the S; — T intersystem crossing
ratio.

4. The magnitudes of the matrix element of spin-orbit
coupling involved and the electron delocalization over the Pt
atom were obtained as 65 cm™! and as 0.02, respectively, in
the T;(mmt™) state of [Pt(CN),(i-big)].

5. Solvent dependences of the zero-field splitting and the
triplet lifetime were analyzed by the blue shifts of the *dr*
states.
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