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ABSTRACT: The dynamics of negative polaron and triplet o] 0 PBu3 Q Q
exciton transport V\nth.m a series of monodlsperse platmun.l (Pt) CaHir-N NO—%&%@—N N-CgHyr
acetylide oligomers is reported. The oligomers consist of FI-'Bua n
Pt—acetylide repeats, [PtL,—C=C—Ph—C=C-—], (where o ° o o

L = PBu; and Ph = 1,4-phenylene, n = 2, 3, 6, and 10), capped Khop '

with naphthalene diimide (NDI) end groups. The Pt—acetylide

segments are electro- and photoactive, and they serve as

conduits for transport of electrons (negative polaron) and

triplet excitons. The NDI end groups are relatively strong

acceptors, serving as traps for the carriers. Negative polaron transport is studied by using pulse radiolysis/transient absorption at
the Brookhaven National Laboratory Laser-Electron Accelerator Facility (LEAF). Electrons are rapidly attached to the oligomers,
with some fraction initially residing upon the Pt—acetylide chains. The dynamics of transport are resolved by monitoring the spectral
changes associated with transfer of electrons from the chain to the NDI end group. Triplet exciton transport is studied by
femtosecond—picosecond transient absorption spectroscopy. Near-UV excitation leads to rapid production of triplet excitons
localized on the Pt—acetylide chains. The excitons transport to the chain ends, where they are annihilated by charge separation with
the NDI end group. The dynamics of triplet transport are resolved by transient absorption spectroscopy, taking advantage of the
changes in spectra associated with decay of the triplet exciton and rise of the charge-separated state. The results indicate that negative
polarons and excitons are transported rapidly, on average moving distances of ~3 nm in less than 200 ps. Analysis of the dynamics
suggests diffusive transport by a site-to-site hopping mechanism with hopping times of ~27 ps for triplets and <10 ps for electrons.

B INTRODUCTION measure the dynamics of photoinduced energy or electron
transfer from a donor to an acceptor across an intervening
spacer.'” During the past decade studies have reported exciton
and charge transport over very long distances (50—100 nm) in
polydisperse 7T-conjugated polymers that are functionalized with
molecular units that serve as traps for the carriers (e.g., low-redox
potential electron acceptors serve as traps for electrons).””*"
Notable studies have applied ultrafast time-scale pump—probe
spectroscopy or pulse radiolysis to study singlet exciton and
electron transport within long molecular wires consisting of
7T-conjugated polymer backbones.”! ~2® These studies conclude
that transport is rapid, yet it is dominated by incoherent hopping
of the carriers between segments defined by structural disorder in
the sr-conjugated system.

“molecular wires”,"" ™ and it is hoped that single molecular While considerable work has been carried out to examine

chains could ultimately be used as interconnects or active transport in con)ugated.organ.lc systems, comp arat%vely less is
. . . 1516 known about transport in conjugated systems that incorporate
elements in molecular electronic devices.

. o . . transition metals. The research community is showing increasing
Studies of transport within or across single molecular wires
(spacers) have primaril_}r focused on transport across JT-conju-
1 —

gated organic systems."’~'” One approach to this problem is to Received: ~ March 30, 2011
apply fast time-resolved spectroscopy and/or pulse radiolysis to Published: June 06, 2011

Electron and energy transfer are two of the most significant
and fundamental processes in chemistry and biology. For exam-
ple, the primary events of light harvesting, energy transport, and
electron transfer that occur in the photosynthetic apparatus rely
on rapid and efficient energy and electron transfer over signifi-
cant distances.' > The ongoing technology research/develop-
ment effort in the area of organic electronic devices is in part
focused on discovering ways to enhance exciton and charge
transport over long distances in organic semiconducting materi-
als. One approach to this problem has been to examine the
factors that control transport within or across saturated
(insulating) or sr-conjugated (conducting or semiconducting)

. 4-10
single molecules. These constructs have been referred to as
»11—1
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Figure 1. Structural formulas for compounds investigated.

interest in these materials because transition-metal-containing
molecules and polymers are essential components in high-
efficiency organic light-emitting diodes (LEDs).>”*® In addition,
metal-containing materials are §aining interest for application in
bulk heterojunction solar cells.””*°

Platinum (Pt) acetylide oligomers and polymers, [PtL,—C=-
C—Ar—C=C-], (where L = a phosphine ligand and Ar = a
7-conjugated arylene unit), are a versatile platform for funda-
mental studies directed at understanding the effect of heavy metal
centers on exciton structure and charge transport in s7-conju-
gated systems.>’ ~*' In particular, Pt—acetylides are of interest
due to their excited state properties which are dominated by
long-lived triplet excitons as well as their ;otential optoelectronic
applications including polymer LEDs,** bulk heterojunction
solar cells,””*>** and nonlinear optical materials.**~*” In the past
several years we have explored the optoelectronic properties of
platinum Pt—acetylide oligomers and polymers in an effort to
define the structure and dynamics of triplet excitons and charge
carriers (negative and positive golarons) in organometallic
T-conjugated electronic systems.*® >*** Results of steady-state
and time-resolved spectroscopy and pulse-radiolysis studies
indicate that the triplet exciton and negative and positive polaron
states in Pt—acetylides are spatially confined to a chromophore
segment consisting of one to two repeat units.*>** Experimental
results and quantum calculations also imply that exciton and
charge state delocalization in Pt—acetylides is influenced by the
relative conformation of the arylene rings and the square planar
PtL,C, units within the backbone.>*** Evidence of exciton and
polaron diffusion in Pt—acetylide oligomers and polymers has
also been reported,*”*® which brings up questions regarding the
mechanism and dynamics of carrier transport in these organo-
metallic conjugated materials.>"

In the present investigation we expanded on our previous
work on Pt—acetylides in an effort to provide definitive results
regarding the dynamics of triplet exciton and negative polaron
(electron) transport along single “molecular wires” consisting of
long monodisperse Pt—acetylide oligomers. As reported re-
cently, we synthesized a series of monodisperse oligomers
(Pt,NDIL,, where n = 2, 3, 6, and 10 shown in Figure 1) end
capped with naphthalene diimide (NDI) units that serve as traps
for triplet excitons (via charge separation) and negative polarons
(by charge shift from the chain to the end group).”> Here, we
report the results of fast time-scale pump—probe spectroscopy
and pulse radiolysis experiments on the dynamics of triplet
exciton and negative polaron transport along the chains. This
work shows that triplet excitons and negative polarons, initially
localized on the Pt—acetylide chain, rapidly transport to the

chain ends and become trapped by charge separation or charge
shift to NDI. The transport rate varies with the length of the
Pt—acetylide chain. Analysis of the results suggests that transport
occurs via an incoherent hopping mechanism, with triplet
excitons moving more slowly (~27 ps per hop) compared to
electrons (<10 ps per hop). Transport may be limited in part by
electronic coupling terms between adjacent sites on the chain,
with the coupling strength larger for electrons compared to
triplet excitons. It is also possible that conformational dynamics
involving rotation of the arylene units within the conjugated
backbone may play a role in determining the hopping dynamics.

Bl MATERIALS AND METHODS

Materials. The synthesis and structural characterization of all
molecules used in this study have been previously reported.*®*>
Reagents and solvents were obtained from commercial sources
and used as received unless otherwise noted. Tetrahydrofuran
was dried by distillation from Na/benzophenone.

Electrochemical and Photophysical Methods. Steady-state
absorption spectra were recorded on a Varian Cary 100 dual-
beam spectrophotometer. Corrected steady-state emission mea-
surements were conducted on a SPEX F-112 fluorescence
spectrometer. Samples were degassed by argon purging for 30
min, and concentrations were adjusted to produce “optically
dilute” solutions (i.e., Ay < 0.20). Photoluminescence quantum
yields were determined according to the “optically dilute”
method described by Demas and Crosby.>> Low-temperature
luminescence measurements were made by cooling the samples
in a LN2-cooled Oxford Instruments Optistat DN-1704 optical
cryostat connected to an Omega CYC3200 temperature con-
troller, and emission measurements were conducted on a PTI
fluorescence spectrometer. Samples were degassed by four
repeated cycles of freeze—pump—thaw on a high-vacuum line.

Cyclic voltammetry (CV) experiments were performed in a
dry methylene chloride (CH,Cl,) solution containing 0.1 M
tetra-n-butylammonium hexafluorophosphate (TBAH). The
three-electrode setup consisted of a platinum microdisk (2 mm?)
working electrode, a platinum wire auxiliary electrode, and a
silver wire reference electrode. Solutions were degassed with
argon flow prior to measurements, and positive argon pressure
was maintained during the measurements. The concentration of
oligomers in the solutions was 1 mM. A 100 mV/s scan rate was
used. All potentials were calibrated by using a ferrocene internal
standard (E(Fc/Fc") = 0.43 V vs SCE in CH,Cl, ), and potentials
are reported vs SCE.

Pulse Radiolysis Experiments. This work was carried out at
the Brookhaven National Laboratory Laser-Electron Accelerator
Facility (LEAF). The LEAF facility and the methods used are
described elsewhere,**>° as are application to conjugated
polymers.***”® Briefly, the electron pulse (<50 ps duration)
was focused into a quartz cell with an optical path length of 20 or
S mm containing tetrahydrofuran (THF) solutions under argon.
The monitoring light source was a pulsed xenon arc lamp.
Wavelengths were selected by using either 40 or 10 nm bandpass
interference filters. Transient absorption signals were detected
with either silicon or InGaAs photodiodes (EG&G FND-100Q,
A =< 1000 nm, and GPD Optoelectronics GAP-500 L, 1 >
1100 nm, respectively) or a biplanar phototube (Hamamatsu
R1328U-03, A < 650 nm) and digitized with a LeCroy 8620A-
oscilloscope. While most measurements have 2—4 ns time
resolution, a 125 ps system rise time was attained in the visible
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Table 1. Reaction Scheme for Pulse Radiolysis

reaction

RH—RH™ +e"

e e,

RH™ + RH—R" + RH,"

e.” + Pt,NDIL, — Pt," NDI,

e.” + Pt,NDI, — Pt,NDL"~

Pt,” NDIL, + RH,", R" — products
e, + RH,", R" — products
Pt,""NDI, — Pt,NDL""

process entry no.

solvent ionization i

thermalization, solvation ii
proton transfer iii
e attachment to Pt, chain a
e attachment to NDI end group b

c

d
intramolecular electron transfer e

using the biplanar phototube along with short path-length cells.
An alternative mode used ~7 ps electron pulses and an optical
fiber single-shot (OFSS) detection system (see below). Molar
extinction coefficients of the radical anions were calculated using
G(e-THF) = 0.60 in THF,*”° where G is the radiation chemical
yield. To account for capture of geminate electrons, many of
which decay in times near 1 ns, the yield of anions of a solute took
into account the competition between production of anions by
electron capture and electron decay using the time-dependent
yield of electrons reported by De Waele®®®" and similar data
obtained in this work. Absorbance of the anion of the solute was
measured just after electron capture was complete. The extinc-
tion coefficients obtained were smaller than those reported
earlier for Pt,, ions.*®

Optical fiber single-shot (OFSS) pulse radiolysis obtains a 15
ps overall time resolution using single electron pulses that are
compressed to ~5 ps duration.®” Signal to noise is enhanced by
averaging data from ~25 pulses. Briefly, the system measures
transient absorption utilizing laser probe pulses with wavelengths
selected by an optical parametric amplifier. Each probe pulse
passes through an optical fiber bundle composed of ~100 fibers
having different lengths, separating the probe pulse into 100
minipulses having different time delays. The bundle is then
imaged into the region of the sample irradiated by the S ps
electron pulse and then imaged on a CCD array camera. The
CCD image is calibrated (fiber “pixel” position vs delay time),
and the transient absorption decay trace is recovered from
analysis of the calibrated images.

Charge transport to the NDI end caps was analyzed in the
reaction scheme shown in Table 1 (see Supporting Information
for more detail on the fitting procedure). Fast electrons pass
through the sample cell, creating ionization that primarily results
in reactive solvated electrons (e, ) in THF, abbreviated as RH in
the scheme (i and ii), along with solvent cations RH"" that
fragment to solvated protons in RH," and radicals R” (iii).*> The
electrons are thermalized within a few picoseconds and attach to
the oligomers in bimolecular charge transfer reactions (a and b).
Neither RH," or radicals R" react with the oligomers on the time
scales investigated, but both react with radical anions of the
oligomers in geminate and homogeneous recombination (c and
d). Finally, the reaction of interest is intramolecular electron
transfer wherein the electron localized on the chain transfers to
an NDI end group (e).

Ultrafast Transient Absorption Spectrometry. Femtose-
cond time-resolved experiments were performed using the
spectrometer available at the Ohio Laboratory for Kinetic
Spectroscopy at Bowling Green State University. The laser
system output consisted a Ti:Sapphire oscillator/regenerative
amplifier as a source of 800 nm light with fwhm of 100 fs

operating at a repetition rate of 1 kHz (Hurricane, Spectra
Physics). The 800 nm light was split into pump and probe
beams. Samples were excited using 352 nm (1 u«J/pulse) light
produced using an OPA (Spectra Physics). A white light con-
tinuum probe beam was produced using a CaF, crystal. Addi-
tional details of the experimental parameters have been cited
elsewhere.%*

Random-Walk Numerical Simulation. To simulate the one-
dimensional random-walk process numerically, a program was
written with Visual Basic in SigmaPlot. Briefly, the oligomer
chain length (defined as m, not including the trap sites on both
ends) and the desired number of program repetitions (n) are
input as simulation parameters. (In the simulations for the
Pt,NDI, series m = n +1.) The initial position of the exciton is
randomly selected along the oligomer chain by generating a
random integer representing where the exciton is initially cre-
ated, IniPos (1 < IniPos < m). If IniPos is in the middle of the
chain (1 < IniPos < m), another random number between 0 and 1
is generated. If this number is in the range between 0.5 and 1,
IniPos is incremented right (IniPos + 1). Otherwise, it is
incremented left (IniPos — 1). In either case, the counter for
the number of random-walk steps taken (Steps) is increased by
1 (Steps + 1). When IniPos reaches a chain end (IniPos = 1 or
IniPos = m), the random-walk stops and the counter for the
number of steps taken (Steps) is recorded. The same procedure is
repeated for the desired number of repetition times (), and the
obtained number of random-walk steps (Steps) are subjected to
histogram analysis (Bin Width = S).

B RESULTS AND DISCUSSION

Oligomer Structures, Reaction Schemes, and Energetics.
The Pt,NDI, series (Figure 1) was selected for this study for
several reasons. First, it is formally s-conjugated, with the
platinum centers providing electronic communication between
adjacent phenylene—ethynylene units via dzz(Pt) /psr(C) orbital
overlap.®> Second, in previous work we developed an iterative
synthetic method involving orthogonal protecting groups allow-
ing synthesis of monodisperse Pt—acetylide oligomers in com-
paratively high yield.*® Finally, we and others have characterized
the properties of the one-electron reduced and electronic excited
states for Pt—acetylide systems in detail.*>*® This work showed
that the negative polaron and triplet exciton states of the
Pt—acetylide chain (i, [—Pt(PR;),—C=C—Ph—C=C-]"",
and *[—Pt(PR;),—C=C—Ph—C=C—]*, respectively) are
concentrated on a relatively short oligomer segment consisting
of just over a single repeat unit. Because of this localization, we
anticipated that transport along a Pt—acetylide segment will
occur by a sequence of electron or exciton “hops” between
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Figure 2. Schematic of electron (a) and exciton (b) transport in
Pt,NDI, oligomers. DI represents the naphthalene diimide end-
group trap.
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adjacent repeat units. The NDI end group was selected as a “trap”
for the negative polaron and triplet exciton states because it
undergoes one-electron reduction at a comparatively low poten-
tial and the spectral signature of the anion state, NDI' ™, is distinct
and can be distinguished by visible-region transient absorption
spectroscopy.66 Model compounds (Pt,, Pt,, and NDI—H,
Figure 1) were used to provide reference data (transient absorp-
tion spectra and kinetics) needed for analysis of the electron and
exciton transport dynamics.

Figure 2 shows schematic diagrams illustrating the general
concepts for negative polaron and triplet exciton transport in the
Pt,NDI, oligomers. Polaron transport dynamics are investigated
by using pulse radiolysis, Figure 2a. Electrons produced by pulse
radiolysis attach to the Pt,NDI, oligomers in a diffusion-con-
trolled reaction, affording negative polaron states distributed
nearly randomly along a Pt—acetylide chain (as well as on the
NDI end groups). The location of the electron (Pt—acetylide
chain vs NDI end group) is determined by using wavelength and
time-resolved transient absorption spectroscopy, taking advan-
tage of the differences in the visible absorption spectra of the
Pt—acetylide chain polaron and NDI-localized radical anion
states. The dynamics of electron transport from the Pt—acetylide
chain to an NDI end group are monitored by time-resolved
absorption at selected wavelengths.

Triplet exciton transport is studied by picosecond time-
resolved absorption spectroscopy, Figure 2b. Optical pulse
excitation produces a singlet exciton on the Pt—acetylide chain;
the singlet undergoes rapid (<S5 ps) intersystem crossing to pro-
duce a triplet exciton state.’” The triplet exciton then undergoes
transport to a chain end, where it is quenched by electron
transfer, affording a charge-separated state which subsequently
decays by charge recombination. Triplet exciton transport is
monitored by transient absorption spectroscopy, taking advan-
tage of the difference in visible absorption spectra of the triplet
exciton and charge-separated states.

Optical spectroscopy and electrochemistry provide informa-
tion regarding relative energies of the various states involved in
the processes outlined in Figure 2. In particular, the energies of
the singlet and triplet exciton states for the Pt—acetylide chain
are available from fluorescence and phosphoresence spectra. The
reduction and oxidation potentials for the NDI unit and the
Pt—aceylide chain are available from cyclic voltammetry, and the

Table 2. Table of Energetics

oligomer  Egngle /€V  Eyipler /€V Ered/V* Eoy /V°  Ecs /VP
Pt,° 3.32 2.40 —1.27 0.89
Pt,° 3.19 2.39 —1.30 0.89/0.88
Pt,NDL? 3.12 241 —0.65  0.89 135
NDI-H 321 2.04 —0.53%

“ Potential reported versus SCE. bECS = Eox — Ereq — 144/ SRDA.68

“ From ref 48. ¢ From ref 52.

energy of the charge-separated state is estimated from the
difference in the Pt—acetylide chain oxidation and NDI reduc-
tion potentials. Table 2 collects the values for these parameters as
determined from studies of the model compounds (Pt,, Pt,, and
NDI-H) and Pt,NDL,. First, examining the electrochemistry
data, it is seen that the Pt—acetylide chain exhibits a reduction at
ca. —1.3 V and an oxidation at +0.89 V, whereas the NDI unit
features a reduction at —0.65 (in Pt,NDL,).

From these data we conclude that the electron transfer
reaction from the Pt—acetylide negative polaron state producing
the NDI radical anion is moderately exothermic with AG ~
—0.65 eV (AG~ —1.3 eV + 0.65 eV)

NDI—[-PtL,—C =C—Ph—C =C—]," —NDI —
NDI—[~PtL,~C =C-Ph—C =C—] —NDI'" (1)

Next, by taking the energy of the Pt—acetylide triplet exciton
(~2.40 V) and the energy of the charge-separated state (E . ~
1.35 eV), it is seen that the triplet exciton quenching reaction is
strc))régly exothermic with AG ~ —1.05 eV (AG ~ 1.35—2.40
eV):

NDI—*[~PtlL,—C =C—Ph—C =C—] *~NDI —
NDI—[~PtL,—C =C—Ph—C =C—] " —NDI'"  (2)

This analysis shows that the steps in Figure 2a and 2b leading to
polaron or triplet exciton trapping by NDI are moderately to
strongly exothermic and thus are unlikely to be overall rate-
determining steps for triplet exciton quenching. This point is
discussed in greater detail below. Note that the charge-separated
state is certain to be strongly bound by Coulomb attraction and is
unlikely to separate within its lifetime.

Pulse Radiolysis and Negative Polaron Transport. Pulse
radiolysis was carried out on THF solutions of the NDI end-
capped oligomers (Pt,NDI,) and model compounds Pt, and
NDI—H. As described in the Methods section and detailed in
Table 1, electron beam irradiation in THF rapidly produces
solvated electrons (e, ) which serve as a promiscuous reducing
agent, rapidly generating negative polaron states of the oligo-
mers. Initial electron attachment is expected to be nearly random,
resulting in a distribution of chain-localized and NDI end-group
anion states. The electron attachment (reduction) reaction is
pseudo-first order in the (oligomer) substrate, and therefore, in
order to decrease the time scale of the reduction reaction pulse
radiolysis was carried out at relatively high oligomer concentration.

Figure 3a compares visible region transient absorption spectra
for radical anions of Pt,, NDI—H, and Pt;,(NDI, observed ~20
ns following pulse radiolysis in THF solution. The spectra also
feature weak near-infrared bands, as shown in an extended
version of the plot (Figure S1) in the Supporting Information.
The absorption spectra of the radical anions of Pt,NDI, and
PtgNDI,, shown in Figure S2 (Supporting Information), are

11292 dx.doi.org/10.1021/ja202898p |J. Am. Chem. Soc. 2011, 133, 11289-11298



Journal of the American Chemical Society

TTTTTTrrTT

o)
o

(5]
(=]

LI LA BLELELNL N I

U
* P 3
® PtoNDl, 3
O NDH 3

-
w

-
o

LR LB Y

& 103 M em™)

im with k=inf

0
o £ £
3
LI B LB L BB NLINLINL N NLIL LN L

0.00 IIIIIIIIIlIIIIIIlII]III!
0.0 05 1.0 15 20 25

t (ns) h

Figure 3. (a) Transient absorption spectra of Pt,"", Pt;oNDL, ", and
NDIH"™ ~20 ns after pulse radiolysis in THF. (b) Transient absorption
at 540 nm of 7.3 mM Pt;(NDI, in THF compared with that for 19 mM
Pt, in THEF. Fits with the kinetic model in Table 1 are shown passing
through the data. The fits indicate that 38% of electrons attached to
Pt;oNDI, are captured immediately (<15 ps) on the NDI traps. The
remaining 62% of the electrons appear in the Pt chains and transport to
and are captured by the NDI end traps with two rates with 1/k¢ = 59 ps
(0.53) and 660 ps (0.09). The broken lines in the plot are simulated
curves calculated by the fitting function with both components of k; set
to infinity (k¢ corresponds to process e in Table 1) or with k¢set to the fit
value but with infinitely fast e~ capture (k. = infinity; this corresponds
to process a in Table 1).

similar to that for Pt;(NDI, and the isolated end-cap anion
NDI—H. With the exception of Pt,, the spectra of all of the anion
radicals are the same with 4., &~ 475 nm and weaker bands at
610, 700, and 780 nm; this is consistent with the spectrum of the
naphthalene diimide radical anion, NDI'~.%® The spectrum
observed for Pt, features a prominent absorption with 4., ~
540 nm, and the spectrum is the same as that reported in our
earlier study," where the band was assigned to the Pt—acetylide
chain-localized negative polaron, — (PtL,—C=C—Ph—C=C—)," .
The important conclusion that can be made on the basis of the
transient absorption spectra is that electrons attached to
Pt,NDI,, PtsNDI,, and Pt;(NDI, appear rapidly (¢ < 20 ns)
on the NDI groups. From this we can infer that even in the long
oligomers PtsNDI, and Pt;oNDI, transport of the polaron to
the NDI end groups is rapid, occurring on a time scale faster than
is accessible on the conventional pulse radiolysis system used
for the transient absorption spectral studies (rise time ~ 2 ns, k >
S x 108s7h).

Using the OFSS pulse radiolysis system, which has signifi-
cantly improved time resolution (rise time ~ 15 ps), we
reexamined the fast-time-scale dynamics of the Pt;(NDI,

oligomer negative polaron state. As can be seen in Figure 3a,
the absorption spectrum of the chain-localized polaron exhibits a
maximum at 540 nm whereas the NDI-localized radical anion
absorbs at shorter wavelength (475 nm). Thus, by monitoring
the transient absorption at 540 nm with the OFSS it is possible to
monitor the dynamics of the chain-localized polaron state, with
little interference from the NDI radical anion state. Figure 3b
compares the OFSS transient absorption dynamics at 540 nm for
Pt, (c = 19 mM) and Pt;,NDI, (¢ = 7.3 mM) in THF solution.
This data reveals that Pt, anions are produced in a prompt
component (T < 20 ps) followed by an additional 160 ps
component which is due to attachment of solvated electrons.
The prompt rise component is due to capture of electrons before
they are solvated (i.e., prior to reaction ii in Table 1).”° The
efficiency of this prompt capture of unsolvated or “dry electrons”
was recently found to be Eroportional to the chain length of a
polymer or an oligomer,”” making Pt, a good reference for
Pt;oNDI, when used at a concentration almost three times larger.

Interestingly, as can be seen in Figure 3b, the transient
absorption profile at 540 nm for Pt;(NDI, is distinctly different
compared to that of the Pt, reference. In particular, the absorp-
tion exhibits only a prompt rise component and then a small
amplitude decay occurs over a 500 ps time scale. The final
transient absorption amplitude is ~4 times less than that of Pt,,
consistent with the weaker absorptivity of the NDI"™ state at
540 nm compared to that of the Pt—acetylide negative polaron.
Importantly, the transient absorption dynamics of the Pt;(NDI,
anion at 540 nm do not feature a slow rise as observed for the Pt,
model. Qualitatively this difference in the dynamics arises
because the observed transient absorption consists of the super-
position of absorption decay (due to electron transfer from the
Pt—acetylide chain to the NDI end group) onto absorption rise
that occurs due to attachment of solvated electrons. This notion
is illustrated by the simulations shown as broken lines in Figure 3b,
where the transient absorption dynamics are simulated under the
assumption that (1) electron attachment to the Pt—acetylide
chain is instantaneous (k. = inf, Figure 3b) or (2) transport of
the polaron from the chain to the NDI end groups is instanta-
neous (k¢ = inf, Figure 3b). The OFSS instrument is not presently
capable of observations at 480 nm, but rough indications of the
rise of NDI* ™ are shown in Figure S3, Supporting Information.”"

In order to extract quantitative information from the Pt;,NDI,
anion transient absorption dynamics, the OFSS data in Figure 3b
was fitted using the reactions listed in Table 1. The fit results
indicate that electron transport from the Pt—acetylide chain to
the NDI end groups occurs with biexponential kinetics, 59 (53%)
and 660 ps (9%), where the fractions (parenthesized) refer to the
total number of electrons attached to Pt;(NDI,. These are
uncertain by £30% because electron transport occurs simulta-
neously with electron attachment. The fit curve giving these rates
is seen passing through the experimental data in Figure 3b. The
results indicate that a substantial fraction, 38%, of electrons
attached to Pt;(NDI, are captured immediately (<< 15 ps) by the
NDI trap groups. The NDI trap groups are similar in size to one
repeat unit of the Pt chain, so Pt;oNDI, can be considered to
comprise 12 units. If we assume that each of these 12 units
captures electrons with equal probability, then the observed 38%
immediate capture corresponds to electrons attached directly on
the NDI groups and the first 1.3 Pt units adjacent to NDI. We
conclude that if a negative polaron is produced within 1.3 repeat
units of an NDI end group, it transfers immediately to the NDL
Those polarons formed in the central 7.4 units of the chain are
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observed as —(PtL,—C=C—Ph—C=C-—),” that must be
transported along the chain to react with the NDI end group,
and the dynamics of the transport for the ensemble of polaron
states is reflected by the biexponential decay that is resolved from
the fit analysis. A more detailed discussion of the significance of
this result is provided below.

Photophysics and Triplet Exciton Transport. The absorp-
tion spectra of the Pt,NDI, complexes are dominated by the
allowed s7,7t* transitions arising from the Pt—acetylide segment
at A & 350 nm.>? Thus, photoexcitation of the oligomers in
the near-UV region produces a singlet exciton which, due to
strong spin—orbit coupling induced by the platinum centers,
rapidly undergoes intersystem crossinﬁg7 to afford a triplet exciton
localized on the Pt—acetylide chain.”” The present work indi-
cates that this occurs in 7 &~ 1 ps. Due to its confinement to a
single repeat unit®® we envisioned that in the longer oligomers
(Pt¢NDI, and Pt;,DNIL,) triplet quenching would require a
series of exciton hopping steps whereby the exciton reaches
the end of the chain and is annihilated by charge separation (eq 2
and Figure 2b).

Initial information regarding the mechanism of triplet exciton
quenching in the Pt,NDI, oligomers comes from the study of the
phosphorescence spectra at ambient and cryogenic tempera-
tures. Platinum acetylide oligomers typically exhibit moderately
efficient phosphorescence from the *7,77* exciton. For example,
at room temperature in THF solution Pt, exhibits a structured
phosphorescence band with 4,,,, = 519 nm and a quantum yield
of 7%.%° By contrast, the phosphorescence emission of all of the
Pt—NDI, oligomers is strongly quenched, with quantum yields
of ~10~ observed for room-temperature THF solutions. This
efficient phosphorescence quenching is attributed to nonradia-
tive decay via electron transfer quenching of the triplet exciton by
the NDI end groups (eq 2 and Figure 2b).

In order to provide further information regarding the mechan-
ism of the luminescence quenching, phosphorescence spectra of
the Pt,NDI, series were measured as a function of temperature
over the range 80—200 K in deoxygenated 2-methyltetrahydro-
furan (MTHF) solution. This liquid is a rigid glass at tempera-
tures below 130 K, and in the region between 130 and 140 K it
undergoes a glass-to-fluid transition. The variable-temperature
spectra for Pt,NDI, and NDI-H are shown in Figure S$4
(Supporting Information). For the shorter oligomers, Pt,NDI,
and Pt;NDI,, there is little change in the phosphorescence until
T < 100 K, where weak phosphorescence from the NDI end
groups is observed (4 & 605 and 670 nm). However, by contrast,
for the longer oligomers Pt;NDI and Pt;,NDI,, for temperatures
below the MTHF glass temperature (140 K), the Pt—acetylide
phosphorescence emission becomes very efficient (Ao ~
520 nm). The absence of Pt—acetylide phosphorescence in the
shorter oligomers in the MTHF glass strongly suggests that
electron transfer quenching remains active in these systems at
low temperature. This result is unsur};rising, given that electron
transfer is strongly exothermic (eq 2).”* Importantly, the appear-
ance of strong Pt—acetylide phosphorescence for the longer
oligomers in the low-temperature glass indicates that exciton
transport to the chain ends is slow in the rigid matrix.

Transient absorption spectroscopy was applied to monitor the
dynamics of exciton transport and charge separation in the
Pt,NDI, series at ambient temperature (Figures 4 and S).
Focusing first on the spectra of the short oligomers (Pt,NDI,
and Pt;NDI,, Figure 4) it can be seen that very soon after
excitation (f < 15 ps) the spectra are dominated by a strong
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Figure 4. Transient absorption spectra for Pt,NDI, complexes obtained
following 100 fs, 352 nm excitation: (a) n=2, (b) n=3, (c) n=6,(d) n=10.
Delay times are shown in the insets.
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Figure 5. Plot of the normalized transient absorption kinetic traces of
the Pt,NDI, series at 478 (top) and 650 nm (middle), and random-walk
simulation of the triplet exciton decay profile (bottom). Simulation
results placed on time axis by assuming 27.2 ps per step.

absorption with A, & 480 nm and weak absorption in the rest
of the visible region with a small peak at A, & 610 nm. These
prominent bands are due to the naphthalene diimide radical
anion, NDI'™, that is present in the charge-separated state that is
produced by electron transfer (eq 2).% Note that in the spectrum of
Pt;NDI, the strong band in the blue regjon has a distinct shoulder at
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A A2 500 nm (this feature is also present in the spectra of Pt;NDI and
Pt;oNDL,). This feature is attributed to the Pt—acetylide chain-
localized positive polaron, [—PtL,—C=C—Ph—C=C—PtL,—]"",
that is present in the charge-separated state.*’ Taken together, the
transient absorption spectral data for Pt,NDI, and Pt;NDI, indicate
that the charge-separated state is produced quickly after near-UV
excitation.

Turning now to the time-resolved spectra for the longer
oligomers PtsNDI and Pt;(NDI,, it can be seen that the temporal
evolution in the spectra occurs more slowly. At early times the
spectra feature a broad absorption in the red with at A, ~
650 nm. With increasing delay time this band decays and the
spectrum evolves into the bands characteristic of the charge-
separated state. The broad band in the red that is present in the
early time spectra is due to the Pt—acetylide localized triplet
exciton,® and the temporal evolution of the spectra reveals the
dynamics of triplet exciton diffusion to the chain ends and charge
separation.

Detailed insight concerning the exciton transport dynamics
comes from consideration of the transient absorption kinetics at
specific wavelengths (Figure S). In particular, when monitoring
at 478 nm (Figure S, top), the signal is dominated by the NDI"~
absorption; thus, this wavelength primarily probes the charge-
separated state. By contrast, the signal at 650 nm (Figure S,
middle) is dominated by the absorption of the Pt—acetylide
triplet exciton. Interestingly, the absorption at 478 nm for
Pt;NDI, PtgNDI, and Pt;oNDIL, increases at early delay times,
and the rate of the absorption increase slows with increasing
oligomer length. The absorption increase is due to formation of
the charge-separated state, and the oligomer length dependence
reflects the difference in time scale for triplet exciton diffusion
along the Pt—acetylide chains.”®

The transient absorption kinetics at 650 nm exhibit only a
decay, with the decay time increasing with oligomer length.
At this wavelength the absorption is due only to the triplet
exciton, so these kinetic traces provide direct insight regarding
the dynamics of triplet exciton diffusion and decay via charge
separation. Analysis of the 650 nm decays reveals that they are
nonexponential; a biexponential fit affords median lifetimes of
8.3, 203, and 373 ps for Pt;NDI, Pt;NDI, and Pt;oNDIL,
respectively. The fact that the decays are nonexponential is
consistent with a model in which the kinetics reflect an inhomo-
geneous distribution of excited oligomers where the triplet
excitons are initially created randomly along the chain. Excitons
that are created near the end groups decay rapidly, whereas those
that are created near the middle of the chain decay more slowly as
they must diffuse to the chain end before undergoing charge
separation. A quantitative dynamics model for the transport is
discussed below.

Mechanism and Dynamics of Polaron and Exciton Trans-
port. As discussed above, optical data obtained from previous
pulse radiolysis studies of Pt,, oligomers reveal that the polaron
state is spatially confined.** Specifically, the spectrum of the
negative polaron state for each member of the series (Pt,” )
displays a characteristic maximum absorption at 540 nm, and the
spectra are essentially the same for the series ranging from Pt, to
Pts. Similarly, photophysical studies reveal that the triplet exciton
in the Pt, series is spatially concentrated; this conclusion was
based on similar *,7* phosphorescence emission energies
(ca. 520 nm) throughout the series as well as very similar
triplet—triplet absorption energies (ca. 650 nm) regardless of
oligomer length.*® For both the triplet and the negative polaron

the state is concentrated on a repeat segment that is approximated by
the structure [ —PtL,— C=C—Ph—C=C—PtL,—].

Spatial confinement of these states occurs due to lattice polariza-
tion or structural deformations within the oligomer backbone that
disrupt conjugation along the chain. Density functional calculations
of both the triplet exciton and the negative polaron of Pt, revealed
significant differences in the minimum energy geometry between
the ground state species and the exciton or polaron states that
contribute to the localization of these states.””** Specifically, the
lowest energy geometry of the ground state exists with all phenyl
groups of Pt, lying in a plane that is perpendicular to the plane
defined by the square planar platinum complex; by contrast, the
minimum energy geometry of the negative polaron state was
calculated with all phenyl moieties parallel to this plane. The
calculated barrier to rotation of the phenyl ring in the radical anion
species was estimated to be ~15 kcal/mol. The calculated energy
minimum conformation for the triplet exciton exists with only the
center phenylene unit in the plane; in the triplet state the barrier to
rotation of the central phenylene unit was estimated to be ~3.1
keal /mol.** Compare this to the ground state barrier to phenylene
rotation, calculated as 0.5—0.8 kcal/mol.* Taken together, the
results of these computational and spectroscopic studies support the
notion that the negative polaron and triplet exciton states are
confined by structural distortions in the platinum acetylide chain.
Although quantitative data is not available, on the basis of the
photophysical evidence and the calculation results we estimate that
the reorganization energy associated with the localization is in the
range 2—S kcal/mol.

We now turn to consider the mechanism for transport of the
exciton and polaron states along the platinum acetylide chain.
Given that these states are spatially confined, transport along
the chain must occur by a site-to-site hopping process.
Specifically, a state moves in random directions to adjacent
locations on the chain, generating a diffusion ending at the
end-group trap (Figure 6). The transitions that constitute
diffusive steps along the chain or transfer from the chain to the
trap require electronic couplings and nuclear overlap. Elec-
tronic couplings can arise from dipole—dipole (Forster reso-
nance energy transfer, FRET) and/or exchange interactions.
FRET does not apply to transfer of electrons, and dipole—di-
pole coupling is negligible for triplet excitons. Thus, for
experiments on electrons and triplets in the chains, only
one- and two-electron exchange interactions are important.
These interactions fall exponentially with distance, giving
rates that decrease by a factor of 10 for each 1—3 A change in
distance, with the coupling falling more rapidly with distance
for energy transfer.'®”* For this reason, we believe that the
dominant mechanism is diffusive transport (hopping between
adjacent sites) until the state arrives at one end of the chain.
As depicted in Figure 6, the final step is electron transfer to
the trap (or charge separation) when the electron or exciton
has reached a point sufficiently close (probably just a few
Angstroms) from the chain end. This “chain-end” polaron or
exciton state may actually contact the end of the conjugated
chain or might be slightly farther from the trap as depicted in
the figure.

Designating the overall rate of diffusional transport toward the
chain end as k;, diffusion away from the end as k_ ;, and transfer from
the chain end to the trap as k,, we have the following kinetics scheme

ky k
p.—P,—>T (3)
koo
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Figure 6. Polaron or exciton diffusion via a random hopping mechanism. One-half ($ units) of a Pt;(NDI, molecule is shown. A polaron or an exciton
concentrated on ~1.5 repeat units near the middle of the chain is depicted as a solid magenta ellipse at the right. Diffusion of the polaron to a location
near the NDI end-group trap (dashed ellipse) is followed by rapid transfer to the NDI trap.

where the symbols designate a charge or exciton in the Pt—acetylide
chain (P,), at the chain end (P.), or on the trap (T). In the limit k, >
k; (transport is rate determining) the observed rate of exciton or
polaron transfer to the trap is equal to k;. Note that that diffusional
transport rate, ky, is not a single rate; here, we model the rate using a
numerical simulation for a random-walk process on a one-dimen-
sional ladder as described in the Experimental Section. In this
treatment, k_; is not a separate rate but is inherent in the
random walk.

Figure 5c shows the random-walk simulation results for triplet
exciton decay in Pt,NDI, oligomers with n = 3, 6, or 10. These
histograms are placed on a time scale for comparison with the
experimental exciton decay kinetics (Figure Sb) by assuming a
hopping step time of 27.2 ps. As shown in the figure, the
simulation reproduces the experimental data relatively well.
The random-walk simulation results are also compared to the
negative polaron transport dynamics for Pt;oNDI,. In this case,
we compare the transport dynamics that were extracted by
modeling the observed kinetic data in Figure 3 as a biexponential
decay. As shown in Figure S-S (Supporting Information) the
simulation using the random-walk model does not quantitatively
account for the dynamics; however, assuming the model it is
evident that the polaron hopping time is <10 ps, which is
considerably faster than that for the triplet exciton.

As noted above, the dynamics of exciton and polaron hopping
along the Pt—acetylide chain are governed by electronic coupling
between adjacent sites and fluctuations in geometry (confor-
mational dynamics).”>”® The fact that polaron transport is faster
than triplet exciton transport suggests that site-to-site electronic
coupling for electron transfer is larger than for triplet (exchange)
transfer. However, it is also interesting to note that the triplet
exciton step time of 27 ps corresponds reasonably well to the
correlation time for phenylene ring torsion in phenylene ethy-
nylene oligomers.”” This correspondence suggests the possibility
that the transport dynamics are influenced or controlled by
geometric change(s) that occur within the Pt—acetylide chain
that modulate electronic coug)lings between adjacent segments
(e.g., conformational gating).”®

It is also of interest to compare the observed polaron and
exciton transport rates in the Pt—acetylides with related work on
transport in s7-conjugated polymers. In order to make these
comparisons, we use the triplet hopping time (27 ps) and the
major decay component for the negative polaron (59 ps) to
estimate the diffusion coefficient (D) for the triplet exciton and
mobility (#) for the polaron. In a one-dimensional hopping
model the carrier mobility is u = A%e/2kgTt, where T is the
average time for a hop of length 4, ¢ is the electron charge, kg is
the Boltzmann constant, and T is temperature.”” The diffusion
coefficient is therefore D = A2/27. For the triplet exciton with a
hop size of one Pt—acetylide repeat unit (~1 nm) taking 7 =27.2
ps this expression gives D = 1.8 x 10~ * cm®/s. This estimated
diffusivity value is several orders of magnitude larger than triplet

exciton diffusivity for molecular triplets in (disorderd) glassy
solids, which fall in the range 1078-107° cm?/s.5%%! The larger
value for the Pt,NDI, systems could reflect the fact that exciton
transport occurs along the conjugated chain, where there is likely
larger electronic coupling than between molecules in a disor-
dered glassy solid. For electron transport in the Pt—acetylide
chain the major, 59 ps component corresponds to a mobility u =
0.067 cm*/V-s (D = 1.4 x 10> cm®/s, hopping time of T = 3.6 ps),
utilizing the relationship”®** between the diffusion coefficient and
the principal exponential, which comprises 82% of the population.®
The mobility obtained here is less than values reported for a
poly(phenylene vinylene) and ladder-poly(phenylene)s by time-
resolved microwave conductivity, where mobility in excess of
0.1 cm®/V-s is observed,””**”**>~> but it is comparable to the
electron mobility on poly(fluorene) chains determined by pulse
radiolysis.”®

B SUMMARY AND CONCLUSION

This study has explored transport in relatively long conjugated
oligomers containing organometallic complexes in the repeat
unit structure. Using fast time-resolved pulse radiolysis and laser
flash photolysis methods we have been able to directly probe the
dynamics of electron and triplet exciton transport along the
conjugated segments. The results show that transport of both
carriers along these organometallic “molecular wires” is relatively
rapid, occurring on time scales <200 ps over a distance of
3—5 nm. Analysis of the dynamics of charge and exciton
transport suggests that the carriers move along the chain by an
incoherent, site-to-site hopping mechanism, with hopping step
times of ~27 ps per step for triplet excitons and <10 ps per step
for negative polarons. The triplet hopping process may be gated
by changes in the conformation of the monomers, with a
tentative assignment to large amplitude torsional motion of
phenylene units. Taken together the results provide insight into
the mechanism of transport of carriers in organometallic con-
jugated electronic systems.
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