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Summary

Gold nanoparticles (ca. 3 nm in diameter) coated with bis(diarylamino)biphenyl-based
thiols with two different alkyl spacers (propyl and dodecyl) between the chromophore and the
surface-anchoring thiol group have been prepared and characterized with a variety of techniques.
The excited-state dynamics of the dyes in close proximity to the nanoparticle surface were
studied with the use of time-correlated single-photon counting technique and near-IR fs transient
absorption spectroscopy. The excited states of the dyes in the hybrid metal / organic systems
exhibit an ultrafast (<5 ps) deactivation as evidenced by the fs transient absorption
measurements. The length of the alkyl spacer between the dye and the thiol group has a profound
effect on the ultrafast dynamics of the photoexcited systems. An ultrafast formation (ca. 0.5 ps)
of a cation-like species has been recorded for the system incorporating the propyl spacer but not
for the dodecyl-linker system. The formation of the cation-like species has been shown to be less
efficient in mixed-ligand system in which the bis(diarylamino)biphenyl-based thiol was diluted
on the surface with dodecanethiol. Additionally, the ultrafast formation (ca. 1 ps) of a cation-like
species with a similar spectroscopic signature has been observed in the solid state of the dye. A
combination of the ultrafast dynamics and "H NMR spectroscopic data has been used to discuss
the observed behavior in terms of dye-dye interactions in the nanoparticle systems. Due to the
surface curvature of the nanoparticle, the propyl spacer imposes a closer dye-dye distance than
the dodecyl spacer, thus facilitating dye-dye interactions that lead to the formation of a charge-

transfer species involving two or more dye molecules.

1. Introduction

The photophysical properties of systems incorporating metal nanoparticles (NPs) have



received great attention in recent years." Of particular interest are the effects of metal
nanostructures on the dynamics of both radiative and non-radiative processes leading to
depopulation of excited states of dyes placed in close proximity to the metal.>*> Energy and
electron transfer from the photoexcited organic dye to the metal NP, as well as intermolecular
interactions such as excimer formation, have been proposed as possible non-radiative channels of
deactivation for excited states of dyes attached to these nanostructures.”® While quenching of
photoexcited fluorophores by metal NPs has already found applications,'” ' fundamental
questions regarding the nature of the deactivation channels for excited states of molecules in
close proximity to metal NPs have not yet been comprehensively answered. According to a
review by Thomas and Kamat, there are three major possible deactivation channels in systems
incorporating metal NPs coated with organic fluorophores.* The first and the most heavily
studied deactivation channel involves energy transfer from a photoexcited fluorophore to the NP
metallic core. Even though energy transfer has been demonstrated for a variety of organic
fluorophore-metal NP systems, both on a single molecule level'>"® and for bulk solutions of
NPs,” " 122 the understanding of the mechanisms of energy transfer is far from being complete.
Another excited-state deactivation channel involves electron transfer (ET) from the photoexcited
fluorophore to the metallic core.* There are only a few reports that claim to demonstrate
photoinduced ET from dyes in close proximity to metal NPs; this process seems to be even less
well-understood than energy transfer.” >*° Dye-dye interactions are a possible third deactivation
channel for excited states of dyes attached to metal NPs;* however, reports demonstrating the
role of dye-dye interactions are also scarce.® %

Design of efficient functional organic dye-metal NP systems for proposed applications in,

29, 30

for example, nonlinear optics,”” ** sensing, or photovoltaics®™ ' requires a comprehensive



understanding of the mechanisms of deactivation of the excited states of organic dyes in these
hybrid nanostructures. Depending on the application, it may be desirable that the excited state of
the dye has a sufficiently long lifetime in order to perform a certain function (e.g. charge transfer
and separation in photovoltaics,’ or light absorption in optical pulse suppression applications®)
or, conversely, that the photoexcited dye is efficiently quenched by the metallic core of a metal
NP (e.g. in fluorescence sensing™). A large number of parameters in such hybrid organic-metal
systems can play a role in the dynamics of different deactivation mechanisms for excited states
of organic dyes:> "> NP size, dye orientation, dye-NP distance, and surface density of the dyes
(i.e. dye-dye distance). Additionally, studying the photophysics of organic luminophores
attached to the surface of metal NPs can be somewhat challenging as luminescence quenching by
NP metallic cores is often very efficient.” ”** This, in turn, results in weak luminescence signals
originating from the surface-bound molecules and so unquenched luminescence exhibited by
trace amounts of free dyes in solution can dominate the measured signal, as has been observed in
some cases.””

We set out to investigate in detail the effect of the proximity of the nanoparticle on the
excited state dynamics of one chromophore, bis(diarylamino)biphenyl (TPD). Systems
incorporating gold nanoparticles with TPD moieties linked to the NP surface via a thiol group
(see Figure 1) have thus been prepared and characterized with a variety of techniques. The
choice of the chromophore was based mainly on two considerations. First, TPD is known to
exhibit sizeable fluorescence quantum yield (0.7 in toluene solution)®® and an emission band with
significant overlap with the absorption spectrum of the Au NPs, which makes the molecule an
interesting candidate for studying the energy transfer from the photoexcited dye to the metallic

core of a Au NP. Second, the chromophore is characterized by a rather low oxidation potential



(+0.26 V vs FeCp," / FeCp, in CH,Cl,) and, thus, is a potentially good electron donor in
electron-transfer reactions.*® This could be relevant when studying whether any photoinduced
electron transfer occurs from the photoexcited dye covalently bound to the surface to the metallic
core of the Au NP.* Here we report on a fs transient absorption (TA) spectroscopy study
addressing the influence of the linker length between a gold NP and a TPD moiety on the
excited-state deactivation dynamics of the chromophore. The experimental findings yield new
insight into the dynamics of excited-state deactivation of this type of organic dye. In particular,

our results show clearly that dye-dye interactions play an important role in these dynamics.
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Fig. 1 Schematic structures of systems studied in this article.

2. Experimental

2.1  General

All solvents and reagents were purchased and were used without further purification with
the exception of THF and toluene, which were dried by passing through columns of activated
alumina in a manner similar to that described in the literature.”” Toluene used for the preparation
of solutions of gold NPs was purchased from Aldrich (spectroscopic grade) and purified in order
to remove sulfur-containing impurities according to a standard procedure.*® The TPD-Cx-thiol

ligands, the model compound C12-TPD, and ligand-coated gold NPs were synthesized.



Absorption spectra were recorded on a Varian Cary S5E UV-Vis-NIR spectrometer. The
fluorescence spectrum of a toluene solution of C12-TPD was acquired on a Fluorolog 3

fluorometer from Horiba Jobin Yvon and was corrected for the instrument response.

2.2 FT-IR analysis

Neat films of Au NPs and of C12-TPD were cast onto a NaCl disk from CDClI; solutions.
FT-IR spectra of the films were acquired with a Perkin Elmer Spectrum 1000 spectrometer,
collecting 32 scans per sample at a 4 cm™ resolution. The spectrum of a clean NaCl disk was
used as a reference. A spline function baseline correction, included in the instrument’s software,

was used to correct the baseline.

2.3 NMR analysis

NMR spectra were recorded using Bruker DRX-500, Bruker AM-250, or Varian Gemini-
300 spectrometers. Measurements of "H NMR T; and T, relaxation times of CDCl; solutions of
Au NPs were performed on a Bruker DRX-500 spectrometer. T; relaxation time measurements
were performed using the conventional population-inversion recovery method, and the Carr-
Purcell-Meiboom-Gill (CPMG) pulse sequence was employed in T, relaxation time

measurements.

24 Femtosecond Transient Absorption Measurements
Femtosecond transient absorption spectra were acquired using a commercially available
transient absorption spectroscopy system (Newport, Helios). This system accepts two input laser

beams, one of variable wavelength used as the pump beam and one of a fixed wavelength (800



nm) used to generate the probe beam in a proprietary nonlinear optical crystal. For the pump
beam, the light source was the frequency-doubled (using a BBO crystal) output of an ultrafast
optical parametric amplifier (Newport, TOPAS) running at a repetition rate of 1 kHz, set to 700
nm, and pumped by a Ti:Sapphire regenerative amplifier (Newport, Spitfire), resulting in an
excitation wavelength of 350 nm. The pulse width was approximately 120 fs (FWHM). The
excitation wavelength is close to the lowest-energy absorption band maximum of the TPD
moiety (see Figure 6). Approximately 5% of the Spitfire fundamental at 800 nm was used for
NIR white-light continuum (WLC) generation (850 — 1650 nm) in the Helios nonlinear crystal to
provide the experimental probe beam. The polarization of the excitation beam was set to the
magic angle with respect to the polarization of the probe beam in order to sample pure
depopulation dynamics. With these specifications, the instrument response function was
approximately 300 — 400 fs (FWHM). The width of the temporal window that can be studied is
3200 ps. At each temporal delay point, data were averaged for 4 s. The Helios pump beam was
chopped at 500 Hz to obtain pumped (signal) and non-pumped (reference) absorption spectra of
the sample. The data were stored as 3-D Wavelength-Time-Absorbance matrices, which were
exported for use with the fitting software. No appreciable temporal chirp of the WLC probe was
observed and therefore chirp correction of the acquired transient spectra was unnecessary.

The studied solutions had OD at 350 nm between 3 and 4 in a 2 mm path length cuvette,
and were stirred continuously throughout the data acquisition. A neat film of C12-TPD was
prepared by drop casting from a toluene solution. Slow solvent evaporation resulted in a film of
very good optical quality. All samples were photostable under the applied excitation conditions
(no change of the transient signal was observed after ca. 10 min of signal acquisition). Average

powers of 2.1 mW, 1.1 mW and 0.4 mW for the excitation beam at the sample were used for the



measurements on the NP solutions, a 0.1 M toluene solution of C12-TPD, and the neat film of
C12-TPD, respectively. The excitation beam spot size at the sample was determined to be 310
um (HW1/e). In order to avoid instrument response-related artifacts, the usable temporal delay
range for single wavelength kinetic traces was determined to begin about one width of the
instrument response function (or ~350 fs) after the rising edge of the signal. This point was
defined as zero delay time for all fitting procedures. In general, the transient kinetic signal
response for metallic NPs can be quite strong in the spectral region close to that of the surface-
plasmon absorption band.>* However, due to the large spectral separation between the Au NP
surface-plasmon band (ca. 520 nm) and the NIR probe wavelengths used here, only a small
contribution to the overall transient AOD signals in the samples containing Au NPs originates
from the metallic core of the NPs.

3. Results

3.1 Synthesis

Figure 2 shows the synthetic scheme for the preparation of the thiol-coated Au NPs. The
NPs were synthesized by the reduction of HAuCl, in the presence of oleylamine (OA).* OA-
coated Au NPs were then reacted in toluene with the TPD thiols with varying alkyl spacer
lengths (C3 and C12), resulting in particles with high coverages of TPD thiols (AuS-C3-TPD
and AuS-C12-TPD in Figure 1). Au NPs coated with dodecanethiol (DDT) were also prepared
(AuS-C12, Figure 2), as well as Au NPs coated with mixtures of TPD-thiols and DDT (AuS-Cx-
TPD(DDTep), Figure 2); these were synthesized by reacting OA-coated Au NPs with DDT or a
mixture of two thiols of choice, respectively, in toluene solution. All of the prepared NPs were
rather small (ca. 3.5 nm in diameter) and showed similar size distributions as evidenced by TEM

analysis.
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Fig. 2 Synthetic schemes for the preparation of Au NP systems coated with TPD-Cx-thiols
(AuS-Cx-TPD), Au NP systems coated with mixtures of ca. 40% of a TPD-Cx-thiol and 60% of
DDT (AuS-Cx-TPD(DDTygp)) and of Au NPs coated with DDT only (AuS-C12).
3.2 FT-IR Analysis

Infrared spectroscopy of Au NPs is routinely used in order to establish the composition
and, to some extent, the structure of the organic ligand shell.*'* Figure 3a shows FT-IR spectra
of neat films of AuS-C3-TPD and AuS-C12-TPD as well as the spectrum of a neat film of the
model compound C12-TPD. The NP spectra exhibit signals due to IR modes characteristic of
C12-TPD, thus confirming the presence of the TPD moiety on the surface of Au NPs. Analysis

of FT-IR spectra of Au NPs coated with different mixtures of TPD-thiols and DDT was

performed.
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Fig. 3 a) FT-IR spectra of neat films of Au NPs coated with TPD-Cx-thiols, i.e. AuS-Cx-TPD
(x =3, 12), and of the model compound C12-TPD. The spectra were normalized at 1600 cm™
and displaced vertically for clarity. b) FT-IR spectra of neat films of AuS-Cx-TPD (x = 3, 12)
and of AuS-C12 in the C-H stretching mode region. The spectra were normalized at 2920 cm’™
and displaced vertically for clarity.

The frequencies of the signals originating from C-H stretching modes have been often
used to establish the degree of order in aliphatic chains;*** in particular, it has been shown that
it is possible to qualitatively establish the extent to which the all-frans conformation is adopted
by aliphatic chains in self-assembled monolayers on flat gold surfaces and in ligand-coated Au
NPs.* 4449 por example, FT-IR data suggest an all-frans conformation of the alkyl chains in
NPs coated with alkanethiols containing six or more methylene groups in the chain, with the

methylene C-H symmetric stretching mode being found at 2850 cm™.** In NP systems

incorporating shorter alkanethiols there is generally a substantial number of gauche defects,



which manifest themselves in a shift of the methylene C-H symmetric stretching mode signal to
higher energy.** Figure 3b shows the FT-IR spectra measured for neat films of AuS-C3-TPD
and AuS-C12-TPD in the spectral region of C-H stretching modes, along with a spectrum of Au
NPs coated with DDT (AuS-C12) for comparison. As can be seen from the figure, the frequency
of the signal of the methylene C-H symmetric stretching mode in AuS-C12 is 2850 cm™,
consistent with an all-trans conformation of the dodecanethiol chains in this system, as observed
previously. A similar frequency is observed in AuS-C12-TPD, suggesting that in this system the
alkyl linkers between the thiol group and the TPD moieties are fully extended, i.e., their
conformation is dominated by the all-trans form.***> However, in the case of AuS-C3-TPD the
signal of the methylene C-H symmetric stretching mode is shifted to 2858 cm™, indicative of the
presence of gauche defects in the alkyl linkers between TPD moieties and the surface anchoring
thiol groups, i.e., the alkyl spacers in these NPs are not fully extended. Thus, the alkyl-chain-
length dependence of the extent of gauche defects, i.e. the extent of disorder, in the chains is
consistent with the previously reported behavior of simple alkanethiol ligands on Au NPs
mentioned above.** The observed behavior provides information regarding the distance between
the dye and the NP surface: while in AuS-C12-TPD the fully extended dodecyl chain
characterizes the distance between the TPD moiety and the surface-anchoring thiol group (ca. 1.6
nm), the presence of gauche defects in AuS-C3-TPD suggests that some of the dyes are closer to

the surface than one would expect based on fully extended propyl chains (ca. 0.5 nm).

33 '"H NMR Spectroscopic Analysis
Figure 4 shows normalized '"H NMR spectra of CDCl; solutions of Au NP samples

studied in this article. The presence of signals in the aryl proton region (> 6 ppm) of each



spectrum is consistent with the incorporation of TPD moieties into the NP samples. The spectra
obtained for solutions of AuS-C3-TPD and AuS-C12-TPD were used to estimate the residual
amount of oleylamine present in these samples (details of the calculations are given in the ESL,’
page S14). The results revealed that ca. 92% of the ligand molecules in AuS-C3-TPD are TPD-
C3-thiol, while the molar percentage of the corresponding thiol in AuS-C12-TPD system was
ca. 99%. Thus it can be concluded that the amount of residual oleylamine is below 10% in both

AuS-C3-TPD and AuS-C12-TPD.
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Fig. 4 '"H NMR spectra of CDCl; solutions of a) Au NPs incorporating TPD-C3-thiol, with and
without DDT and of b) Au NPs incorporating TPD-C12-thiol, with and without DDT. All
spectra were normalized at the highest peak in the aryl-proton region (6 — 8 ppm). The residual
CHCls, toluene solvent and water peaks have been masked out.



As can be seen in Figure 4, the signal intensity in the aliphatic-proton region (< 4 ppm) of
the normalized "H NMR spectra is much higher for the samples prepared with mixtures of TPD-
Cx-thiol and DDT, suggesting that using mixtures of thiols in the synthesis did indeed yield
mixed-ligand systems. There is also an obvious downfield shift (towards larger chemical shift) of
the aryl proton signals in the case of mixed-ligand systems (AuS-Cx-TPD(DDTg)) when
compared to AuS-Cx-TPD systems. This is true for both linker lengths and suggests that there is
less shielding of aryl protons caused by ring currents of proximal arene rings™ (i.e., by
neighboring dye molecules) in the case of mixed-ligand systems. The observation of a dilution
effect suggests that the distribution of TPD-Cx-thiol and DDT on the surface of NPs is roughly
statistical, rather than consisting of phase-segregated domains (i.e., consisting of patches of
TPD-Cx-thiol and DDT).

The broadness of the signals seen in the 'H NMR spectra of the NP systems studied here
is expected for ligands attached to the surface of Au NPs;’'™ previously both inhomogenous
broadening, arising from a distribution of chemical shifts caused by different adsorption sites on

54, 55,57 caused

the NP surface,”">**® and a drastic shortening of the spin-spin relaxation time, 75,
by the increased viscosity of the microenvironment close to the surface of a NP,’"** have been
found to contribute to the broadness of 'H and '>C NMR signals of NP-bound ligands. Moreover,
the fact that sharp signals of unbound TPD-Cx-thiols are essentially undetectable suggests that
the vast majority of TPD moieties present in the studied samples are, in fact, attached to the NP

surface. Measurements of spin-spin relaxation times (7,) for AuS-C3-TPD and AuS-C12-

TPD' confirm that a shortening of 7 is a major contributor to broadening of the 'H signals in

' The spin-spin relaxation time measurements were performed on a different batch of AuS-Cx-TPD (x = 3, 12) from
the batch discussed in the rest of this paper. The average diameters of the second batch of these NPs were found
from TEM analysis to be 2.8 + 0.8 nm and 3.2 + 0.7 nm for AuS-C3-TPD and AuS-C12-TPD, respectively.



these samples; Figures 5a and 5b show decays of proton signals for AuS-C3-TPD and AuS-
C12-TPD measured in the Carr-Purcell-Meiboom-Gill (CPMG) experiment for two different
spectral regions — 2.05 ppm corresponds to the chemical shift of the methyl protons in tolyl
groups of the TPD moiety, and 6.90 ppm corresponds to the chemical shift of the aryl protons of
the TPD moiety. The average 7> relaxation times, defined as the time delay after which the signal
intensity is reduced by a factor of e — presented in Figure 5S¢ — are clearly much shorter than
those found for organic molecules in solution, which are on the order of seconds.”® Additionally,
measurements of spin-lattice relaxation time, 7;, for CDCl; solution of AuS-C3-TPD revealed
the 7, to be on the order of seconds, which is typical for organic molecules in solution.” This
behavior is thus consistent with a relaxation mechanism dominated by homonuclear magnetic

dipole-dipole interaction,’" >

rather than by interactions of the protons with any paramagnetic
centers that might be present in the NPs.>

It is interesting to note that the average 7, values found for AuS-C3-TPD are

significantly smaller than those found for AuS-C12-TPD (Figure 5c). Since

1 1
F x RS T, Equation 1
2

where R is the distance between the interacting nuclei and 7. is the molecular motion correlation
time, which is directly proportional to the viscosity of the environment,’' this observation is
consistent with higher restrictions on molecular motion in the case of the system incorporating
the shorter alkyl linker between the TPD moiety and the surface-anchoring thiol group. In other
words, if the dominating mechanism of 7 relaxation in the studied NP systems is indeed the
homonuclear dipole-dipole interaction, as the data suggest, the difference in 7> measured for

AuS-C3-TPD and AuS-C12-TPD can be explained by a decrease of the local viscosity of the
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environment in which the dyes are immersed with a subsequent increase of the proton-proton

distance for the system with longer length of the alkyl linker between the thiol group and the



TPD moiety. This can be related to the geometry of AuS-Cx-TPD systems. Similarly to what
has been reported for alkanethiol-coated Au NPs,”' due to the surface curvature of Au NPs the
molecular packing density is smaller when the TPD moiety is located further away from the NP
surface, resulting in lower local viscosity and larger intermolecular proton-proton distances and,
according to equation 1, leading to longer 7> relaxation times. Thus, the 7> data suggest that the
average TPD-TPD distance is larger in AuS-C12-TPD than in AuS-C3-TPD, as expected from

the idealized structures (Figure 1).

34 UV-Vis Absorption and Fluorescence Spectral Analysis
The electronic absorption spectra of toluene solutions of AuS-C3-TPD, AuS-C12-TPD,

AuS-C12 and of the model compound C12-TPD are presented in Figure 6.
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Fig. 6 UV-Vis absorption spectra (Abs) measured for toluene solutions of the systems studied
herein, normalized at the lowest-energy absorption maxima. A normalized fluorescence spectrum
(Em) of C12-TPD in toluene solution is also shown.

The absorption spectra of the NP systems exhibit the surface-plasmon resonance band

~520 nm) typically observed for Au NPs with diameters larger than 2 nm.>" > Absorption
yp y g p

spectra of both NP systems also reveal an absorption band around 350 nm, very similar to that



measured for a toluene solution of C12-TPD, further confirming the presence of the TPD moiety
in the NP systems. The absorption spectra of the NP systems prepared with mixtures of thiols
were also measured.

As can be seen in Figure 6, the fluorescence spectrum of the model compound C12-TPD
in toluene solution exhibits a maximum at 403 nm and it overlaps primarily with the interband
absorption spectrum associated with the Au core of AuS-Cx-TPD. Due to this spectral overlap,
one can expect that in the fluorophore — NP coupled system the fluorescence will be quenched by
the metallic core of the NP via energy transfer.> * 7 We initially set out to investigate the
influence of the distance between the NP surface and the fluorophore on the quenching of
excited state of the dye with the use of the time-correlated single-photon counting (TC-SPC)
technique. Figure 7 shows fluorescence decays of toluene solutions of the free chromophore,

C12-TPD, and of AuS-C12-TPD.
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Fig. 7 Normalized fluorescence decays collected at 420 nm for air-saturated toluene solutions of
C12-TPD (black circles) and of AuS-C12-TPD (gray circles) excited at 365 nm. The best-fit
curves are shown as solid lines.

The analysis of the decay curve measured for a toluene solution of C12-TPD revealed a

monoexponential decay lifetime of 0.98 ns. Interestingly, the decay recorded for AuS-C12-TPD



shows a somewhat similar behavior; i.e., the long-lived signal, that dominates the integrated
signal, shows a comparable lifetime (ca. 0.96 ns) to that measured for the model compound C12-
TPD. Additionally, there is a very fast component of the decay seen after photoexcitation of
AuS-C12-TPD that dominates the zero time signal amplitude. The dynamics of the short-lived
component were limited by the instrument response function (ca. 70 ps) and, thus, its lifetime
could not be established. The presence of two decay components in the fluorescence decay of
toluene solutions of AuS-C12-TPD reveals that there are at least two excited-state species
present after photoexcitation of the sample. Further, the similarity between the lifetime of the
long-lived component and the lifetime measured for C12-TPD suggests that the long-lived
component seen in the fluorescence decay of photoexcited AuS-C12-TPD could originate from
an unbound form of the dye. While TPD-C12-thiol and the corresponding disulfide could not be
detected by a thin-layer chromatography analysis of the NP sample after its purification,
presumably there is a small population (ca. 1%) of unbound TPD-based species in the NP sample
solution, the fluorescence of which would be expected to be unquenched by the NP cores. The
short-lived component, which constitutes only ca. 25% of the integrated fluorescence signal,
most likely originates from the surface-bound TPD moieties and the short lifetime can be
attributed to efficient quenching by the metallic core of the Au NPs (which is further evidenced
by the fs TA measurements described in section 3.5). Effectively, the contrast in fluorescence
quantum yields between the bound and unbound species results in a situation in which even a
very small fraction of unbound species can give rise to a fluorescence signal that dominates the
integrated fluorescence signal. Similar observations have been made by Dulkeith et al. and by
Soller et al. for different fluorophore-NP systems, for which the authors assigned the observed

long-lived components of the luminescence decays to emission originating from unbound



luminophores.™** While we cannot generalize such behavior for all fluorophore-NP systems, we
suggest that TC-SPC analysis should be performed with caution and, especially in situations in
which the measured fluorescence decay implies that there is no or very little fluorescence
quenching by the NPs, additional measurements may be necessary in order to determine if the
measured signal originates from surface-bound species. In our case, an additional complication
was posed by the instability of the fluorescence intensity, which was observed to steadily
increase during the signal acquisition. Due to the aforementioned obstacles, we turned to fs
transient absorption to gain further insight into the kinetics of the excited states of the NP-bound

chromophores.

3.5 Femtosecond Transient Absorption Spectroscopy

Since transient absorption (TA) signals do not depend on the fluorescence quantum yield
and the presence of trace amounts of unbound dyes has negligible effects on the total signal, the
issues described in the previous section do not apply. In order to address the question of the
influence of the alkyl spacer between the Au NP and TPD moiety on the deactivation dynamics
of the TPD excited state, we employed a fs near-infrared (NIR) broadband TA technique. The
use of the NIR probe allowed for preferential probing of the photoexcited TPD moiety as the
contribution from the Au NP metallic core to the overall TA signal is minor in this spectral
region, as opposed to the visible region of the spectrum where the bleaching of the surface
plasmon resonance band and the absorption originating from the photoexcited NPs dominate the
transient spectra.’ >’

As presented in Figure 8, photoexcited samples of AuS-C12-TPD and AuS-C3-TPD in

toluene (the excitation wavelength was 350 nm) exhibited an ultrafast decay of the TA signal.



Global fitting of the kinetic data for AuS-C12-TPD at different wavelengths using a
biexponential function yielded one major component of the decay with a time constant of 2.4 ps
and a spectral distribution identical to an early time (ca. 1 ps delay) transient spectrum of
photoexcited C12-TPD in toluene solution (Figure 8d). For comparison, the excited-state
lifetime of 0.1 M solution of C12-TPD in toluene was measured to be ca. 700 ps. Thus, the
lifetime observed for the TPD excited state in AuS-C12-TPD is more than two orders of
magnitude shorter than that for the same isolated chromophore in solution. This is most likely
due to an efficient energy transfer from the photoexcited dye to the Au NP facilitated by the
close proximity of the thiol-anchored TPD moiety to the NP surface, and by the significant

spectral overlap of the TPD fluorescence with the absorption of the NPs (Figure 6).’

a) b)
—_ 0.031 1, =0.50 +/-0.02 ps
> 0.02] TB=29+-003ps « *
S, o 0
(m] ko] *
O =
< %_ 0.01- L 4
: .
E S ® i s,
° < 0.004 2 VNV NVNEVNEUN
4 °
[ ]
-0.01- °
800 1000 1200 1400 1600
Wavelength [nm]
c) d)
L 0.0151 1, = 2.4 +/-0.05 ps
: o~
r g =21+-5ps Pl e
el o 0
o S 0.010 -
o 2 e
S € 0.005{ o~
o <
=2 . .
0.1 0.000{ 2 2 e s s b
0 2 4 6 8 800 1000 1200 1400 1600
Delay [ps] Wavelength [nm]

Fig. 8 Left: Normalized TA kinetic traces measured at (O) 1000 nm and (A) 1600 nm for a
toluene solution of a) AuS-C3-TPD and c) AuS-C12-TPD. The open squares represent the 1600
nm decay measured for a 0.1 M toluene solution of C12-TPD. The solid lines are the
corresponding best-fit curves. Right: Lifetimes and spectral distributions of amplitudes (® for 14,
@ for 15, A for offset) obtained from global fitting of the data with a sum of two exponential



decays for b) AuS-C3-TPD and d) AuS-C12-TPD. The dash-dot line in d) shows the spectrum
measured at a delay of ca. 1 ps for a 0.1 M C12-TPD toluene solution.

In contrast to AuS-C12-TPD, AuS-C3-TPD showed rather different excited-state decay
kinetics, as presented in Figure 8a. Perhaps rather surprisingly, the overall average TA signal
lifetime at 1600 nm in AuS-C3-TPD (t,, = 3.7 ps) is larger than that observed in AuS-C12-TPD
(tay = 2.9 ps) (ESL, Fig. S11)." Additionally, the shapes of the kinetic profiles measured at 1000
and 1600 nm for AuS-C3-TPD in toluene are clearly different, implying the presence of at least
two NIR-absorbing species in the photoexcited sample. Global fitting of the data using a
biexponential function provided two major decay components (Figure 8b). One of the
components showed a very short lifetime of 0.5 ps (with a transient spectrum similar to that of
the early time spectrum of photoexcited C12-TPD in Figure 8d) and a spectral distribution of
preexponential amplitudes implying a growth of AOD values in the long wavelength region of
the spectrum (negative amplitude values). The second component shows a slower decay rate (tg
= 2.9 ps) and a spectral distribution that is complementary to that measured for the ultrafast
growth. This implies that the TPD excited state in the photoexcited AuS-C3-TPD decays very
rapidly (ta = 0.5 ps) resulting in the generation of a spectrally distinct species, which lives for
2.9 ps.

The striking difference in the photophysics of AuS-C12-TPD and AuS-C3-TPD is
almost undoubtedly associated with the difference in the length of the alkyl spacer between the
thiol group and the TPD moiety. In order to investigate whether the alkyl spacer-mediated
differences in the photophysics of AuS-C12-TPD and AuS-C3-TPD are a result of dye—NP or

dye—dye interactions, the mixed-ligand systems, i.e. AuS-Cx-TPD(DDT), were analyzed in the



same way. A comparison of kinetic traces measured for AuS-C3-TPD with those measured for

the corresponding mixed-monolayer system, AuS-C3-TPD(DDTg), is shown in Figure 9a.
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Fig. 9 Normalized TA kinetic traces measured at 1600 nm for toluene solutions of a) AuS-C3-
TPD and AuS-C3-TPD(DDTs), and b) AuS-C12-TPD and AuS-C12-TPD(DDTg). The solid
lines are the corresponding best-fit curves.

It is clear that diluting TPD-C3-thiol with DDT on the surface of Au NPs (ca. 40% of
TPD-C3-thiol, see ESI page S17)" leads to a change in the kinetics of the photoexcited sample.
In fact, the lifetime of the initially excited TPD moiety in AuS-C3-TPD(DDTgp) was found to be
slightly longer (ca. 0.64 ps) than that found in AuS-C3-TPD (ca. 0.50 ps) indicating that the
efficiency of the formation of the spectrally distinct species is lower in the mixed-ligand system.

At the same time, no difference was observed between the decay kinetics of AuS-C12-TPD and

the corresponding mixed monolayer system AuS-C12-TPD(DDTg) (Figure 9b). These data



suggest that the process leading to the alkyl-spacer-length related differences in the photophysics
involves interactions between surface-bound dyes rather than interactions between the Au NP
and the dye.

The possibility that dye-dye interactions are involved in the kinetics behavior observed in
AuS-C3-TPD prompted us to examine the photophysics of C12-TPD in the solid state. A neat
film of C12-TPD was prepared and a fs TA experiment was performed. Figure 10 shows the
lifetimes and spectral distributions of decay components found from a global fitting analysis

performed on the decay data acquired for the neat film of C12-TPD.
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Fig. 10 Lifetimes and spectral distribution of amplitudes from global fitting of the data with a
sum of three exponential decays for the neat film of C12-TPD.

The excited-state dynamics of C12-TPD in the solid state are rather complicated and
show different characteristics from those seen for the 0.1 M toluene solution. The analysis of the
decay components present in the photoexcited C12-TPD neat film reveals that the initially
excited TPD moiety, which exhibits the same spectral profile as the initially-excited TPD moiety

in toluene solution, decays very rapidly (t; = 1.1 ps) to form a spectrally-distinct species (Amp3



and offset in Figure 10).” The new species exhibits two channels of deactivation — one with a
lifetime of 370 ps (Amp3 in Figure 10) and one with a lifetime that is most likely longer than 10
ns (offset in Figure 10). As shown in Figure 11, the spectrum of the new species is practically the
same as a steady-state absorption spectrum measured for the chemically-generated radical cation
of C12-TPD. Moreover, the spectrum of the species photogenerated in AuS-C3-TPD shows a
remarkable similarity to both the spectrum of the long-lived species seen in the neat film of C12-

TPD and the spectrum of the C12-TPD radical cation.
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Fig. 11 Spectral distribution of the decay component with 2.9 ps lifetime present in AuS-C3-
TPD (A) and of one of the major decay components present in the C12-TPD neat film (O). The
dashed line shows the absorption spectrum of chemically oxidized C12-TPD in toluene in the
NIR region.

4. Discussion
The generation of a TPD radical cation-like species after photoexcitation found in AuS-

C3-TPD, but not in AuS-C12-TPD, suggests that a photoinduced electron-transfer (ET) process

% The nature of the component with spectral distribution Amp2 and lifetime of 22 ps is not clear. However, it is
important to note that the spectral distribution shows a peak that is similar in position to the peak that dominates the
spectral distributions of the decay components of the new species (Amp3 and offset in Figure 10) as well as an
appreciable amplitude in the spectral range in which the initially excited C12-TPD absorbs (900 nm - 1200 nm).
This suggests that the 22 ps decay component is a manifestation of a fast deactivation channel of both the initially
excited C12-TPD and of the new species, which can be interpreted as a recombination process involving a fraction
of the initially excited C12-TPD molecules and a fraction of the population of the new species.



leading to some degree of charge separation may take place in the former system. The question
arises: what is the electron acceptor in AuS-C3-TPD? Before we attempt to answer this question
we must first turn the discussion to the photophysics of the neat film of C12-TPD.

As described above, the long-lived species photogenerated in the neat film of C12-TPD
exhibits a spectral profile that is essentially the same as the spectrum of C12-TPD radical cation.
Thus, the spectrum of the photogenerated species in the C12-TPD neat film can be attributed to
either a C12-TPD radical cation or to a charge-transfer type exciton.”” ® Tsuboi et al.
demonstrated that the efficiency of quenching of the fluorescence of TPD in a solid mixture with
polystyrene was lower than in the neat film of TPD, thus suggesting that dye-dye interactions are
responsible for the observed excited-state deactivation.’ The authors attributed the quenching
process to a photoinduced ET between a photoexcited TPD molecule and another TPD molecule
in a ground state.®’ Our data acquired for a very similar system, C12-TPD, and in particular the
contribution of a cation-like species to the spectrum of the photoexcited film seem to support the
process of photoinduced ET between two TPD molecules as one of the mechanisms of
deactivation of the initially excited state of TPD in the solid. We have not, however,
independently verified whether TPD radical anion is formed in the solid, as the spectral signature
of such species has not been reported in the literature. While, at present, it is impossible to state
definitively whether the formation of radical cation-like species in the solid state of C12-TPD is
due to a photoinduced ET (which would also generate a radical anion) or due to a formation of
charge-transfer exciton (similar to what has been proposed for sexithiophene)™ ®, both scenarios
are consistent with deactivation of the initially-excited TPD via a channel involving dye-dye
interactions with a subsequent formation of a cation-like species.

We can now return to the question posed at the beginning of this section, i.e., if



photoinduced electron-transfer (ET) takes place, what serves as the electron acceptor in AuS-C3-
TPD? The origin of the difference in behavior in AuS-C3-TPD and AuS-C12-TPD also needs
to be addressed. Based on the fs TA data, there is a clear influence of linker length on the
formation of the cation-like species. While for AuS-C3-TPD, in which the TPD moiety is
located close to the surface, there is an ultrafast formation of the cation-like species, there is no
sign of this species in AuS-C12-TPD, in which TPD is located further away from the NP
surface. This result is at least consistent with electron transfer from a photoexcited TPD moiety
to the Au NP core in AuS-C3-TPD (i.e., with the NP core functioning as the electron acceptor),
with the donor-acceptor distance in AuS-C12-TPD being sufficiently large that photoinduced
electron transfer is too slow to compete significantly with other deactivation mechanisms.’
However, the results obtained for mixed-ligand systems indicate that the formation of the cation-
like species is less efficient in AuS-C3-TPD(DDTgp) than in AuS-C3-TPD, and strongly
suggest that dye-dye interactions are involved in the formation of the species. This dye-dye
interaction is also supported by the observation of cation-like species in the solid state of C12-
TPD. Thus the different behavior of AuS-C3-TPD and AuS-C12-TPD seems not to be due to
the different TPD moiety-NP distances, but to different dye-dye distances arising from the
surface curvature and the linker lengths:*' based on estimates of the lengths of the alkyl spacers
(ca. 0.5 nm and 1.6 nm for fully extended C3- and C12-linkers, respectively), and the measured
NP radius, the dye-dye distance is estimated to be approximately 1.5 times larger in AuS-C12-

TPD than in AuS-C3-TPD*. This is entirely consistent with the NMR data presented in section

3 The products of such reaction in AuS-C3-TPD would be the radical cation of the TPD moiety and a negatively
charged core of a Au NP. Direct spectroscopic evidence for the latter would likely be difficult to discern due to
small spectral changes associated with the change of the number of conduction-band electrons in Au NPs (ref. 58)
and to the presence of transient signals originating from the photoexcited Au NP in the visible part of the spectrum.

* The calculated value of the dye-dye distance ratio was based on fully extended alkyl spacers for both AuS-C3-
TPD and for AuS-C12-TPD. According to FT-IR data the alkyl spacer in AuS-C12-TPD is fully extended but that
is not the case for AuS-C3-TPD. This implies that the dye-surface distance and dye-dye distance in the latter system



3.3, which suggest that the dye-dye distance in AuS-C3-TPD is indeed smaller than that in AuS-
C12-TPD.

Thus, while our data do not enable us to distinguish between ET from one TPD molecule
to another, which would generate a TPD radical anion’ and TPD radical cation pair, or the
formation of a charge-transfer exciton, the results strongly suggest the formation of a radical-ion

like species whose formation involves dye-dye interactions rather than dye-NP interactions.

5. Conclusions

We have shown that the alkyl spacer length between a Au NP and a covalently attached
organic dye has a significant impact on the resulting excited-state dynamics. This is manifested
not only in the well-known dye-NP energy-transfer excited-state deactivation mechanism,’ but
also in the presence of a deactivation channel involving the formation of a radical cation-like
species through dye-dye interactions. Additionally, we have shown that while fluorescence-based
measurements were not feasible for studying the dynamics in these systems, the fs NIR transient
absorption technique is an excellent method for probing the excited-state dynamics of TPD
moieties attached to Au NPs. Furthermore, we have demonstrated that the presence of a spectral
signature very similar to the radical cation of the dye in the photoexcited Au NP/dye system does
not necessarily imply a photoinduced electron transfer from the dye to the metallic core of the
Au NP. Rather, the demonstrated dye-coverage dependence of the photophysics and the

similarity of the photophysical properties of toluene solutions of AuS-C3-TPD to those of C12-

are most likely smaller than the distances used in calculation of the dye-dye distance ratio. Consequently, the dye-
dye distance in AuS-C12-TPD is most likely larger than the dye-dye distance in AuS-C3-TPD by a factor of >1.5.

> As in the case of C12-TPD neat film, the formation of TPD radical anion in AuS-C3-TPD has not been
ascertained at this stage due to the lack of literature data regarding the spectral signature of such species.

% The dye - surface distance dependence of the energy transfer from the TPD moiety to the metallic core in the
studied systems will be discussed in a separate paper.



TPD in the solid state suggest the formation of either a radical anion/radical cation pair between
two dye molecules, or the formation of a charge-transfer type exciton incorporating a few dye
molecules in the photoexcited nanostructure. In any case, only the NP system incorporating the
short linker between the dye and the NP surface exhibits the solid-like behavior.

The novelty of our work lies not only in the use of fs NIR transient absorption, which
allows for probing selectively the ultrafast dynamics of the surface-bound dyes, but also in our
finding that such ultrafast dynamics provide important insights into the structure of the ground
state of the hybrid NP — organic dye systems, in a similar fashion to what has been demonstrated
for molecular systems.”®* Perhaps the most important new physical insight resulting from this
work is that the surface curvature hinders dye-dye interactions for systems with long spacers
between the dye and the NP surface, while the short chain system displays features that resemble
those of the dye in the solid state. From a scientific standpoint the consequences of the present
data are important as they clearly show that dye—dye interactions can play a significant role in
the excited-state dynamics of Au NP/organic dye systems. These results could be of interest for
the design of NP/organic dye hybrid systems for applications in which the lifetime of the excited

state is a critical parameter.
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