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ABSTRACT: Synthesis, characterization, and ultrafast dynamics of porphyrin- and zinc porphyrin-based nanomaterials are
reported. Spherical nanoparticles composed of a group of uniform materials based on organic salts (nanoGUMBOS) are prepared
from either porphyrin or zinc porphyrin with trihexyl(tetradecyl)phosphonium in aqueous colloidal suspension with sizes of
approximately 50 nm in diameter. Ultrafast excited-state dynamics of porphyrin and zinc porphyrin nanoGUMBOS in water are
measured using transient absorption spectroscopy with 400 nm excitation. Results are compared to corresponding measurements of
the porphyrin molecular dye parent compounds in water. Porphyrin and zinc porphyrin have long-lived excited states arising from
intersystem crossing of the first-excited singlet S, state to the triplet T state. These excited-state lifetimes are significantly faster in
porphyrin-based nanoGUMBOS as compared to the corresponding porphyrin molecules due to intermolecular energy transfer,
electronic delocalization, and altered chemical environments of the nanomaterials. Additionally, these results demonstrate that
porphyrin-based nanoGUMBOS are promising nanomaterials for light harvesting in solar cells and optoelectronics.

1. INTRODUCTION properties of these nanomaterials is needed for the design
Organic and organometallic nanomaterials have drawn great and optimization of new light-harvesting and optoelectronic
devices.

interest due to their many potential applications including
photothermal cancer therapy,”” biosensing,” and optoelec-
tronics.” A group of uniform materials based on organic salts or
GUMBOS represents an emerging class of organic and
organometallic materials that provides a wide range of
controllable chemical, physical, and optoelectronic character-
istics.” Colloidal nanoparticles prepared from GUMBOS are
termed nanoGUMBOS and are scientifically interesting due to
their facile synthesis, highly tunable photophysical properties,
and extended list of applications in biomedical imaging,’°
antibiotics,”® cancer therapy,” molecular sensing,'’~"* organic Received: October 2, 2020
light-emitting diodes,"”'* and photovoltaics.”> Porphyrin- Published: October 21, 2020
based nanoGUMBOS have been recently investigated and

demonstrated to be promising candidates as photosensitizers

for dye-sensitized solar cells and optoelectronics.'® However, a

better understanding of the fundamental photophysical

We have previously investigated the ultrafast excited-state
dynamics of different types of nanoGUMBOS using transient
absorption spectroscopy.'”'® In one study, we reported
observation of tunable intermolecular energy transfer in
crystalline ruthenium bipyridine-—bis-
(pentafluoroethylsulfonyl)imide ([Ru(bipy);][BETI],) nano-
GUMBOS in colloidal suspension in water.'” Size-dependent
relaxation dynamics were observed in these nanoGUMBOS,
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characterized by decay dynamics similar to the Ru(bipy);Cl,
dye with an added relaxation pathway from intermolecular
energy transfer.'” Additionally, size-dependent phonon oscil-
lations were observed, where the phonon frequency increases
as the nanoparticle size increases. This anomalous phonon
trend suggests a very low coupling between electronic and
phonon degrees of freedom and strong hydrophobic
interactions with the aqueous solvent.'” In a second study,
brilliant green—bis(pentafluoroethylsulfonyl)imide ([BG]-
[BETI]) nanoGUMBOS demonstrated slower relaxation
dynamics than the BG molecular dye due to the steric
hindrance of the torsional degrees of freedom of the phenyl
rings around the central carbon in the nanoGUMBOS
environment while also displaying enhanced nonlinear optical
signals.'® Understanding the excited-state dynamics of different
porphyrin-based nanoGUMBOS is essential for the develop-
ment and optimization of various optoelectronic applications.
In this respect, porphyrin nanoGUMBOS provide a new route
for the synthesis of highly tunable functional organic
nanomaterials with enhanced photonic properties.

Porphyrin molecular dyes are particularly attractive due to
their optical and chemical tunability as well as their highly
efficient electron transfer in donor—acceptor configurations,
making them promising candidates for advanced dye-sensitized
solar cells and optoelectronic devices.'”~* Additionally,
porphyrin dyes can be easily altered by changing the central
hydrogen atoms in the heterocyclic structure with different
metal ions such as Zn**, Co**, and Cu**. These M-porphyrin-
based dyes can be used for the development of artificial light-
harvesting antennae that mimic photosynthesis by transferring
the absorbed photon energy to a reaction center.”’ For
example, zinc porphyrin-sensitized solar cells with a cobalt(Il/
II1)-based redox electrolyte previously recorded an excellent
conversion efficiency of 12.3%."” Several porphyrin-based
synthetic strategies have been utilized for photovoltaics
including configurations based on arrays,“’25 dimers,*°
dendrimers,”” controlled aggregation,28 and supramolecular
assemblies.””*" These synthetic strategies require strong
absorbance in the visible region and enhanced electron transfer
for efficient photovoltaic designs.”"”** Porphyrin hexamers have
also been studied due to their near-infrared luminescence for
organic light-emitting diodes.”> The unique chemical and
optical properties of porphyrins lead to an extensive list of
potential applications including photodynamic therapy,* ™’
catalysis,”* "' and optoelectronics.'”** Excited-state dynamics
of porphyrin molecular dyes have been studied using various
ultrafast pump-probe spectroscopic techniques.””~*" Addition-
ally, excited-state relaxation processes and interfacial energy
transfer mechanisms of porphyrin dyes in solution and
attached to substrates have been investigated using ultrafast
spectroscopy.””*** The emerging field of molecular-based
nanomaterials, such as nanoGUMBOS, provides the ability to
study how molecular photophysical properties are altered as
individual molecules are restructured into size-controlled
nanomaterials for potentially enhanced optoelectronic appli-
cations.' ™"

In this article, we report investigations of excited-state
relaxation dynamics of colloidal trihexyl(tetradecyl)-
phosphonium porphyrin ([P66614],[M-TCPP]) nanoGUM-
BOS, with M = H, and Zn, using ultrafast pump-probe time-
resolved transient absorption spectroscopy with pump pulse
excitation at 400 nm and white light continuum femtosecond
probe pulses. Transient absorption results obtained for these

nanoGUMBOS are compared to corresponding results
acquired from aqueous solutions of the M-porphyrin parent
compound molecular dyes. In the nanoGUMBOS samples,
additional efficient energy transfer relaxation pathways are
observed, leading to significantly shorter excited-state lifetimes.
In addition, the excited-state dynamics of [P66614],[Zn-
TCPP] nanoGUMBOS are considerably faster than those of
the molecular dye due to an increase in spin—orbit coupling
and electronic delocalization caused by the metal center,
leading to enhanced energy transfer in excited-state relaxation
dynamics. By incorporating our previous work,'”'®  these
studies provide important new details on the photodynamics of
different types of nanoGUMBOS for comparisons between
amorphous and crystalline structures, between long-lived and
short-lived excited states, and between porphyrins with and
without a metal center. In general, our results show that
nanoGUMBOS are highly attractive for designing new,
efficient light-harvesting nanomaterials. The use of organic or
organometallic nanoparticles of this type in solar cell devices is
advantageous due to their large surface-to-volume ratios,
leading to expected increased energy conversion efliciencies.
These transient absorption spectroscopy studies provide a
fundamental understanding of ultrafast processes controlling
photodynamics and energy transfer for advancing potential
applications in molecular-based optoelectronic nanomaterials.

2. EXPERIMENTAL SECTION

2.1. GUMBOS and NanoGUMBOS Synthesis. Meso-
tetra(4-carboxyphenyl)porphyrin (H,-TCPP or TCPP) and
zinc(1I) meso-tetra(4-carboxyphenyl)porphyrin (Zn-TCPP) in
acid form were purchased from Frontier Scientific. Trihexyl-
(tetradecyl)phosphonium chloride ([P66614][Cl]) and di-
chloromethane (DCM) were purchased from Sigma-Aldrich.
Triply deionized ultrapure water was used for all samples.
GUMBOS syntheses using a metathesis reaction were
performed in a binary solvent mixture, as previously
reported.'® Briefly, TCPP or Zn-TCPP is neutralized using
an excess of aqueous sodium hydroxide to obtain water-soluble
tetrasodium salt in 10% excess. The other reactant
[P66614][Cl] is dissolved in DCM. The two solutions are
then mixed and stirred for 40 h. After the reaction is complete,
the product is washed several times with water followed by
removal of DCM using rotary evaporation under reduced
pressure. Residual water is removed using freeze-drying and
the final yield of the [P66614],[M-TCPP] GUMBOS product
was approximately 96%. NanoGUMBOS are synthesized via
reprecipitation of the GUMBOS in water by adding 50 L of a
1 mM GUMBOS stock ethanolic solution into 5 mL of water
under sonication for 30 min. The reaction scheme of the
[P66614],[M-TCPP] GUMBOS is shown in Figure 1.
Reprecipitation of [P66614],[M-TCPP] in water produces
spherical nanoparticles with average sizes of 49 + 25 nm for
[P66614],[TCPP] nanoGUMBOS and 52 + 15 nm for
[P66614],[Zn-TCPP] nanoGUMBOS. Representative trans-
mission electron microscopy (TEM) images of
[P66614],[TCPP] and [P66614],[Zn-TCPP] nanoGUMBOS
are shown in Figure 2a,b, respectively.

2.2. Transient Absorption. Ultrafast transient absorption
spectroscopy is a powerful technique for investigation of
excited-state relaxation dynamics of molecules and nanoma-
terials.'”'® Our homebuilt transient absorption apparatus
consists of an ultrafast laser system, an optical setup, and a
fiber optic spectrometer detector. Laser pulses are generated

https://dx.doi.org/10.1021/acs.jpcc.0c08985
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Figure 1. Reaction scheme of the synthesis of [P66614],[M-TCPP]
GUMBOS.

Figure 2. TEM images of (a) SO nm [P66614],[TCPP] nano-
GUMBOS and (b) 50 nm [P66614],[Zn-TCPP] nanoGUMBOS.

using a Titanium:sapphire laser system that produces 75 fs
pulses centered at 800 nm with a 10 kHz repetition rate and an
average power of 0.7 mJ/pulse. The initial laser beam is
separated into pump and probe beams using a beam splitter.
The 400 nm pump pulse beam is generated using frequency
doubling by focusing the beam into a nonlinear beta barium
borate crystal. An optical filter is then used to remove any 800
nm residual light yielding an excitation power of 0.16 yJ/pulse.
Probe pulses are focused into a fused quartz flow cell
containing water to generate femtosecond white light probe
pulses. Pump and probe beams are refocused to a spatial
overlap in the sample, which is contained in a 3 mm fused
quartz flow cell. The pump-probe optical delay is controlled
using a retroreflector on a computer-controlled translation
stage for the pump beam. The temporal step sizes are all larger
than the experimental temporal resolution, which is approx-
imately 100 fs. Background spectra with probe only are
subtracted from the pump-probe spectra using an automated
beam block for each pump-probe time delay. Several spectral
scans are acquired for each sample studied, and transient
absorption spectra are acquired several times for statistical
analysis.

3. RESULTS AND DISCUSSION

The extinction and fluorescence spectra of TCPP and Zn-
TCPP molecular dyes and corresponding nanoGUMBOS are
first measured for direct analysis and comparison. Figure 3a

124 (a)

1.0

=== TCCP Molecular Dye
= [P66614],[TCPP]
NanoGUMBOS

Absorbance (A)

00 T T T T T 1
200 300 400 500 600 700 800
Wavelength (nm)
1.6 H
1.4 — (b) == 7Zn-TCCP Molecular Dye
19 = [P66614],[Zn-TCPP]
’ NanoGUMBOS

Absorbance (A)

T T T T T T T
200 300 400 500 600 700 800
Wavelength (nm)

Figure 3. Absorbance spectra of (a) (red line) 10 yM TCPP
molecular dye and (blue line) 10 yM [P66614],[TCPP] nano-
GUMBOS and (b) (red line) 10 uM Zn-TCPP molecular dye and
(blue line) 10 uM [P66614],[Zn-TCPP] nanoGUMBOS.

shows the absorbance spectra of the TCPP molecular dye and
[P66614],[TCPP] nanoGUMBOS, with the Soret band
corresponding to the S;,—S, transition*® centered at 413 and
421 nm for the TCPP dye and [P66614],[TCPP] nano-
GUMBOS, respectively. The absorbance spectra of the Zn-
TCPP molecular dye and [Zn-TCPP][P66614], nanoGUM-
BOS are shown in Figure 3b, with the Soret band centered at
420 and 435 nm for the Zn-TCPP dye and [P66614],[Zn-
TCPP] nanoGUMBOS, respectively. A redshift and broad-
ening of the Soret band are observed in both
[P66614],[TCPP] and [P66614],[Zn-TCPP] nanoGUM-
BOS, which are attributed to J-aggregation and a flattening
of the porghyrin molecules in the nanoGUMBOS environ-
t./*°° The Q bands, arising from the lower-energy Sy—S,
transmon, are centered after 500 nm for both dyes and both
nanoGUMBOS samples. Due to the lower symmetry of
porphyrin, the Q bands split into different components of
unequal energies Q, and with four different absorption
peaks for TCPP centered around 516, 555, 581, and 633
m.*"** For Zn-TCPP, the Q bands are degenerate in the D,
symmetry and are centered around 556 and 596 nm. The Q
bands have higher intensities and shift slightly in both
nanoGUMBOS samples to around 516, 552, 594, and 650
nm in [P66614],[ TCPP] nanoGUMBOS and around 565 and
607 nm in [P66614],[Zn-TCPP] nanoGUMBOS.
Fluorescence peaks observed in the molecular dyes and
nanoGUMBOS are from Q,(0,0) and Q,(0,1) transitions. 4344
The dominant relaxation channel of this Q, transition is

https://dx.doi.org/10.1021/acs.jpcc.0c08985
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through intersystem crossing to the T state, which has a very
long lifetime on the order of microseconds to milliseconds.>
Figure 4a is a display of the fluorescence spectra of the TCPP
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Figure 4. Fluorescence spectra of (a) (red line) 10 yM TCPP
molecular dye in water and (blue line) 10 uM [P66614],[TCPP]
colloidal nanoGUMBOS after excitation at 420 nm and (b) (red line)
10 M Zn-TCPP molecular dye in water and (blue line) 10 uM
[P66614],[Zn-TCPP] colloidal nanoGUMBOS after excitation at
420 nm.

molecular dye in water and [P66614],[ TCPP] nanoGUMBOS
in water. The TCPP dye has a high intensity fluorescence band
centered at 640 nm and a lower intensity band centered at 720
nm. In the case of [P66614],[TCPP] nanoGUMBOS, the
shorter-wavelength band is enhanced and red-shifted to 660
nm, while the longer-wavelength band is red-shifted to 725 nm.
The fluorescence spectra of the Zn-TCPP molecular dye in
water and [P66614],[Zn-TCPP] nanoGUMBOS in water are
shown in Figure 4b. The Zn-TCPP dye has a high-intensity
fluorescence band centered at 610 nm and a lower-intensity
band centered at 660 nm. In the case of [P66614],[ TCPP]
nanoGUMBOS, the shorter-wavelength band is quenched and
red-shifted to 625 nm, while the longer-wavelength band is
enhanced and red-shifted to 680 nm. The absorbance and
luminescence bands of TCPP and Zn-TCPP are red-shifted in
nanoGUMBOS as compared to the corresponding free dye
molecule in water due to the presence of the four bulky
hydrophobic P66614 cations, leading to the formation of
loosely packed aggregates in the nanoGUMBOS.**
Excited-state dynamics of different samples of M-TCPP
molecular dyes are measured using transient absorption
spectroscopy with 400 nm excitation pulses and results are
compared to those of nanoGUMBOS samples. Figure Sa is a
display of the transient absorption spectra of the 20 uM
aqueous TCPP molecular dye in water. A negative band
centered at 422 nm is due to depletion of the ground-state
population, followed by a broad positive spectrum after 425
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Figure 5. (a) Transient absorption spectra of 20 M TCPP molecular
dye in water at different time delays using 400 nm excitation. (b)
Time profiles of the transient absorption spectra of aqueous TCPP
molecular dye. The time-dependent signals are measured at 422 and
430 nm.

nm from excited-state absorption. An isosbestic point
separating the ground-state depletion band and excited-state
absorption region is observed at 424 nm. Representative time
profiles of the transient absorption spectra of aqueous TCPP
integrated at 422 and 430 nm are shown in Figure Sb. These
time profiles change rapidly upon excitation due to S, to S;
state internal conversion and then S, to triplet T, state
intersystem crossing, both of which occur on faster timescales
than the current experimental temporal resolution.** After
these rapid transitions occur near time zero, the time profiles
remain relatively constant due to a very long lifetime of the T
triplet state, which is significantly longer than the optical
pump-probe time delays used in the experiment.**
Excited-state dynamics of [P66614],[TCPP] nanoGUM-
BOS are studied and compared to those obtained from the
TCPP molecular dye in order to understand aspects of the
photophysical changes occurring due to the altered nano-
GUMBOS environment. Figure 6a is a display of the transient
absorption spectra of colloidal [P66614],[TCPP] nano-
GUMBOS at different time delays using 400 nm excitation
pulses. A negative depletion band is centered at 423 nm
followed by a broad positive spectrum from excited-state
absorption after 440 nm. The two spectral features are
separated by an isosbestic point at 438 nm. Representative
time profiles of the transient absorption spectra of colloidal
[P66614],[ TCPP] nanoGUMBOS integrated at 423 and 460
nm are shown in Figure 6b. As shown in Figure 6c,
experimental data are fit with a global analysis technique
using a sum of exponential functions.'”'** The equation used
in the global analysis fit is of the form

I(t) =y, + z:’zlAiexp(—f), where n is the number of

https://dx.doi.org/10.1021/acs.jpcc.0c08985
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Figure 6. (a) Transient absorption spectra of colloidal
[P66614],[TCPP] nanoGUMBOS at different time delays using
400 nm excitation. (b) Time profiles of the transient absorption
spectra of colloidal [P66614],[TCPP] nanoGUMBOS. The time-
dependent signals are measured at 423 nm and 460 nm. (c) Decay
spectra obtained using a sum of exponential fits of time-dependent
transient absorption spectra of colloidal [P66614],[TCPP] nano-
GUMBOS.

lifetimes required to accurately fit time profiles obtained from
the transient absorption spectra. Two lifetimes are required to
accurately fit the temporal evolution of the transient signal over
the wavelength range of the experiment with lifetimes of 7, =
1.2 + 0.1 ns and 7, = 3.0 + 0.1 ns. The lifetimes are listed in
Table 1. Transient absorption results demonstrate that excited-
state dynamics of [P66614],[TCPP] nanoGUMBOS are
significantly faster than those of the aqueous TCPP dye. In

Table 1. Measured Lifetimes from [P66614],[ TCPP]
NanoGUMBOS, Zn-TCPP, and [P66614],[Zn-TCPP]
NanoGUMBOS

[P66614],[ TCPP] [P66614],[Zn-TCPP]
nanoGUMBOS Zn-TCPP nanoGUMBOS
12 £ 0.1 ns S8 £4ps 19 = 1 ps
3.0+ 0.1ns 2.0 £02ns 74 £ 6 ps

the nanoparticle, TCPP acts as an efficient energy donor and
acceptor, with this pathway being greatly enhanced due to a
closely packed nanoGUMBOS environment. A similar
intermolecular energy transfer pathway was observed in our
previous studies of [Ru(bipy);][BETI], nanoGUMBOS."
Absorption and fluorescence investigations of porphyrin-clay
complexes demonstrate related energy transfer pathways
between nearby porphyrin molecules,”™” although the role
of porphyrin aggregates in the nanoGUMBOS may further
complicate this picture.”® This type of intermolecular ener

transfer can also be utilized in dye-sensitized solar cells,”****
using nanoGUMBOS attached to a semiconductor surface.

In [P66614],[ TCPP] nanoGUMBOS, the shorter lifetime of
7, is attributed to intermolecular energy transfer redistribution
between nearby TCPP molecules, while the longer lifetime of
7, is ascribed to relaxation of the S, state (Q, state) through
intersystem crossing to the T, triplet state.”* The decay
spectrum corresponding to enhanced intersystem crossing in
the [P66614],[TCPP] nanoGUMBOS is dominated by
ground-state depletion, as shown in Figure 6c, while the
decay spectrum corresponding to energy transfer is dominated
by excited-state absorption. Excited-state dynamics of the
porphyrin are observed to be significantly faster in nano-
GUMBOS than in the molecular dye alone, which is caused by
a combination of energy transfer and enhanced intersystem
crossing in the nanomaterial environment, leading to
dramatically altered photophysical properties of the nano-
GUMBOS.™*"

The effect of the zinc metal center on the excited-state
dynamics of aqueous Zn-TCPP and colloidal [P66614],[Zn-
TCPP] nanoGUMBOS is also investigated. Here, the presence
of a Zn metal center significantly decreases the excited-state
lifetimes in the Zn-TCPP molecular dye as compared to the
TCPP molecular dye due to increased spin—orbit coupling and
electronic delocalization in Zn-TCPP.***°' Additionally, a
heavy metal center in organometallic molecules is known to
accelerate intersystem crossing from triplet to singlet
states.”””®* Figure 7a is a display of the transient absorption
spectra of the aqueous Zn-TCPP molecular dye at different
time delays using 400 nm excitation pulses. A negative ground-
state depletion band is centered at 426 nm, followed by a
positive broad spectrum after 435 nm due to excited-state
absorption. The two spectral regions are separated by an
isosbestic point at 433 nm. Representative time traces from the
transient absorption spectra integrated at 428 and 450 nm are
shown in Figure 7b. Analyses of these time traces demonstrate
that these relaxation dynamics are described using a single
lifetime of 73 = 2.0 + 0.2 ns. This lifetime is attributed to
relaxation of the S, state (Q, state) to the triplet T, state
through intersystem crossing. Previous studies on the
upconversion fluorescence spectroscopy of a similar dye
molecule, zinc tetraphenylporphyrin (ZnTPP), in benzene
describe a similar lifetime of 1.7 ns.”” In our measurements, the
slightly different zinc-porphyrin molecular structure in a
different highly polar aqueous solvent causes a longer
relaxation lifetime for this intersystem crossing transition.

Transient absorption of the Zn-TCPP molecular dye is also
studied under higher temporal resolution, using smaller pump-
probe time delay steps, with all other experimental conditions
being the same. Representative transient absorption spectra
under higher temporal resolution are shown in Figure 7,
where the relative intensity of the ground-state depletion is
greater than the corresponding spectra shown in Figure 7b at

https://dx.doi.org/10.1021/acs.jpcc.0c08985
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Figure 7. (a) Transient absorption spectra of 20 uL of aqueous Zn-
TCPP molecular dye at different time delays using 400 nm excitation.
(b) Time profiles of the transient absorption spectra of aqueous Zn-
TCPP molecular dye. The time-dependent signals are measured at
428 and 450 nm. (c) Transient absorption spectra of 20 uL of
aqueous Zn-TCPP molecular dye at different time delays at short time
steps using 400 nm excitation. (d) Time profiles of Zn-TCPP
molecular dye at short time delays integrated at 425 nm.

longer delay times. The time profile of the Zn-TCPP molecular
dye in water at short time delays integrated at 425 nm is shown
in Figure 7d and can be fit with a single exponential lifetime of
7, = 58 + 4 ps, which is attributed to the vibrational relaxation

of the S, excited-state population, after internal conversion
from the S, state.”*** The lifetimes measured from Zn-TCPP
are also listed in Table 1. Previous transient absorption studies
on a similar dye molecule, ZnTPP, in benzene and DCM
measured lifetimes of vibrational relaxation of the S, state to be
approximately 12 and 38 ps, respectively. In that case, solvent
interaction was found to play an important role in these
dynamics."’ Here, the slightly different molecular structure of
Zn-TCPP in a different solvent (water) shows a significantly
longer lifetime where an overall trend of increasing lifetimes for
solvents of increasing polarity is observed. Internal conversion
from the excited S, to S, states, which is expected to occur on
timescales of approximately 1 ps,43 is faster than the current
experimental temporal resolution conditions employed.
Transient absorption spectroscopy measurements are also
performed on colloidal [P66614],[Zn-TCPP] nanoGUMBOS.
Figure 8a is a display of the transient absorption spectra of
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Figure 8. (a) Transient absorption spectra of colloidal [P66614],[Zn-
TCPP] nanoGUMBOS at different time delays using 400 nm
excitation. (b) Time profiles of the transient absorption spectra of
colloidal [P66614],[Zn-TCPP] nanoGUMBOS. The time-dependent
signals are measured at 428 and 450 nm. (c) Decay spectra obtained
using a sum of exponential fits of time-dependent transient absorption
spectra of colloidal [P66614],[Zn-TCPP] nanoGUMBOS.
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colloidal [P66614],[Zn-TCPP] nanoGUMBOS at different
time delays using 400 nm excitation. A ground-state depletion
band is centered at 425 nm, followed by a broad excited-state
absorption spectrum after 450 nm. Time-dependent transient
absorption spectra integrated at 420 and 458 nm are shown in
Figure 8b. Corresponding decay spectra from global analyses
of the time profiles are shown in Figure 8c. Time profiles are fit
using a sum of two exponential functions with lifetimes 75 = 19
+ 1 ps and 745 = 74 + 6 ps. These lifetimes are also listed in
Table 1 for comparison. The faster lifetime 7; is attributed to
energy transfer between nearby Zn-TCPP molecules in the
nanoGUMBOS environment because this lifetime and
corresponding decay spectrum are not observed in the Zn-
TCPP molecular dye alone in water. The slower lifetime 74 is
ascribed primarily to intersystem crossing of the S, state to the
T, state, since the corresponding decay spectrum is dominated
by ground-state depletion near 420 nm, with the transient
absorption spectra approximately equal to zero within
experimental uncertainty after the decay of this 74 signal.
Here, the presence of the intermolecular energy transfer
pathway also increases the rate of relaxation of the S state in
the nanoGUMBOS material caused by a larger degree of
electronic delocalization in the nanoGUMBOS environment.
In contrast to the decay spectrum of energy transfer in the
[P66614],[TCPP] nanoGUMBOS, which is dominated by
excited-state absorption, the decay spectrum of energy transfer
in [P66614],[Zn-TCPP] nanoGUMBOS has both the positive
excited-state absorption character near 420 nm and negative
ground-state depletion character near 450 nm.

By comparing these results to our previous work on
[Ru(bipy);][BETI], nanoGUMBOS"” and [BG][BETI] nano-
GUMBOS,"® several important conclusions can be obtained.
The [Ru(bipy);][BETI], nanoGUMBOS have a crystalline
structure, resulting in phonon oscillations. The porphyrin-
based nanoGUMBOS described here are amorphous in
structure, so no phonon oscillations are observed. Additionally,
the role of the Zn metal center is directly observed to
significantly decrease the energy transfer lifetime in
[P66614],[Zn-TCPP] nanoGUMBOS as compared to
[P66614],[ TCPP] nanoGUMBOS, where the Zn metal center
is not present. Such comparisons were not possible in the
[Ru(bipy);][BETI], nanoGUMBOS study due to the different
chemical structure of the parent dye molecule. For both the
porphyrin nanoGUMBOS and the [Ru(bipy);][BETI], nano-
GUMBOS, where intersystem crossing to triplet states occurs,
the excited-state dynamics have faster lifetimes than the
corresponding parent dye molecules due primarily to the
added energy transfer pathways. However, for the [BG][BETI]
nanoGUMBOS, which have much faster dynamics with no
intersystem crossing, the excited-state dynamics are slower
than in the corresponding parent dye molecules due to
molecular hindrance. These transient absorption results of
porphyrin and zinc-porphyrin molecular dyes and comparisons
to corresponding nanoGUMBOS provide key information on
altered photodynamic properties in molecular-based nanoma-
terials for enhancing energy transfer and excited-state
relaxation in potential optoelectronic applications.

4. CONCLUSIONS

Ultrafast relaxation dynamics of colloidal porphyrin- and zinc
porphyrin-based nanomaterials are studied using transient
absorption spectroscopy, showing dramatically faster lifetimes
and altered spectra as compared to corresponding parent dye

molecules in water. [P66614],[TCPP] and [P66614],[Zn-
TCPP] nanoGUMBOS are prepared using a metathesis
reaction, resulting in 50 nm nanospheres in stable aqueous
colloidal suspension. Transient absorption spectroscopy
studies of TCPP and Zn-TCPP molecular dyes in water
using 400 nm excitation display long-lived excited states from
intersystem crossing of the S, state to the triplet T, state.
Corresponding nanoGUMBOS show dramatically faster
relaxation dynamics with an additional pathway due to
intermolecular energy transfer in the altered nanoGUMBOS
environment, which is characterized by close-packing aggre-
gates of the porphyrin and P66614 molecular ions. In addition,
Zn-porphyrin nanoGUMBOS demonstrate very efficient
relaxation dynamics and energy transfer caused by increased
electronic delocalization and spin—orbit coupling from the Zn
metal center. This highly efficient energy transfer pathway is
very promising for potential applications in photovoltaics and
optoelectronics. These studies also provide fundamental
insights into ultrafast photodynamics for advancing optoelec-
tronic technologies utilizing molecular-based nanomaterials.
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