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Solvent-induced excited-state configuration mixing in a Pt(II) diimine chromophore with

phenylene ethynylene containing acetylide ligands, [Pt(tBu2bpy)(PE3)2] (1), was characterized

by nanosecond transient absorption spectroscopy and transient dc photoconductivity (TDCP).

The mixing is a result of closely spaced triplet charge transfer (3CT) and intraligand-localized

(3IL) triplet energy levels that are finely tuned with solvent polarity as ascertained by their parent

model chromophores [Pt(tBu2bpy)(PE1)2] (2) and [Pt(P2)(PE3)2] (3), respectively. The absorption

difference spectrum of the mixed triplet state is dramatically different from those of the 3CT and
3IL state model chromophores. The 3CT, 3IL and configuration-mixed triplet states led to distinct

TDCP signals. The TDCP response is of negative polarity for 3CT excited states but of positive

polarity for 3IL excited states. TDCP transients for 1 in mixed solvents are a combination of

signals from the 3IL and 3CT states, with the signal magnitude depending on the polarity of

solvent composition. The fraction of 3CT state character in the configurationally mixed excited

state was quantified by TDCP to be B0.24 in pure benzene, while it decreased to B0.05 in

20 : 80 (v : v) benzene–CH2Cl2. The charge transfer fraction appears to increase slightly to

B0.11 in the lower polarity 20 : 80 n-hexane–CH2Cl2 medium. TDCP is shown to be a useful

tool for the identification of the lowest excited state in electrically neutral metal–organic

chromophores.

Introduction

For more than a decade, fundamental and applied research

has continued to expand and exploit the photochemistry and

photophysics of platinum(II) polyimine acetylide complexes

for a variety of applications such as optical power limiting,

electroluminescence, singlet oxygen sensitization, cation

sensing, vapochromism, and luminescent probes.1,2 This

battery of applications is a result of the rich photochemistry

and photophysics presented by this molecular motif. Indeed,

we have also demonstrated the ability to access long-lived

excited states of pendant organic chromophores through use

of this platform.3 Of particular interest are compounds with

energetically proximate triplet excited states poised for

configuration mixing and state reordering. This motivation

stems from the fact that molecules with closely spaced triplet

charge transfer (3CT) and ligand-localized triplet (3IL) energy

levels can be profoundly affected in terms of excited state

decay relative to their parent model structures.2c,3a,4,5 While

there has been progress attempting to establish 3CT–3IL

configuration mixing and state inversion for select molecules

at room temperature,2b,5b no clear-cut examples of triplet state

crossover had been observed until the Pt(II) CT chromophore

[Pt(tBu2bpy)(PE3)2] (1) was reported by our group last year.3a

Compound 1 emerged as a result of rational structural design

wherein recent synthetic advances coupled with explorations

of molecular wire behavior in donor–bridge–acceptor com-

pounds provided the necessary science related to conjugated

bridge molecules that vary systematically in both singlet and

triplet energy.6 Consistent with the fact that Pt(II) diimine

chromophores have solvent controllable CT energy levels,2a,2b,5a

the appropriate combination of chromophores indeed led to

the observation of solvent-induced triplet state inversion at

room temperature in 1 as evidenced by static and dynamic

photoluminescence in addition to preliminary nanosecond

transient absorption studies.3a Most importantly, our initial

study included optical characterization of model chromo-

phores [Pt(tBu2bpy)(PE1)2] (2) and [Pt(P2)(PE3)2] (3) which

successfully mimic the 3CT and 3IL states in 1, respectively

(Chart 1).

In general, electrically neutral Pt(N4N)(CRCR)2
structures possess low energy absorption bands displaying

strong negative solvatochromic behavior, a direct consequence

of their polar ground states. The vectorial direction of this

dipole can be considered in direct collinear opposition to the

optical transition which produces the CT excited state,

ultimately leading to an excited-state dipole moment close to
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or equal to zero. Experimentally, the change in dipole moment

resulting from photoexcitation of these structures can be

directly interrogated using transient dc photoconductivity

(TDCP).7 In addition, this technique can also be used in select

chromophores to gauge molecular polarizability changes

between the ground and excited states.8 As TDCP is amenable

to neutral chromophores dissolved in relatively non-polar

solvents, it is particularly well suited for studying the

solvent-induced triplet state inversion in 1 which takes place

across different mole fractions of dichloromethane in hexanes.3a

Given that the nature of the 3CT and 3IL excited states is so

markedly distinct, one would anticipate quite different TDCP

signals emanating from samples of 1 monitored as a function

of solvent composition, similar to that observed in transient

absorption difference spectra as described below. In this study,

we used TDCP to successfully distinguish the 3CT and 3IL

excited states in all three chromophores; the TDCP signals are

negative in the case of 3CT excited states and positive when 3IL

states are produced. Since chromophores 2 and 3 adequately

model the 3CT and 3IL states in 1, the TDCP signals of both

excited state extremes were investigated in addition to the

intermediate, configuration-mixed situations encountered in

mixed solvent compositions in which 1 is dissolved.

Theory

The TDCP technique has been introduced previously.7,9 Here,

we briefly summarize the necessary points that assist in under-

standing data interpretation. TDCP measures changes in

solution electric polarization, DP, upon photoexcitation of a

solute. These changes give rise to transient charge displacements

that, in the presence of an externally applied electric field (E), can

be detected capacitively with cell-defining conductive plates, see

Scheme 1. The measured changes in polarization reflect differences

in solute excited-state versus ground-state dipole moment—

both the permanent dipole moment, Dm (= mES � mGS), and

the field-induced dipole moment, Dm*, which is the product of

E and the change in molecular polarizability, Da (or more

precisely, the excess polarizability volume,10 DaV). Assuming

(for simplicity) that there is only one excited species, and that

the solute does not strongly couple to the solvent,9b the change

in solute electric polarization depends on the time-varying

excited-state concentration, ne(t), as follows:

DPsolutionðtÞ ¼ DPsoluteðtÞ ¼ neðtÞEðDaþ
Dðm2Þ
3kBT

Þ ð1Þ

where kB is the Boltzmann constant, Da = aES � aGS and

D(m2) = m2ES � m2GS.

The analysis of TDCP data has been developed mainly for

the case where signals arise from changes in permanent dipole

moments.7,9b,11 We have recently adapted it to the interesting

alternative case where signals arise in addition or instead

from changes in polarizability, i.e. induced dipole effects. The

transient voltage, v(t), which is measured across the load

resistor R in the circuit described in Scheme 1, results from the

displacement current (where Q is charge), i.e. v(t) = R � dQ/dt.

The equation for time variation in the system is as follows:

vðtÞ þ tRC
dvðtÞ
dt
¼ RS

dP

dt
ð2Þ

where P is the polarization of solute, which is proportional to

the excited-state population ne, tRC is the RC time constant,

and S is the surface area of the parallel measuring plates in the

capacitance cell. Our analysis will consider only two states, i.e.

the ground and lowest excited states.

For case 1, where the polarizability change (Da) is negligible
compared to D(m2):

vðtÞ þ tRC
dvðtÞ
dt
¼ RSE

ðm2ES � m2GSÞ
3kBT

dne

dt
ð3Þ

For case 2, the polarizability change (Da) is measurable while

D(m2) = 0:8

vðtÞ þ tRC
dvðtÞ
dt

¼ HDa
e
�t
teff

� �

teff
� e

�t
tes

� �

tes

2
664

3
775 ð4Þ

In eqn (4), H is a constant experimental factor detailing the

contributions of solvent and E, teff
�1 equals tes

�1 + tr
�1

where tes and tr are the triplet lifetime and rotational diffusion

time constant for the molecule being studied, respectively.

Experimental

The synthesis and luminescence characterization of molecules

1, 2, and 3 have been published elsewhere.3a All photophysical

Chart 1 Molecular structures of [Pt(tBu2bpy)(PE3)2] (1), [Pt(
tBu2bpy)-

(PE1)2] (2) and [Pt(P2)(PE3)2] (3). Scheme 1 An illustration of the TDCP experiment. (a) Randomly

oriented molecules in the absence of a field, (b) preferential orientation

of molecular dipoles by an external electric field, (c) photoinduced

charge separation (time = tcs) and further preferential molecular

orientation (rotation; timescale tr). (c) Returns to (b) after decay of

the excited states (time = tES).
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measurements were performed at ambient temperature in

thoroughly deoxygenated spectroscopic grade solvents.

Nanosecond transient absorption spectrometry

Nanosecond transient absorption spectra were collected on a

Proteus spectrometer (Ultrafast Systems) equipped with a

150 W Xe arc lamp (Newport), a Chromex monochromator

(Bruker Optics) equipped with two diffraction gratings blazed

for visible and near-IR dispersion, respectively, and Si or

InGaAs photodiode detectors (DET 10A and DET 10C,

Thorlabs) optically coupled to the exit slit of the mono-

chromator. The dispersion constant for both gratings is

5 nm mm�1. Excitation at 355 or 475 nm with a power of

2.0–2.5 mJ per pulse from a computer-controlled Nd:YAG

laser/OPO system from Opotek (Vibrant LD 355 II) operating

at 10 Hz was directed to the sample with an optical absorbance

of 0.4 at the excitation wavelength. The data consisting of a

128-shot average were analyzed by Origin 8.0 software and

difference spectra at select delay times are presented.

Transient dc photoconductivity

All TDCP measurements were performed with instrumentation

described previously.8,12 Briefly, a 1000 V potential was

applied across a 0.30 mm gap between two electrodes. The

samples were excited at 355 nm with the third harmonic of a

Quantel Brilliant Nd:YAG laser (10 Hz). The 355 nm laser

beam was expanded so that only the center part of the beam

was sent through a 0.25 mm � 10 mm slit. The pulse width was

measured to be B5 ns at half maximum with a 25 G Hz Si

photodiode (ET-2000 from Electro-optics technology, Inc.).

Typical absorbed laser energies were ca. 3–10 mJ per pulse.

Solution optical densities were between 0.4 and 1.2 at 355 nm.

Solutions were deoxygenated before excitation. Reported

values are averages from 2 to 4 repeated data sets. A typical

data set comprised 10 to 20 measurements, each with an

average of 256 shots. The RC time constant used was 1.0 ns

via fits of experimental TDCPmeasurements of 4-dimethylamino-

4-nitrostilbene (DMANS) in toluene as a standard, according

to previously published work.7a Analysis of the TDCP signal

was aided by a fitting program kindly provided by Prof. Sergei

Smirnov from NMSU. tr of the studied molecules was found

to be 0.3 � 0.1 ns.

Results and discussion

Transient absorption of excited states with mixed configurations

The emission corrected nanosecond transient absorption (TA)

difference spectra of all three chromophores at select delay

times are presented in Fig. 1. The difference spectrum of 3

(Fig. 1A), which serves as the 3IL model chromophore, is

characterized by ground-state bleaching near 350 nm and an

intense excited-state absorption between 600 and 610 nm.

Importantly, the difference spectrum is not significantly

affected by solvent polarity as demonstrated by the overlaid

spectra measured in neat dichloromethane and benzene

solutions. This is consistent with our previous study where

this chromophore exhibits a lowest 3IL excited state.3a

In contrast, the difference spectrum of 2 (Fig. 1C) which serves

as our 3CT model chromophore is significantly affected by

solvent polarity. Here, the ground-state bleach, which is

overlapped with the excited-state absorptions, red-shifts from

415 to 430 nm with decreasing solvent polarity (CH2Cl2 to

benzene solution). However, the excited-state absorption

centered at B645 nm in CH2Cl2 actually blue-shifts

to B625 nm in benzene. Assuming that the CT transitions

in both instances terminate on a similar electronic state, the

observed energy difference is consistent with a net decrease of

the 3CT excited-state energy in the lower polarity solvent.

In an effort to understand further the solvent dependence

of the lowest energy excited state of 1, we plotted the

excited-state absorption difference spectrum in three disparate

solvents (Fig. 1B). The spectrum in dichloromethane agrees

remarkably well with that of 3 in dichloromethane. The

spectrum is characterized by ground-state bleaching near

350 nm and intense excited-state absorption centered near

600 nm. Consequently, the excited state is assigned as 3IL in

dichloromethane, in agreement with our previous studies of

steady-state emission and excited-state lifetimes.3a

Upon decreasing the solvent polarity (from CH2Cl2 to

benzene), the intense excited-state absorption red-shifts in

energy from 600 to 630 nm. Note that if the nature of the

excited state had remained 3IL, no significant shift in energy

would have been observed (see Fig. 1A). The excited-state

absorption maximum does not correlate to the 3CT excited-

state absorption observed in benzene (see Fig. 1C), nor

does the difference spectrum resemble a linear combination

of 3IL and 3CT spectra. (A linear combination would be

expected for two chromophores exhibiting an excited-state

equilibrium.) Hence, the most reasonable assignment of the

difference spectra in chromophore 1 is a configurationally

mixed triplet excited state in agreement with our previous

observations.

Fig. 1 Transient absorption difference spectra (�10 nm) of

Pt(P2)(PE3)2 measured at 1 ms (A), Pt(tBu2bpy)(PE3)2 at 1 ms (B),

and [Pt(tBu2bpy)(PE1)2] at 0.1 ms (C) after a B7 ns laser pulse. The

solvent compositions are indicated in each panel. In panel B, the

difference spectra have been normalized for comparison. The differ-

ence spectra in panels A and B were collected following 355 nm (2.5 mJ

per pulse) excitation whereas the difference spectra in panel C were

collected after 475 nm (2.0 mJ per pulse) excitation.
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Distinct TDCP signals for the 3CT and 3IL states

TDCP measurements provide insights into the nature of the

excited states, which, for 3 and 2, are independent of solvent

polarity. Fig. 2 shows TDCP signals for these two in benzene.

From eqn (3) and (4), the shapes of the signals (amplitude vs.

time) should closely approximate plots of the rate of change of

the excited-state population (dne/dt) versus time. For an

excited state that is long-lived (41 ms) relative to the 5 ns

laser pulse (thin solid line in Fig. 1A), the signal’s time profile

resembles the Gaussian shape of the pulse. Upon excitation,

the lowest excited states are long-lived 3IL (65 ms) and 3CT

(1.1 ms) states for 3 and 2, respectively,3a and thus give rise to

the Gaussian profiles. On the basis of the molecular geometry

obtained by X-ray diffraction,13 and by placing a 2+ formal

charge on Pt and a 1� formal charge on each of the two

acetylide carbons that are bonded to Pt, both chromophores

possess sizable dipole moments in the ground state.14

Accepting the formal charges at face value, we obtain a rough

estimate of 10 D for the ground-state dipole moment.

Due to the p–p* nature of the lowest energy electronic

transition, the dipole moment of 3 is not anticipated to change

markedly upon excitation. However, by analogy to what we

have observed for triplet states of porphyrin oligomers, the

polarizability of 3 may be expected to increase upon population

of the 3IL excited state.8 Under these circumstances, eqn (4)

predicts a positive TDCP signal for 3—which is indeed

observed experimentally (Fig. 2a). TDCP analysis gives an

excess polarizability volume (DaV) of 280 � 40 Å3 for the
3IL state.

Consistent with the observed negative solvatochromism, the

dipole moment of 2 should diminish upon MLCT excitation.

Under these circumstances, eqn (3) predicts that the TDCP

signal for 2 will be negative14—and this is indeed borne out

experimentally (Fig. 2b). Quantifying the results, we find that

if mGS is 10 D, as suggested above, then mES is B0 D.

Solvent-dependent TDCP signals for 1 with mixed

configurations

TDCP signals for 1 in mixed solvents are considered a

combination of responses from the 3IL and 3CT states.

Fig. 3a presents the transients obtained for 1 measured in

benzene mixed with CH2Cl2. The signal amplitudes are

normalized relative to absorbed laser energy to compare equal

numbers of excited molecules. The TDCP response for 1 in

100% of CH2Cl2 is nearly identical to that of 3 in CH2Cl2,

implying similar 3IL excited states for 1 and 3 in CH2Cl2.
3a

The volume percentage of CH2Cl2 was gradually decreased

from 100% to 0% to tune the solvent polarity from

systematically higher to lower. Across this series, the TDCP

signal decreases with decreasing solvent polarity, from a large

positive transient in 100% of CH2Cl2 to a slightly negative

response in 0% CH2Cl2 (i.e. in pure benzene), consistent with

the fact that the ‘‘pure’’ 3IL character gradually changes to a

mixed configuration with some 3CT character. However, the

polarity of benzene is not sufficiently apolar to shift the mixed

configuration into one of ‘‘pure’’ 3CT character.

The TDCP signal is expected to decrease more dramatically

when benzene is replaced in the composition by n-hexane, a

more non-polar solvent. This notion is indeed confirmed in

Fig. 3b. The figure shows TDCP signals for 1 in n-hexane–

CH2Cl2 mixtures (v : v) ranging from 60 : 40 to 0 : 100.

Relative to CH2Cl2 in benzene, the transient amplitudes are

markedly smaller for the same percentages of CH2Cl2 in

n-hexane. Unfortunately, the solubility of 1 in n-hexane mixed

with o40% of CH2Cl2 is insufficient for TDCP measurements.

Nevertheless, extrapolation of the available experimental

evidence leads to the expectation that the TDCP signal

for o40% of CH2Cl2 would be negative in sign if it were

measurable.

Fig. 2 TDCP signals for (a) 3 and (b) 2 in benzene as a result of

excess polarizability change of 3 in the 3IL state and of a reduced

dipole of 2 in the 3CT state, respectively.

Fig. 3 TDCP signals for 1 in mixed solvents of CH2Cl2 and

(a) benzene and (b) n-hexane with percentages of CH2Cl2 ranging

from 0% to 100%. The signal in (b) for pure 3CT is for 2 in CH2Cl2.
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By considering the limiting cases illustrated by compounds 2

and 3, i.e. pure 3CT and pure 3IL excited states, we can use

TDCP to quantify the extent of excited-state mixing occurring

in 1 as a function of solvent composition. The quantification is

approximate and includes the assumption that the amount

(fraction, x) of 3CT character is directly proportional to the

amount of charge transferred. Similarly, we assume that the

amount (fraction, (1� x)) of 3IL character is directly proportional

to the extent of increase in molecular polarizability. Given

these assumptions, the x-dependent TDCP signal will scale as:15

Signal (x) p {[(1 � x) � mGS]
2 � m2GS}

+ (1 � x) � C � DaV (5)

where C = 0.125. C is the factor for converting polarizability

volume (unit Å3) into the dipole moment squared (unit D2).

For better quantification, and to avoid any solvent effects

contributing to values of mGS and DaV, all the quantities in

eqn (5) were measured in the same mixed solvent.

The fraction of 3CT character present in photoexcited 1, as

estimated and described above, is summarized in Table 1.

Note that the contribution is only 0.24 in pure benzene and

that it decreases with increasing mole fraction of CH2Cl2. This

low 3CT state contribution can be rationalized qualitatively by

considering the relative energy levels of the pure 3CT and 3IL

states measured in different solvents (Fig. 4). The 3IL state is

invariant to solvent composition whereas the 3CT state lies

0.08 eV above the 3IL state in benzene. Thus it is energetically

more favorable for the 3IL state to contribute in the

configuration-mixed excited state. The 3CT state lies only

0.03 eV below the 3IL state in n-hexane, much less than the

0.16 eV gap between the 3IL and 3CT states in CH2Cl2;

therefore, less than 0.5 3CT state character is expected

in440%CH2Cl2. Greater 3CT character in n-hexane+CH2Cl2
relative to benzene + CH2Cl2, for a given percentage of

CH2Cl2, is also consistent with expectation from the relative

energy levels presented in Fig. 4.

Conclusions

The excited state of [Pt(tBu2bpy)(PE3)2] (1) in mixed solvents

with intermediate polarity was identified by transient absorption

spectroscopy to be a configurationally mixed triplet state

composed of 3CT and 3IL states. The transient absorption

difference spectrum of the mixed triplet state is dramatically

different from that of either the 3CT-state model chromophore

[Pt(tBu2bpy)(PE1)2] (2) or the 3IL-state model chromophore

[Pt(P2)(PE3)2] (3). The
3CT, 3IL and mixed triplet states were

distinguished successfully by TDCP. The TDCP transients

were negative in the case of 3CT excited state in 2 and positive

when the 3IL state in 3 was produced. TDCP signals for 1 in

mixed solvents are intermediate between those for the pure 3IL

and 3CT states, with the magnitude dependent upon the

polarity of the solvent. The fraction of 3CT character in the

configuration-mixed excited state was estimated by TDCP to

be 0.24 in pure benzene, while it decreased to 0.05 in 20 : 80

benzene–CH2Cl2. The fraction increased to 0.11 in 20 : 80

n-hexane–CH2Cl2, reflecting the lower polarity of this solvent

mixture.
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