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Electron Transfer in Platinum(II) Diimine-Centered Triads: Mechanistic Insights from
Photoinduced Transient Displacement Current Measurements
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The consequences of photoexcitation of a platinum diimine bisacetylide complex and its triads with
phenothiazine species (McGarrah, J. E.; Eisenberg, R. Inorg. Chem. 2003, 42, 4355—4365) were investigated
by the photoinduced transient displacement current (PTDC) method, with the aim of understanding the role
of solvent in defining the nature and extent of intratriad electron transfer. PTDC enables reports on the distance
of charge separation in photoexcited states. Photoexcition of the triad, Pt(dbbpy)(CCC¢H4CH,(PTZ)), (where
dbbpy = 4,4’-di-tert-butyl-2,2’-bipyridine), leads to formation of the MLCT excited state, which in CH,Cl,
is intramolecularly quenched by PTZ to form a charge-separated (CS) state, Pt(dbbpy ")(CCCcH4CH,(PTZ)
CCC¢H4CH,(PTZ'"); the CS state features a dipole moment oriented in essentially the opposite direction to
that of the ground state. In toluene the last step of charge separation is shut down. In THF these two transient
states are equilibrated, approximately as a 1:1 mixture of *MLCT and CS states, causing a complex, but
instructive, PTDC response. The PTDC response for Pt(dbbpy)(CCCg¢Hs),, on the other hand, is similar in all
solvents and shows a negative signal corresponding to a long-lived, and comparatively nonpolar, *MLCT
state. The ground-state dipole moment, u,, weakly increases with solvent polarity, from ~11.5 D in toluene

to ~15.5 D in THF and CH,Cl,.

Introduction

The goal of mimicking the initial steps of photosynthesis is
to capture visible light in order to separate charges and utilize
the absorbed energy. The challenge is to design molecules where
the photogenerated redox pair is separated efficiently and for a
long enough time for electrical storage or chemical conversion
of the captured energy to occur.!= The resultant charge-separated
(CS) state is most often studied by time-resolved transient
absorption (TA) spectroscopy because of its high time resolution
and ability to identify the moieties that have accepted or donated
electrons. Nevertheless, detailed information about charge
distribution in CS states is often difficult, if not impossible, to
obtain by simple spectral difference measurements. Herein we
apply the photoinduced transient displacement current (PTDC)
technique* to the problem of photoinduced electron transfer
within a representative platinum(II) diimine bisacetylide com-
plex (1) and two of its triads (1-PTZ and 2-PTZ) with
phenothiazine species (electron donors).

The presence of a dipole moment is a direct indication of
separated charges, with the magnitude of the dipole moment
providing a measure of the distance between the separated
charges. The PTDC technique measures the dipole moments of
transient states formed created by a light pulse.** Importantly,
both initially formed states and subsequently formed states can
be examined. Thus, PTDC allows for direct observation and
quantification of photoinduced inter- and intramolecular charge
transfer.>"2
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SCHEME 1: Processes and Their Labels for
Photoexcited 1-PTZ

(Pt-PT2)*
'MLCT
state K o(~102 s
3(pt-PTZ)*%£charge separation)
3 - -
MLCT Ko __PEPTZ' Csstate
state
kcg(charge recombination)
ground Pt-PTZ
state

The photophysical behavior of 1 and its PTZ triads has
previously been studied by picosecond transient absorption
spectroscopy.'* The lowest energy charge-transfer excited state
of 1 had been described as an SMLCT (metal-to-ligand charge
transfer), where diimine was the ligand involved in the charge
transfer.!>23 Recent studies have pointed out the limitations of
such descriptions by drawing attention to admixing of acetylide
s-orbitals in the HOMO of the Pt(II) diimine bisacetylide.?*%
Nevertheless, we will use the above notation here and refer to
the lowest energy excited state as MLCT.

Excitation into the '"MLCT band of 1 leads to formation of a
SMLCT state within 200 4 40 fs. The triplet is highly
luminescent (¢, = 0.34 4 0.05), with a lifetime 7y, = 1.36
us in CH,Cl, at room temperature.** 1-PTZ and 2-PTZ were
designed as electron transfer triads (see Scheme 1), with the
PTZ moiety reductively quenching the MLCT state to prod-
uce a highly dipolar CS state. However, quenching and CS state
formation in 1-PTZ have been observed only in polar solvents
such as acetonitrile.'"* Formation of CS state does not occur in
nonpolar solvents such as toluene, reflecting their ineffectiveness
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in solvating and stabilizing highly polar states. The conclusions
derived from luminescence studies of 1 and 1-PTZ are further
supported by transient absorption spectroscopy measurements
in polar solvents, most notably the observation of the PTZ
radical cation with a maximum near 520 nm.'* Here we employ
the PTDC technique to corroborate the interpretation, evaluate
the time evolution of charge distributions, and elucidate the role
of solvent in modulating charge separation.

Theory

We start by briefly reviewing the theoretical background for
the PTDC technique. The theory has been described previously, 712
and here we reintroduce the key points that are important for
understanding the technique and the data interpretation. The
displacement current is measured as a voltage drop across a
load resistor, R. In our case, it is the input resistance of the
oscilloscope, R = 50 Q. The photoinduced voltage, v, is
described by eq 1:

dpP

solute

dt

where Tgc is the RC time constant of the circuit with C being
the cell capacitance and S is the area of the electrodes. In the
eq 1 the electric polarization due to solutes, Pgopye:

v+ rRCi—? = RS (1

Psolute = 2 ni<1ui> (2)

solutes,i

evolves because of two factors: the change of the dipole
concentrations, n;, and their reorientation. The latter is hidden
in the average projection of the dipole moment {u;), which is a
function of time and the initial distribution. If molecular rotation,
described by the rotational time, 7, is fast, the average dipole
moment, {i; ), can be treated as if at quasiequilibrium, and eq
1 can be rewritten as:

dv _ RSV, ¢siMi2 dn,
v TReq T Td Z 3k, T di ©)

where kg and T are the Boltzmann constant and temperature,
respectively. The factor ¢,; accounts for the local field on each
dipole and the contribution from the solvent surrounding it. The
dipole moments, M;, are different from what they would be in
the gas phase due to interaction with the solvent. Both these
adjustments depend on the dielectric properties of the solvent,
shape of the dipolar solute molecule, and its polarizability; the
adjustments can be approximated differently depending on the
relative size of the solute and solvent molecules. For large
molecules, the most convenient approximation is to encase each
solute dipole into a sphere together with some solvent
molecules.”!? In the semicontinuum approximation, such ex-
tended ‘molecules’ have the local field factor, ¢, dependent
on only the dielectric constant, &, and the refractive index, np,
of the solvent:

_ (e(zs + nZD))2 3

4
2e + 1 ) 2g + ) @

Due to the imposed spherical cavity, the net interaction of
the solute dipole moment with remaining solvent outside the
cavity is zero. The dipole moment, M;, is then a sum of the
solute dipole moment, u”;, and the induced dipole moment in
the solvent, my;, included into the sphere:
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M; = u'; + mg, ©)

Note that eqs 4 and 5 are not affected by the size of the sphere
chosen, unlike in the Lippert—Mataga analysis of the fluores-
cence maximum shift with solvent polarity; thus, PTDC offers
a more direct measure of dipole moments. The main contribution
to M; is from the solute dipole moment, u’;, which is usually
the primary goal of such experiments, i.e., the measure of
average distance, r;, between the separated charges in the solute
molecule:

W, =er, (6)

The dipole moment in solution, u”;, can be quite different
from the gas-phase dipole moment, «;, because of polarizability
and the solvent reaction field and can depend strongly on the
solvent polarity. Nevertheless, the meaning of eq 6 remains the
same: u’; provides the distance between the centers of positive
and negative charges for a molecule in that solvent. The solvent
contribution, m, to the total dipole moment results from solvent
molecules oriented by the solute dipole. In a semicontinuum
model, m, can be calculated by integrating the electric polariza-
tion outside the molecular cavity. The latter can be approximated
using the electric field, Ey,. from the charges placed in the
molecular frame in accordance with the molecule’s dipole
moment.’ Integration over the region occupied by solvent inside
the spherical cavity, V = V;, will produce the estimate for the
solvent contribution to the dipole moment:

fvﬂs E, (F)dV
(7

The region of integration is constructed by ‘rolling’ a sphere
over the molecular surface. The molecule is represented by a
superposition of overlapping spheres with appropriate atomic
van der Waals radii. The radius for a ‘rolling’ solvent molecule
is taken such that its volume equals the van der Waals volume
of the solvent molecule. These radii were calculated to be 2.8
A, 2.5 A, and 2.3 A, for toluene, THF, and CH,Cl,, respec-
tively.’

Equation 3 becomes incorrect when solute rotation is ‘slow’.
A more complicated analysis is required, but it allows the
collection of more detailed information about the dipole
moments of all states, which otherwise would be unavailable
for . = 0. The solution to the problem is derived from
evaluating a modified Debye equation,®’ eq 8, for the angular
distribution functions, f;, describing how the concentrations, n;,
of dipoles u’; with orientation in a solid angle dQ;, change
because of dipole rotation (via diffusional drift under the external
field E) and because of conversion into/from other dipoles, u’;;
the latter have their angular distribution functions f;.
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EEE

e —1
dme

- _e—1 =
i, = fV;éVSE(r)de

9 %E)(l - 52)) + 2 Uikim; — fikiil
JEi
@)

Here & means the cosine of an angle between the dipole u’;
and the external electric field, E; and k;; is the rate constant for
dipole u’; transition into ;. The substitution y; = @uu’/kgT is
introduced for convenience. The solution to eq 8 is provided
elsewhere,®’ and we briefly reproduce it here. The angular
distribution function, f;, expanded in Legendre functions P(&)):

_ 1 i
fi= 550+ DalPiE) ©

allows transformation of eq 8 into the set of equations for
coefficients a;/. Because the distribution functions f; are only
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slightly different from isotropic, high order coefficients with /
> 2 in eq 9 are of diminishing importance, a;" ~ (' ;E/kgT),
and can be ignored. The polarization is given by a;V, but the
initial condition for ¢ ~ 1 (caused by the laser excitation)
requires inclusion of the second order Legendre term, a/%, as
well. For convenience, we will substitute y; = a"n; and z; =
a;Pn;, which results in the following set of equations:

dn.

l [ 7 l l
dr ; Gl T Kyt
dy;

E = |-y, + y,E\n, — ? /T, + ; [kjﬁijyj‘ - kijyi]
Vial

dZi
@t g«["ﬁz#’ 2By — ki
J=
(10)

Here f3;; are the correlation factors, which are equal the cosine
of an angle, 0;;, between the dipoles u’; and #’; (in the molecular
frame):

B; = cos(6,) (11)

In the majority of cases the correlation factors are either f3;
=1 or f; = —1, i.e., the dipoles lie along the same axis. Note
that the rotational time, 7., is assumed to be the same for all
states. This is a fairly good approximation, unless the solute
size and/or interaction between solute and solvent changes
dramatically upon excitation. The set of eqs 10 deals with three
quantities: the concentrations, n;, the average dipole orientation,
v;, and the second order of their distribution, z;. The desired
electrical polarization is given by y; via:

solute ¢ z yl i (12)

solutes,i

Thus, after calculating Py from eq 12 using y; for all dipoles
and the measured number of photons, one can substitute it into
eq 1 to get the time variation of the dipole signal. Fitting the
experimental signal with the calculated theoretical one, in which
the values of the dipole moments, rotation time, and the rates
of transitions are varied, should allow for the recovery of these
values. The more parameters (states) involved, the more
independent data is required. For cases with more than one
excited state, the fitting of a photoresponse signal can
be ambiguous, especially when its signal-to-noise ratio is not
very high. Contribution of each state to the signal depends not
only on its dipole moment but on all the preceding rate constants
kij, the dipole moments of those states, and the rotation time,
7. In the limiting case of a very short 7, the signal would be
uniquely defined only by the difference of the squared dipole
moments, Me> — M,% between the ground, M, and (the final)
excited state, M., and the lifetime of the latter. These simplifica-
tions make the fitting straightforward but provide no information
on the individual dipole moments out of the M? — M,
combination. Independent measure of M, without excitation can
help. Alternatively, nonzero rotation time allows discrimination
between M. and M,, especially if the initial distribution of
excited dipoles can be altered. The latter is achieved by varying
the excitation light polarizations, perpendicular and parallel to
the applied field, which will be used in this paper, as shown
below. The approach provides an additional degree of freedom
in measurements that allows better accuracy in determining the
parameters by global fitting, i.e., fitting the signals of different
light polarizations using the same set of parameters. When three
(the ground and two excited) or more states are involved, an
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Figure 1. A diagram of the photoinduced transient displacement current
experiment.

independent measure of the transition rates between different
dipolar states, k;, is very helpful and can be obtained using
transient absorption spectroscopy. Generally, it is difficult to
justify a good accuracy for all fitted parameters in cases with
more than three states, and, even for the latter, in many situations
the information about the intermediate state is often lost, as will
be discussed in the results.

\ 2 \P

2 2,

1 1-PTZ (R = 'Bu)
2-PTZ (R = COoEt)

Experimental Section

Compounds 1, 1-PTZ, and 2-PTZ were prepared as previ-
ously described.!*!> Their purity was confirmed by 'H NMR
(400 MHz) and TLC. All solvents used were of spectroscopic
grade and used without further purification.

Dipole Measurements. Figure 1 shows a schematic repre-
sentation of the experimental setup. The solution of desired
molecules (~107* M) in between two parallel stainless steel
electrodes separated by a distance d = 0.79 mm and confined
by two quartz windows, is excited with ~2 ns fwhm laser pulse
at 420 nm from an Opotek Vibrant laser (Model 355 I).
Polarization of light can be chosen either perpendicular or
parallel to the applied electric field by a polarizer. The newly
formed dipoles of the transient states reorient with a rotation
time, 7,, and tilt in the electric field from the applied voltage
(Vo = 600—800 V). The resulting transient displacement current
signal is measured and digitized by a TDS 684 A oscilloscope.
The dipole signal fitting involved minimization of y> between
the experimental and the calculated traces using eqs 1, 10, and
12. The calculated signal was convoluted with the experimental
laser pulse time profile recorded with a fast photodiode on the
same oscilloscope. The profile was scaled using the number of
absorbed photons measured from the incident and transmitted
laser energy monitored during the experiment. The RC time,
Tre, Was calculated based on the cell dimensions and solvent
dielectric constant; the quality of this calculation was confirmed
by independent measurements.

The rotation times, 7,, were obtained from the fittings when
it was unambiguous, such as for 1 in all solvents and for 1-PTZ
in toluene. The values appear to scale well with the changes of
solvent viscosities and volumes of the solutes. Thus, in order
to minimize the number of variables for fitting signals of 1-PTZ
and 2-PTZ in THF and CH,Cl,, the values of the corresponding
7, were scaled according to the viscosity and volume change.
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Figure 2. Photoresponses of 1 (a and b) and 1-PTZ (¢ and d) in
toluene at room temperature excited at 420 nm with the light
polarization parallel (left) and perpendicular (right) to the applied
electric field of 700 V across 0.79 mm gap. The dotted lines are the
experimental photoresponses (scaled to 42 uJ of absorbed energy in
all cases) and the red dashed line is the laser pulse time profile. The
solid lines are the simulated data fittings with the parameters listed in
Tables 1 and 2.

TABLE 1: PTDC Data for 1 in Different Solvents

solvent M, (D) Muicr (D) Twier (ns) 7, (ns)

CH,Cl, 15542 0-—3 >100 0.3+0.1
THF 1554+09 0-3 >100 0.35£0.1
toluene 11.4+£0.8 0—3 >100 0.4 +0.1

Results and Discussion

In the present study nonpolar toluene and moderately polar
THF and CH,Cl, were used as solvents for studying the PTDC
photoresponse. Higher polarity solvents were excluded because
of significant ‘dark current’, which makes it difficult to use
PTDC with steady applied voltage. As it will be seen, the range
of dielectric constants, from ¢ = 2.3 to ¢ = 8.9, appeared
sufficient to significantly vary the relative energies of MLCT
and CS states in 1, 1-PTZ, and 2-PTZ.

All three studied molecules possess nonzero dipole moments
in the ground state that diminish to almost zero upon excitation
to the rapidly formed *MLCT state.?® Figure 2 shows the PTDC
photoresponses for 1 and 1-PTZ in toluene. In both samples
the signal is negative, which indicates a ground state that is
more polar than the excited state, an expected result based on
the observed negative solvatochromism for these compounds.
Excitation at 420 nm is at the !MLCT band and the transition
moment is aligned with the ground-state dipole moment.
Consequently, the dipole signal evolution is faster for light
polarization parallel (Il) to the electric field (the dipoles are
already prealigned) than for the perpendicular polarization (L).
The difference between the signals for the two light polarizations
is clearly visible and is due to the rotation times, 7, = 0.4 £
0.1 ns and 0.6 £ 0.1 ns, for the two molecules, respectively,
being longer than the setup time resolution. The values are in
reasonable agreement with the simple estimate of the hydro-
dynamic model for the rotational relaxation time of a spherical
object in a solvent of viscosity #7:>

- W
T = — 13

r_sph kBT ( )
For a sphere with the volume of 1 (3100 A% and the triad
1-PTZ (4800 A%) the rotation times in a solvent of the toluene
viscosity, 7(25 °C) = 0.56 mPa-s,* one estimates 7, i, = 0.43

and 0.67 ns, respectively.
The MLCT state is quite long-lived, and thus the state
appears as an inconspicuous positive part of the signals,
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TABLE 2: PTDC Data for 1-PTZ in Different Solvents

M, Myrer Mcs 7 Tcs Tcr
solvent (D) (D) (D) (ns) (ns) (ns)

CHCl, =14 =5 44 £2 04+£01 05+02 8+£3
THF 11+1 0—-3 21+1¢ 045+0.1 06£0.1 8=£1
toluene 12+08 0-—3 b 0.6 £0.1 >100

“The data in THF can be alternatively interpreted as equilibrium
between *MLCT and CS states. See text for details. > No measurable
formation of CS state was observed in toluene.

indistinguishable from the baseline. No suitable fit to the data
(i.e., for both light polarizations with the same set of parameters)
can be obtained for My cr > 5 D or Myt < —2 D (as if My cr
= 2 D is pointing in the opposite direction to M,). Variation
within the range —2 D < My cr < 5 D, on the other hand,
practically does not affect the value of M, (less than 5%
difference) and results in the ground-state dipole moments of 1
and 1-PTZ in toluene M, = 11.4 = 0.8 D and 11.9 + 0.8 D,
respectively. The above-mentioned best-fit rotation times are
also listed in Tables 1 and 2. Both dipole moment values, My cr
and M,, are in a good agreement with the simple view of the
formal charges of the ligands and the Pt ion in the ground and
excited states. Using the molecular geometry taken from X-ray
structural measurements,®! and by placing +2 charge on Pt while
assigning negative charges to each metal bound carbon of the
acetylides, one obtains x4’y = 13.2 D. This value reduces to M,
= 11.4 D in toluene; the same charge distribution would
correspond to M, = 10.4 and 10.3 D in THF and CH,Cl,,
respectively.3? Similarly constructed charge distribution in the
excited MLCT state with Pt having +3 charge and an additional
negative charge on bpy, with the presumption of unaltered
molecular geometry, gives u’micr = 2.5 D collinear with that
of the ground state. This dipole moment changes to My cr =
2.3 and 2.2 D, when the molecule is placed in toluene and THF/
CH,Cl,, respectively.?? Castellano and co-workers have calcu-
lated a similar value for u’, of 10.6 D by DFT in the gas
phase.?*? A comparable ground-state dipole moment was
measured by VanHelmot and Hupp on a related platinum
containing chromophore, Pt(dpphen)(ecda) (where dpphen is
4,7-diphenyl-1,10-phenathroline and ecda is 1-(ethoxycarbonyl)-
1-cyanoethylene-2,2’-dithiolate), also by using the PTDC
method.*

The dipole signal of 1 in solvents of different polarities
moderately changes. The apparent M, slightly increases in THF
and CH,Cl,, to M, = 15.5 £ 2 D (see Table 1). Note that this
increase occurs despite the enhanced negative solvent contribu-
tion (m;) and thus illustrates a noticeable polarizability of the
ground state: the value of M, = 15.5 D translates to u’, on the
order of 20 D in these solvents. Alternatively, it may point to
limitations of the semicontinuum approximation in calculating
the solvent contribution to the dipole moments, mg. The rotation
times should shorten in these solvents due to the lower
viscosities of THF and CH,Cl,, but the experimental accuracy
for obtaining their values declines due to a greater contribution
of Trc > 7, to the signal broadening in these polar solvents.
Experimentally we can only provide the upper limit for 7, in
such cases, as both times (trc and 7,) contribute to the
broadening almost identically.*3

The dipole signal evolution is quite different for 1-PTZ,
where the PTZ moiety can reductively quench the MLCT state
by intramolecular charge transfer.!* Increased solvent polarity
provides sufficient solvation for the CS state to make it of a
lower energy than the SMLCT state and allow charge transfer
from PTZ to Pt to occur. The dipole signal of 1-PTZ in CH,Cl,
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SCHEME 2: Illustration of Location for Effective Charges in Different States of 1-PTZ and the Corresponding

Gas-Phase Dipole Moments*
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“ Blue atoms or dots describe the positive charges of the value next to them; red atoms or dots similarly describe the negative charges. The dipole
moments in different solvents, M, calculated for these states using these charge distributions are given in Table 3.
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Figure 3. Photoresponses of 1 (a and b) and 1-PTZ (¢ and d) in
CH,Cl, at room temperature excited at 420 nm with the light
polarization parallel (left) and perpendicular (right) to the applied
electric field of 700 V across a 0.79 mm gap. The dotted lines are the
experimental photoresponses (at 50 uJ of absorbed energy for 1 and 4
ulJ for 1-PTZ), and the red dashed line is the laser pulse time profile.
The solid lines are the simulated data fittings with the parameters listed
in Tables 1 and 2. Discrepancies visible at longer time are due to
photoionization of solutes and photoinjection of electrons from the

electrodes that are often observed in such polar solvents and appear as

a fast-rising continuous current.’*

(¢ = 8.93) has opposite sign (see Figure 3) to that in toluene,
indicating a much larger dipole moment for the CS state than
the ground state. The parameters used to fit the PTDC
photoresponse of 1-PTZ in various solvents are summarized
in Table 2. Because of a large difference between the excited-
and ground-state dipole moments, the fit is almost insensitive
to the value of the ground-state dipole moment, M,, (similar to
how the signal was almost insensitive to a small value of My cr
in toluene and was primarily defined by M,), but it is sensitive
to the choice of the charge separation time to PTZ, 7¢s. A simple
qualitative observation suggests that 7cg is not very short;
otherwise, the signals for different light polarizations would
differ more substantially than is experimentally observed. The
best fit analysis suggest that 7cs = 0.5 £ 0.2 ns and the charge
recombination lifetime is Tck = 9 £ 1 ns. Because of a large
RC time (tge = 1.3 ns in CH,Cl,), the rotation time can
be only estimated from the fit as not exceeding 0.6 ns. The value
in Table 2, 7, = 0.4 £ 0.1 ns, was estimated from the viscosity
and the hydrodynamic scaling based on that of 1-PTZ in toluene.

As shown in Figure 4, the PTDC signal for 1-PTZ in THF
(e = 7.58) has the most bizarre profile. The more complex
photoresponse is attributed to rapid formation of MLCT state
(with the dipole moment close to zero), followed less rapidly

el
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10 20 30 40 0 _ 20 30 4C
Time (ns) Time (ns)

Figure 4. Photoresponses of 1 (a and b) and 1-PTZ (c and d) in
THF at room temperature excited at 420 nm with the light
polarization parallel (left) and perpendicular (right) to the applied
electric field of 700 V across a 0.79 mm gap. The dotted lines are
the experimental photoresponses (scaled to 150 uJ of absorbed
energy in all cases), and the red dashed line is the laser pulse time
profile. The solid lines are the simulated data fittings with the
parameters listed in Tables 1 and 2.

by appearance of the CS state with a large dipole moment
oriented opposite to that of the ground state. The unusual
appearance of the signal in THF, starting negative and doubly
crossing zero, can only occur when all the following conditions
are fulfilled: (a) the dipole moment of the CS state, Mcs, is
oppositely oriented to that of the ground state, (b) the dipole
moment of the CS state is larger in absolute value than that of
the ground dtate, Mcs > M,, and (c) both the rotational time,
7,, and the charge separation time, 7cs, are sufficiently long to
allow the various steps to be resolved in time. In THF the CS
state lifetime, 7cg, is 8 = 1 ns and corresponds to the dipole
signal approaching zero at long times. The dipole signal profiles
for both light polarizations in Figure 4 can be fit with the ground-
state dipole moment, M, = 12 &+ 2 D, and the CS dipole
moment of Mg = 21 + 1 D. Again, there is almost no
dependence on the dipole moment of the MLCT state, My cr,
with minute preference toward slightly positive values, My cr
=2 4+ 2 D. The best fit is obtained with the charge separation
time 7cs = 0.6 £ 0.1 ns. The rotation time value in Table 2, 7,
= 0.45 £ 0.1 ns, was estimated from the viscosity and the
hydrodynamic volume scaling using that of 1-PTZ in toluene.

It is surprising at first that, despite a small difference between
the dielectric constants of THF and CH,Cl,, and very similar
charge separation and charge recombination times for 1-PTZ
in these solvents, the dipole moments of the CS states in 1-PTZ
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TABLE 3: Dipole Moments M; (including solvent
contribution, M;) Calculated for Different States and
Hydrodynamic Volumes of 1-PTZ in Different Solvents

M, (E) Myier (D) Mcs (E)

(uy = (Umrer = (ucs = R 7, v,
solvent  13.2 D)* 2.5 D) 509D & (A} mPassc A¥

CH,Cl, 10.3 22 415 89 23 0.41 4000
THF 10.4 22 41.9 76 25 0.46 4300
toluene 11.4 2.3 45.4 24 28 0.56 4800

“The gas-phase dipole moments correspond to charges located as
shown in Scheme 2. ? Effective solvent radii used for calculating
solvent volume in formula. © Solvent viscosity at 25 °C from ref30
4 Hydrodynamic volume calculated as a solvent inaccessible
volume.?

Photoresponse (mV)

Photoresponse (mV)

0 5 10 15 20
Time (ns)
Figure 5. Photoresponses of 2-PTZ in THF at room temperature
excited at 450 nm with the light polarization parallel (left) and
perpendicular (right) to the applied electric field of 700 V across a
0.32 mm gap. The dotted lines are the experimental photoresponses
(scaled to 10 uJ of absorbed energy), and the red dashed line is the
laser pulse time profile. The solid lines are the simulated data fittings
with M, = 15 D, Mg = 42 D, and the lifetime is 7cg = 2.7 = 0.1 ns.
See text for details.

are so dissimilar (Mcs = 21 and 44 D, respectively). The
anticipated u'cs value can be determined by adding a separate
pair of charges to make bpy~ and PTZ™, respectively, as shown
in Scheme 2. With this charge arrangement, the gas phase value
CS dipole moment is estimated to be ucs ~ 51 D, which reduces
to Mcs ~ 45 D in toluene and Mcg ~ 42 D in THF and CH,Cl,.
The slightly larger experimentally measured value in CH,Cl,
can be attributed to a solvent-induced electric polarization caused
by increasing reaction field and some conformational changes
in the molecule, i.e., nuclear polarization. As pointed out above,
limitations of the semicontinuum approximation in calculating
the solvent contribution, m,, might also be significant.

Nevertheless, the much smaller apparent value of Mcg for
1-PTZ in THF suggests that, in this environment, the CS and
SMLCT states are equilibrated, a condition achievable if (in
THF) the states are nearly isoenergetic. Thus, the apparent value
would correspond to a population-weighted average of dipole
moments for the CS and MLCT; see below.

With the equilibration interpretation in mind, another triad,
2-PTZ, featuring a more electronegative bpy moiety and thus
a more stable CS state, was examined; see Figure 5. Our
expectation was that apparent value of Mcs would be dominated
by contributions from the CS state. Experiments revealed that
this is indeed the case. The dipole moment of the CS state for
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Figure 6. The transient absorption spectra for 1-PTZ (a) and 2-PTZ
(b) in THF at room temperature upon excitation by the second harmonic
of a Ti:Sapphire laser (415 nm). The time slices are listed in the spectra.
The inset in part a shows the kinetic traces at 660 nm (*MLCT
absorption) and at 511 nm (PTZ radical cation), which were both fitted
with the same 7cs = 0.6 £ 0.1 ns and 7cg = 8 & | ns. The inset in part
b shows the kinetic traces at 650 nm (*MLCT absorption) and at 518
nm (PTZ radical cation).

2-PTZ in THF is Mcs = 42 4+ 3 D, close to that of 1-PTZ in
CH,Cl,, and the lifetime is Tcg = 2.7 &£ 0.1 ns. The rotational
time was scaled as 0.5 ns. Analyses of the transient absorption
data for 1-PTZ and 2-PTZ in THF complement the dipole signal
interpretation. Figure 6 shows their spectra at different time
delays. A strong initial absorption feature at 660 nm for both
molecules is due to the MLCT state.”® Absorption of PTZ"
cation radical at 511 nm appears upon formation of the CS state.
For 2-PTZ the cation absorption grows in rapidly and con-
comitantly with decay of the *"MLCT state. Indeed, the two time
constants are identical, 7cs = 80 = 20 ps, and thus describe the
charge separation time. Recombination to the ground state,
monitored by disappearance of absorption at 511 nm, proceeds
with Tcg = 2.7 £ 0.1 ns, in agreement with the transient dipole
measurements. Again, the situation with 1-PTZ is more
interesting. Even though the formation of PTZ* cation monitored
at 511 nm appears within 0.6 ns (the same as in dipole signal
formation), its intensity never grows to the full extent observed
for 2-PTZ. Both peaks, PTZ" at 511 nm and *MLCT at 660
nm, disappear with the same time constant of charge recombi-
nation, Tcg = 8.0 &= 1.0 ns, which also agrees with the observed
lifetime of CS state measured by PTDC.

The agreement between transient absorption and PTDC
experiments in interpreting equilibrium between CS and *MLCT
allows a deeper conclusion to be drawn. The dipole moment in
THF can be treated as an average, (Mcs), between the dipole
moments of the CS state, Mcs, and that of My cr. The value
of Mcs can be taken as that in CH,Cl,, where equilibrium is
strongly biased toward the CS state. Since the charge separation
time is longer than the rotation time, one can estimate:
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Mcg) ~ nesMes + nyperMyer
= (kesMes + k_csMypep)/(k_cs + keg)  (14)

where kcs and k.cs are the rates of charge separation and back
recombination to the *MLCT state, respectively. Since (Mcs)
/Mcs ~ 0.5, the concentration of the MLCT to CS states are
approximately equal and kcs ~ k.cs.

Conclusions

Charge distribution and its evolution following photoexcita-
tion in platinum(Il) diimine triads have been characterized by
the photoinduced transient displacement current technique. The
ground-state dipole moment in 1 agrees well with a sim-
ple model where the charge of Pt(II) ion is compensated by the
negative charges located on the neighboring carbons of the
acetylides; the dipole moment slightly increases with solvent
polarity, suggesting that the molecule is moderately polarizable
in the ground state. The 3MLCT excited state has a very small
dipole moment. The dipole moments for the ground, *MLCT,
and CS states in 1-PTZ are in good agreement with elementary
descriptions of charge distributions within these states as shown
in Scheme 2. Population of the charge-separated (CS) state does
not proceed in toluene but does occur in THF and CH,Cl,. The
unusual PTDC photoresponse of 1-PTZ in THF illustrates, to
our knowledge, the only organometallic example of a charge-
separated state in detectable equilibrium with an MLCT state.
Consistent with the equilibration notion, the dynamics of charge
transfer to and from PTZ are characterized by approximately
equal time constant: each is ca. 0.6 ns. Charge transfer to PTZ
in CH,Cl, proceeds faster than in THF, while the back reaction
is slowed, leaving the equilibrium heavily biased toward the
CS state. The finding is supported by transient absorption
studies.
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