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High-Yield Excited Triplet States in Pentacene Self-Assembled
Monolayers on Gold Nanoparticles through Singlet Exciton Fission
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Abstract: One of the major drawbacks of organic-dye-
modified self-assembled monolayers on metal nanoparticles
when employed for efficient use of light energy is the fact that
singlet excited states on dye molecules can be easily deactivated
by means of energy transfer to the metal surface. In this study,
a series of 6,13-bis(triisopropylsilylethynyl)pentacene—alkane-
thiolate monolayer protected gold nanoparticles with different
particle sizes and alkane chain lengths were successfully
synthesized and were employed for the efficient generation of
excited triplet states of the pentacene derivatives by singlet
fission. Time-resolved transient absorption measurements
revealed the formation of excited triplet states in high yield
(172+26 %) by suppressing energy transfer to the gold
surface.

The construction of organic-inorganic hybrid materials is of
great interest for both fundamental and applied research.’!l A
major research topic is light energy conversion through
photoinduced processes, such as electron and energy trans-
fer.'»?I Therefore, two- and three-dimensional self-assembled
monolayers (SAMs) of organic dyes on metal surfaces and
nanoparticles are highly promising as photofunctional nano-
materials.”) However, a major problem for organic-dye-
modified SAMs on metal surfaces is the significant deactiva-
tion pathway of the dye-molecule excited states caused by fast
dipole-surface energy transfer (or electron transfer)."™*l In
these cases, more than 90 % of fluorescence (FL) is quenched
and the formation of excited triplet states is negligible.
Therefore, the formation of long-lived excited triplet states on
metal surfaces in high yield is favorable for various applica-
tions using photoinduced processes.

The generation of efficient singlet fission (SF) on gold
nanoparticles (GNP) is a promising method to overcome the
above-mentioned problem. We can describe SF as a spin-
allowed process in which one singlet exciton splits into two
triplet excitons.®! This peculiar photophysical process is
mainly detected in crystalline and aggregate states of organic
molecules,” although studies have recently reported the
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occurrence of SF in covalently linked molecular dyads!” and
in liquid-phase solution processes.”"! Efficient SF requires that
the energy of the lowest-lying singlet excited state E(S;) is
larger than, or close to, the energy of two triplet excited states
2E(T,) (that is, E(S,) >2E(T,)). Among polyacenes, penta-
cenes meet the above requirement and have large coupling
energies as compared to the other acene derivatives, such as
tetracene and hexacene.’*! Recent results also suggest
significant interplay between the excited singlet state (S;)
and correlated triplet states ('(TT)) through the intermediate
charge-transfer (CT) state in acene derivatives.’>!"! Accord-
ing to recent results,*%™! yltrafast SF (about 10°-10" s
occurs in dimers and crystals of pentacenes. Consequently,
closely packed TP-modified SAMs (TP = 6,13-bis(triisopro-
pylsilylethynyl)pentacene) are expected to form long-lived
triplet states in high yield through ultrafast SF processes.

In this Communication, we report the first synthesis and
investigation of the photophysical properties of TP-alkane-
thiolate monolayer-protected gold nanoparticles (TP-Cn-X-
MPCs). As shown in Figure 1, a series of TP-Cn-X-MPCs with
two different particle sizes (where X indicates small (S) and
large (L) sizes, respectively) and two different chain lengths
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Figure 1. The chemical structures of TP-Cn-X-MPC (X=S (small), L
(large)), Mix-Cn-MPC, Cn-MPC, (TP-Cn-S),, and TP-Ref used in this
study.
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(n=17, 11) were synthesized. Moreover, we also observed
efficient SF, which is the first time that this has been detected
on metal nanoparticles. By changing these structural param-
eters, we successfully controlled the rate constants and
quantum yields of SF by suppressing the fast energy transfer
to GNP.

The chemical structures of TP disulfides (TP-Cn-S),, TP-
Cn-X-MPCs, and TP-Ref (the reference monomer) are shown
in Figure 1. The TP-Cn-S-MPC was synthesized following
a reported method.""! The synthesis of mixed TP/alkanethio-
late MPCs (denoted Mix-Cn-MPC; molecular ratio of
TP:alkanethiol on the GNP =1:2; see Table S3 in the
Supporting Information), and pristine alkanethiolate MPC
(C7-MPC) were performed using the same procedures. The
synthetic procedures and characterization data are shown in
the experimental section and Figures S1-S17 in the Support-
ing Information.

The TEM images and size distributions of TP-C11-X-
MPC are shown in Figure 2 (see Figures S18-S21 for data for
TP-C7-X-MPC and the reference systems). The mean diam-
eters (Rcopg) of TP-C11-S-MPC and TP-C11-L-MPC are

2Rcope = 1.65 +0.30 nm
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Figure 2. TEM images (left) and size distributions (right) of A) TP-C11-
S-MPC and B) TP-C11-L-MPC.

1.65+0.30 nm and 2.13 £ 0.33 nm, respectively. These values
are very similar to those of the TP-C7-X-MPC systems
(Tables S1,S2). The reported “spherical model” by Murray
et al.l'”! predicted that the core of TP-C11-S-MPC and TP-
C11-L-MPC contains 158 and 338 Au atoms, respectively.
Moreover, based on the elemental analysis results (Table S1),
there are 51 (TP-C11-S-MPC) and 75 (TP-C11-L-MPC) TP
molecules on one GNP (see Table S2 for the similar results
obtained for TP-C7-X-MPC). In addition, the coverage ratios
of TP units (y) to surface Auatoms in TP-C11-S-MPC and
TP-C11-L-MPC are 63% and 51 %, respectively (for the
reference materials TP-C7-S-MPC y =68 %, TP-C7-L-MPC
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y=55%). The vy values of Mix-C7-MPC and Mix-C11-MPC
are 17 % and 26 %, respectively (Table S3).

Steady-state absorption and FL spectra of TP-Cn-X-
MPCs and TP-Ref were measured in toluene (Figure 3;
Figures S22-S25). In the absorption spectra (Figure 3 A), the
spectral profile of TP-C11-S-MPC (solid line) corresponds
well to that of TP-Ref (dashed line). The slight increased
absorption of the baseline is due to the absorption of GNP
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Figure 3. A) Absorption spectra of a) TP-C11-S-MPC (about

0.5 mgmL™"; solid line) and b) TP-Ref (10 um; dashed line), as well as
the c) excitation spectrum of TP-C11-S-MPC (dotted line) in toluene
(monitored at A.,, =722 nm). B) Fluorescence spectra of a) TP-C11-S-
MPC (solid line) and b) TP-Ref (dashed line) in toluene (4,,=600 nm).

including surface plasmon resonance (SPR) effects.'*! The
relative ratio of the absorption of TP units to GNP decreased
with increasing GNP sizes because of the decreased y values
(see above; Figure S22). Alternatively, this effect may be due
to the increased absorption coefficient of the larger sized
GNP, in accordance with previous theoretical and experi-
mental results.!"¥

The FL of TP-C11-S-MPC was strongly quenched relative
to TP-Ref because of SF (see below). To compare the
emission spectral profiles, the FL spectra of TP-C11-S-MPC
(solid line) and TP-Ref (dashed line) were normalized in
Figure 3B. The FL excitation spectrum was also recorded
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(Figure 3 A, dotted line) in order to carefully check the FL
species of TP-C11-S-MPC. The excitation spectrum is clearly
coincident with the corresponding absorption spectrum (Fig-
ure 3 A, solid line), which indicates that the emission arises
from the excited singlet states of TP units only. The FL
spectral trends of other systems were also similar to the above
results (Figures S24,S25).

Time-resolved transient absorption spectra of TP-Cn-X-
MPCs in toluene were measured by femtosecond (fs) laser
flash photolysis to examine the ultrafast photodynamics. The
measurements of transient spectra were performed using
a 600 or 653 nmfs laser pulse (full width at half maximum,
fwhm = 100 fs), which was used to excited the TP units. The
excitation density was decreased to the level at which
excitation of more than two TP molecules attached to one
GNP can be neglected (see the captions of Figures S26 and
S27). Figures 4 A,B show the transient spectra of TP-C11-§-
MPC. After laser pulse excitation, the triplet-triplet (T-T)
absorption band for the TP units at about A =520 nm devel-
ops, whereas the singlet-singlet (S-S) absorption band at
about 4 =630 nm decays. The T-T absorption band of the TP
units was separately assigned by using the energy transfer
from anthracene to TP-Ref (Figure S28). The S-S absorption
spectrum of TP is shown in Figure S29.

Figure 4 C shows the time profiles at A =513 and 628 nm
for TP-C11-S-MPC. The results for TP-Cn-X-MPC are shown
in Figures S26-S34. The gradual rise at A =513 nm is attrib-
utable to the formation of excited triplet states by means of
SF, whereas the contrasting decay at 628 nm is mainly due to
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deactivation of the excited singlet states of the TP units. The
T-T absorption was also detected in TP-C11-L-MPC (Fig-
ure S30). These trends were quite similar for TP-C7-X-MPC
systems. Therefore, a closer distance between the nearest two
TP units on GNP (that is, small particle systems) is favorable
for efficient SF to occur. In addition, no S-S annihilation
occurred at the higher excitation energy (Figure S26,S27).

Figure 4 D also shows the decay component spectra of TP-
C11-S-MPC obtained by global fitting of the transient
absorption data to a four-exponential model.™™! The decay
component spectra of TP-Cn-X-MPC are shown in Fig-
ure S33. A model with four exponents was needed to obtain
reasonable sigma values and consistent fits at all wavelengths,
and resulted in two pairs of decay component spectra
indicating the formation of a transient band at 4 =520 nm
(1.7 ps and 21 ps) and a subsequent decay (590 ps and 13 ns).
It should be noted that the longest delay time of the
instrument is 6 ns, and thus a 13 ns lifetime is longer than
can be determined using this method (see the section on
nanosecond flash photolysis).

Two of the fast components (1.7 ps and 21 ps) have
negative bands at around 1 =513 nm, indicating the forma-
tion of the transient absorption band at this wavelength.
Despite the major similarities of the 1.7ps and 21 ps
component spectra, the spectra have very different effects
on transient absorption dynamics in the 4 = 540-600 nm range
and can be clearly separated. However, the latter component
is due to the formation of an intermediate state with a distinct
absorption band at 1=513 nm, which is a characteristic

feature of the triplet state. At
least two explanations can be
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Figure 4. A) Femtosecond transient absorption spectra and B) differential absorption spectral changes of
TP-C11-S-MPC in toluene at room temperature. C) Time profiles of TP-C11-S-MPC at A=513 nm (a; 0),
628 nm (b; ) and 660 nm (c; 2). In (C), plots (a) and (c) relate to the left-hand vertical axis, whereas
plot (b) should be interpreted using the right-hand vertical axis. D) Decay component spectra of TP-C11-
S-MPC obtained by a global four-exponential fit of the transient absorption data presented in (B).

Jex=600 nm, low laser intensity (<30 pjcm ™).
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To verify the pump—probe
results and component assign-
ment, the FL decays were
measured using the fs up-con-
version technique (Figure S35).
Similar ~ biexponential FL
decays were detected with

600 700
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time constants close to those obtained from fs transient
analysis. This can be interpreted in favor of the second
hypothesis, heterogeneity of aggregates, since an intermediate
CT state is expected to have no or much weaker emission, and
in an ideal case should lead to monoexponential FL. decay.
Similar behavior was detected in TP-C7-S-MPC.

The triplet quantum yields (&) were evaluated using
previously reported methods”™® and are summarized in
Table 1. Details of the calculation processes are shown in
the Supporting Information (see Tables S4,S5). The maxi-

Table 1: Lifetimes of excited singlet states (7s), rate constants of singlet
fission (ks¢), and quantum yields of excited triplet states (D).

Compound 75 [ps] (ksi [s7']) ks [s 7] Dy %]
TP-Ref 1.5x10%! (6.7x107) - 1.58
TP-C7-5-MPC 241 (4.1x10') 2.7x10' 157 4171
TP-C7-L-MPC 541 (1.9%10') 5.0x10° 77 415!
TP-C11-5-MPC 21F1 (4.8 10°) 4.1x10" 172+ 26!
TP-C11-L-MPC 110% (9.1x10%) 2.4x10° 344400
Mix-C7-MPC 718 (1.4%10%) - -
Mix-C11-MPC 15001 (6.7%10%) - -

[a] Estimated by picosecond FL lifetime measurements (see Figur-

es $38,S39). [b] Estimated by decay component lifetimes (fs laser flash
photolysis). [c] ks =1/7(TP-Cn-X-MPC)—1/7(Mix-Cn-MPC). [d] Details of
the calculation processes are shown in the Supporting Information.

[e] Estimated by nanosecond laser flash photolysis. [f] Estimated by

fs laser flash photolysis.

mum @ values obtained were 172 +26% and 157 £17% in
TP-C11-S-MPC and TP-C7-S-MPC, respectively. The
@ values decrease with increasing GNP sizes, probably
because of the smaller y value of TP units on smaller GNPs.
In contrast, the @ value of TP-C7-S-MPC (157 £17%) is
slightly smaller than that of TP-C11-S-MPC. To further
examine the alkyl chain length effects on the rate constants of
direct energy transfer to GNP without SF, we measured the
singlet lifetimes of Mix-C7-MPC and Mix-C11-MPC by
fs transient absorption and FL lifetime measurement. It
should be emphasized that no SF was detected in either
Mix-C7-MPC or Mix-C11-MPC because of the low surface
coverages, indicating that the Au atom does not contribute to
the singlet-triplet conversion (Figures S36,S37). The lifetimes
of Mix-C7-MPC and Mix-C11-MPC were determined to be
71 ps and 150 ps, respectively (Figures S36,S38), indicating
that the energy-transfer process is dependent on the alkyl
chain lengths, which agrees with the previously reported
trend.!"”!

These kinetic rate constants and lifetimes are summarized
in Table 1. The rate constant of SF (kgz) of TP-C11-S-MPC
was determined to be 4.1 x 10 s7!, whereas the rate constant
of S, deactivation pathway (kg,) of TP units on GNP without
SFis 6.7 x 10’ s™! (based on the lifetime analysis of Mix-C11-
MPC). Accordingly, the @ value of TP-C11-S-MPC (about
170 % ) estimated by quantitative comparison of the kinetics is
approximately in good agreement with the above-mentioned
value (172 £26%).

Finally, nanosecond transient absorption spectra of TP-
Cn-X-MPCs systems were measured to investigate the excited
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Figure 5. Nanosecond transient absorption spectra of TP-C11-S-MPC
in toluene at room temperature (4.,=532 nm). Inset: the decay profile
of TP-C11-S-MPC monitoring at A=510 nm (black line) and the fitted
curve (white line).

triplet states over a longer time range. Figure 5 shows the
transient absorption spectra and decay profile of TP-C11-S-
MPC. The spectra of the other systems are shown in
Figures S40-S43. We can clearly observe T-T absorption of
the TP units at about A =510 nm and that the triplet species
has not fully decayed up to the microsecond timescale.

In conclusion, we present the first synthesis of a series of
TIPS-pentacene—alkanethiolate monolayer protected gold
nanoparticles with different particle sizes and alkyl chain
lengths. High triplet quantum yields (for TP-C11-S-MPC,
@;=1724+26%) were measured. This study is the first
observation of SF on metal nanoparticles and provides
a novel approach for the control of excited-state dynamics
on monolayer protected gold nanoparticles. This strategy may
provide potential for the development of future applications,
such as light energy conversion.
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