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ABSTRACT: Self-assembly of molecular multilayers via metal ion
linkages has become an important strategy for interfacial
engineering of metalloid and metal oxide (MO,) substrates, with
applications in numerous areas, including energy harvesting,
catalysis, and chemical sensing. An important aspect for the
rational design of these multilayers is knowledge of the molecular
structure—function relationships. For example, in a multilayer
composed of different chromophores in each layer, the molecular
orientation of each layer, both relative to the adjacent layers and
the substrate, influences the efficiency of vectorial energy and
electron transfer. Here, we describe an approach using UV—vis
attenuated total reflection (ATR) spectroscopy to determine the
mean dipole tilt angle of chromophores in each layer in a metal
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ion-linked trilayer self-assembled on indium-tin oxide. To our knowledge, this is the first report demonstrating the measurement of
the orientation of three different chromophores in a single assembly. The ATR approach allows the adsorption of each layer to be
monitored in real-time, and any changes in the orientation of an underlying layer arising from the adsorption of an overlying layer
can be detected. We also performed transient absorption spectroscopy to monitor interlayer energy transfer dynamics in order to
relate structure to function. We found that near unity efficiency, sub-nanosecond energy transfer between the third and second layer
was primarily dictated by the distance between the chromophores. Thus, in this case, the orientation had minimal impact at such

proximity.

Bl INTRODUCTION

Modification of metalloid and metal oxide (MO,) substrates
with organic monolayers to alter their interfacial properties has
a long history and applications in many fields, such as organic
electronics," > chemical and biosensing,“’5 dye-sensitized solar
energy conversion,” and control of protein adsorption and cell
adhesion.””” More recently, strategies to self-assemble
molecular multilayers via metal ion linkages have emerged,’
where the different components of each layer'® provide for
more nuanced control and enable interfacial engineering of
energy harvesting, photoinduced charge separation, vectorial
electron/energy transfer, etc.''? The metal ion-linked multi-
layer assembly strategy has been employed to generate bilayers
for energy/electron cascade solar cells'*>~ 1 and photo-
electrosynthesis cells,"®'” trilayers for triplet—triplet annihila-
tion upconversion (TTA-UC),"”'® H, evolution catalysis,"
and molecular p-n junctions,”””' and even >4 layers for
electrochemiluminescent dopamine detection”” and electro-
chromism.”?

An important aspect for the rational design of these
assemblies is knowledge of molecular structure—function
relationships, ie., controlling the structure of each layer is a
prerequisite to obtaining their desired function(s). For
example, the rate and efficiency of interlayer energy transfer
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are directly dependent on the distance and orientation between
the donor and acceptor chromophores, as dictated by the
position of the metal ion binding motif.""** Likewise, electron
transfer between molecular layers and an electrode substrate
can be enhanced or inhibited using strategic selection of the
metal ion, molecular components, and substrate porosity.”>~ >’

Given the importance of structure, the focus of this paper is
the determination of molecular orientation of each layer in a
self-assembled trilayer, both relative to adjacent layers and
relative to a MO, substrate. Various experimental techniques
have been implemented to determine the tilt angle of
molecules deposited on MO, substrates. Examples include X-
ray reflectometry (XRR),””" near edge X-ray absorption fine
structure (NEXAFS),””* polarized infrared reflection absorp-
tion spectroscopy (IRRAS),*****° UV—vis attenuated total
reflection (ATR) spectrocopy,’®’ sum-frequency vibrational
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spectroscopy,’® and two-photon photoelectron spectroscopy.’”
In most cases, applying these techniques to multi-chromo-
phore systems is challenging due to overlapping signals. For
example, it is difficult to obtain layer-specific information using
NEXAFS because of the lack of a spectrally resolved
contribution from each layer. In contrast, layer-specific
information can be obtained using UV—vis ATR, as we have
previously demonstrated.'’ In that study, we measured the
mean tilt angles of two different chromophores in a metal ion
linked bilayer: the first layer was a diphenyl anthracene
diphosphonic acid (A) adsorbed on indium-tin oxide (ITO),
and the second layer was a carboxy Pt-porphyrin derivative (P)
that was linked to the first layer through a coordinated Zn*".

Recently Zhou et al. described a self-assembled trilayer
(MO,-A-Zn-P-Zn-F) for more efficient TTA-UC solar cells,"?
containing a photoanode composed of the aforementioned A-
Zn-P bilayer capped with a metal ion linked, carboxy
fluorescein (F) layer (Figure 1). This system is remarkable
in that spectroscopic measurements indicate that it can
facilitate F to P and P to A energy transfer, TTA between
adjacent A molecules, electron transfer from A to the MO,
substrate, and regeneration via an electron transfer cascade, all
while suppressing undesirable back energy transfer events (P to
F and A to P). The strong dependence of structure on each of

Figure 1. Chemical structure of the A-Zn-P-Zn-F trilayer on ITO.
Bidentate binding of the phosphonic and carboxylic acids is assumed
but not verified.

these dynamic processes prompted the structural character-
ization described herein. We detail a methodology to
determine the molecular orientation of each layer in the A-
Zn-P-Zn-F trilayer self-assembled on ITO. Measuring the
mean tilt angle of each layer in a trilayer composed of three
different chromophores is unprecedented and offers insight
into the role of molecular orientation and its impact on
interlayer dynamics, as measured by transient absorption
spectroscopy, in surface-confined TTA-UC assemblies.

B EXPERIMENTAL SECTION

Materials. Zinc acetate dihydrate (99.99%), poly-L-lysine hydro-
bromide (mol wt 30,000—70,000), dimethyl sulfoxide (DMSO)
(anhydrous, >99.9%), 2-propanol, hexane, sodium phosphate dibasic
(ACS reagent, >99.0%), sodium phosphate monobasic (ACS reagent,
>99.0%), fluorescein sodium salt (F), Sephadex G-2S, and Triton-X
were purchased from Sigma Aldrich. Ethanol (200 proof) was
purchased from Decon Labs. AZDye 405 NHS Ester (405 dye) was
purchased from Fluoroprobes. Pt(II) meso-tetra(4-carboxyphenyl)-
porphine (P) was purchased from Frontier Scientific. Dextran-
rhodamine B (10,000 M,) was purchased from ThermoFisher
Scientific. 4,4'-(anthracene-9,10-diyl)bis(4,1-phenylene) diphos-
phonic acid (A) was synthesized following previously published
procedures.”®*' Glass slides coated with indium tin oxide were
purchased from Thin Film Devices (1 mm thick glass; ITO layer
thickness of 145 nm; sheet resistance of 20—30 Q/sq).

Labeling Poly(lysine) with 405 NHS Ester. Poly(lysine) was
labeled with 405 dye following a published protocol.** Briefly, 2 mg of
405 dye was dissolved in 200 uL of DMSO, and 10 mg of poly(lysine)
was dissolved in 1.8 mL of phosphate buffer (pH 8.3—8.5) with
stirring. The 405 dye solution was added dropwise to the poly(lysine)
solution and stirred for S h. The unreacted dye was separated from the
product, poly(lysine)-405 dye, using a desalting column packed with
Sephadex G-25 resin.

Substrate Cleaning Procedure. ITO slides were cleaned by
scrubbing with 1% Triton X-100 followed by sonicating sequentially
in 1% Triton X-100, nanopure water (18.1 MQ cm), hexane, acetone,
and isopropyl alcohol (20 min each) and then stored in ethanol.
Immediately before use, slides were rinsed with ethanol and dried
under N,.

Attenuated Total Reflectance (ATR) Spectroscopy. A custom-
built, UV—vis ATR spectrometer was used to measure polarized ATR
spectra of A, P, and F films assembled on ITO-coated slides. The
ATR spectrometer is described in previous papers.””* Briefly, a
collimated broadband source (Xe lamp) was coupled into and out of
the waveguide (an ITO-coated slide) using two BK7 prisms (n =
1.51). The light exiting the waveguide was directed into a
monochromator (Newport MS260i) and detected using a CCD
detector (Andor iDus420A). The two prisms were placed 44.5 mm
apart producing eight total internal reflections at the ITO/solution
interface. The total internal reflection angle in the waveguide was
~74°. A Glan—Thompson polarizer was used to select either
transverse magnetic (TM) or transverse electric (TE) polarization.
A liquid flow cell was used to introduce dissolved dye molecules to
the waveguide surface and, after the formation of the adsorbed film,
non-adsorbed dyes were flushed out. Adsorption isotherms measured
with TM polarized light were used to establish the conditions (listed
in Table S1) for preparing films for molecular orientation measure-
ments. Baseline shifts in ATR spectra, if they occurred, were corrected
by normalizing spectra over the wavelength range of 300—330 nm.
Three-point smoothing was applied to all spectra before analysis.

Dichroic ratios for A, P, and F films were determined from the
respective polarized ATR spectra, and mean dipole tilt angles of the
films were determined from their respective dichroic ratios, as
described in previous publications.'**** A correction for the unequal
interfacial electric field intensities in TM and TE polarizations was
implemented following the method of Mendes et al.*® For A films, the
intensity difference was normalized by measuring the dichroic ratio of
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a poly(lysine)-40S dye film adsorbed on a waveguide. For P and F
films, the intensity difference was normalized by measuring the
dichroic ratio of a dextran-thodamine B film adsorbed on a
waveguide. It was assumed that the 405 dye and rhodamine B
moieties were randomly oriented in these films. The preparation
conditions and the wavelength integration ranges for A, P, F,
poly(lysine)-40S dye, and dextran-rhodamine B films are given in
Table S1. Example dichroic spectra of poly(lysine)-405 dye and
dextran-rhodamine B films are shown in Figure S1.

The surface coverage (I') of adsorbed A, P, and F films was
estimated from'"*/

I = A; [1000Ne; (I/I)]™! (1)

where A is the absorbance of the respective film measured in TM
polarization, & is the molar absorptivity of the dye in the film
(assumed to be equal to &, the molar absorptivity of the dissolved
dye), N is the number of total internal reflections, and L/I; is
evanescent transmitted interfacial intensity per unit incident intensity.
I/I, was calculated using the two-phase approximation,*® using
refractive indices of n; = 1.36 (for ethanol) or 1.33 (for water) for the
superstrate medium, 1, = 1.52 (at wavelengths <500 nm) or 1.51 (at
wavelengths >500 nm) for the glass slide, and ignoring the metal
oxide layer and the adsorbed molecular film. For A, P, and F, the
measured &, values were 12,200 M™' cm™! at 395 nm, 27,200 M™!
ecm™! at 511 nm, and 23,600 M™' cm™! at 497 nm, respectively.
Ignoring the ITO layer in the I./I; calculation introduces a systematic
error in the estimated I" values; however, the error is the same for
each film, so the estimates are accurate on a relative basis, enabling
them to be compared. Assuming & = &, may also introduce error if the
absorbance spectra of the dissolved and adsorbed chromophore are
significantly different, which was the case for A (see below). It is
unlikely, however, that &; and ¢, differ by more than 2-fold, and again
we emphasize that the I" values are estimates used only for relative
comparison.

Mesoporous Sample Preparation. ZrO, paste was synthesized
using previously published procedures.”®* Films were generated
using the doctor blade method onto glass substrates and sintered. The
glass was then cut into 2 cm X 2 cm squares. SEM images of
mesoporous ZrO, films are shown in Wang et al.”’ Bilayers of P and F
were produced by immersing cut films in 200 #M P in DMSO for 6 h,
then Zn(CH;COO), for 2 h, and 300 uM F in MeOH for 30 min, as
previously described.'”

Transient Absorption. Transient absorption measurements were
conducted using a HELIOS FIRE transient absorption spectrometer
(Ultrafast Systems) in conjunction with a Vitara-S Coherent
Ti:sapphire laser with amplification via a 1 kHz Coherent
Revolution-S0 pump laser. The resulting pulse (S mJ, 100 fs full-
width half max at 800 nm) was then separated into a pump and probe
beam. The pump was then directed through an optical parametric
amplifier (OPeraA Solo, Coherent), after which the light was chopped
to reduce laser line scattering in full spectra analysis. The probe was
directed through the delay stage to a white light continuum crystal
(sapphire) for white light probe production. The pump beam was
then overlapped with the probe on the film or solution in a clamp
stage. Solutions were stirred during measurement, while film samples
were rastered to avoid bleaching and localized heating effects. The
signal was then collected by a CMOS detector. Difference spectra and
single wavelength kinetics were acquired using 0.01 ps exponential
steps for 3 averages over 2 s. Chirp correction and background
correction were performed with the Surface Xplorer software package.
Single wavelength kinetics were fitted with a biexponential function,
and a weighted average was calculated using eqs 2 and 3, respectively,

y = Ale_klx + Aze_kzx + 3, (2)
1 2

=) = QAT QA
k; ) ) 3)

where k is the rate constant, 7 is the lifetime (1/k), and A, is the
amplitude of a given component.

B RESULTS AND DISCUSSION

Trilayer Formation and Structure. Polarized ATR
spectroscopy was used to monitor the formation and
characterize the structure of each chromophore layer in the
A-Zn-P-Zn-F trilayer (Figure 1). Major advantages of the ATR
approach include: (a) the multiple internal reflection ATR
geometry is much more sensitive than a transmission
geometry, and (b) measurements can be made in both TE
and TM polarizations, from which the mean out-of-plane tilt
angle of an ensemble of absorption dipoles can be determined.
The experimental procedure and example data from one trial
are presented below, and results from multiple trials are listed
in Table 1.

Table 1. Mean Tilt Angles of A, P, and F in Monolayer,
Bilayer, and Trilayer Films on ITO

mean tilt surface
chromophore angle (°)®  coverage X 107'° (mol/cm™2)"
A (in A film) 3143 3.6+ 0.55
A (in A-Zn film) 33+2
A (in A-Zn-P film) 38+2
P (in A-Zn-P film) 37+ 3 2.8 +£0.82
P (in A-Zn-P-Zn film) 40 + 4
A (in A-Zn-P-Zn-F film) 39+2
P (in A-Zn-P-Zn-F film) 40 + 4
F (in A-Zn-P-Zn-F film) 75+ 5 0.9 + 0.11

“From n = 3 trials.

ATR spectral data acquired during the adsorption of A from
a 40 uM ethanol solution onto ITO are shown in Figure 2A,B.
The absorbance increased rapidly, reaching a near steady-state
condition after 15—20 min. After 60 min, the cell was flushed
with ethanol to remove dissolved and weakly bound molecules.
The accompanying minor decline in absorbance is consistent
with past studies showing that the phosphonic acid group
adsorbs strongly on ITO."*° TE- and TM-polarized ATR
spectra of the adsorbed A film were then recorded (Figure
2C). Two major bands were observed, centered at ~379 and
~39S5 nm. In contrast, the transmission spectrum of dissolved
A contained four peaks at 337, 354, 372, and 392 nm
wavelength (Figure S2A). Relative to the solution-phase
spectrum, the two lower energy peaks in the ATR spectra
were broadened and slightly red-shifted (3—7 nm; ~50 meV),
while the two higher energy peaks were notably less
pronounced, likely due to inhomogeneous broadening and/
or aggregation, which has been reported previously for
phosphonic acid-functionalized dyes adsorbed on ITO." %’

The dichroic ratio of the adsorbed A film was calculated by
integrating the TE- and TM-polarized ATR spectra over the
wavelength ranges listed in Table S1, and the mean dipole tilt
angle, 8,, was obtained from the dichroic ratio, as described
previously.'**** @, is the angle between the linear transition
dipole of A (aligned along the anthracene short axis through
the 9,10-carbon atoms) and the surface normal to ITO
substrate.”>' The result, 31° (+3°), agrees with our prior
measurement of 29° (+5°) as well as studies of other aromatic,
phosphonic acid-modified molecules adsorbed on ITO, and
other metal oxide substrates.””> The estimated surface
coverage of A was 3.6 (+0.55) X 107'° mol/cm™2, which is
approximately one monolayer (ML) on an atomically flat
substrate.'! However, since the rms surface roughness of the
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Figure 2. (A) TM-polarized ATR spectra acquired during the
adsorption of A on ITO. The legend indicates the number of minutes
that the A solution was incubated with the ITO surface before the
spectrum was acquired. (B) Absorbance at 397 nm vs time obtained
from the spectra in (A). The blue star is the absorbance after the cell
was flushed with fresh ethanol. (C) TM- and TE-polarized ATR
spectra of the adsorbed A film after the cell was flushed with fresh
ethanol. (D) TM-polarized ATR spectra acquired during the
adsorption of Zn>*. The legend indicates the number of minutes
that the Zn®* solution was incubated with the adsorbed A film before
the spectrum was acquired. (E) Absorbance at 397 nm vs time
obtained from the spectra in (D). The blue star is the absorbance after
the cell was flushed with fresh ethanol. (F) TM- and TE-polarized
ATR spectra of the adsorbed A-Zn film after the cell was flushed with
fresh ethanol.

ITO is about 0.5 nm,”” the actual surface coverage is slightly
less than one ML.

ATR spectra were then acquired during the incubation of
the A film with 100 uM zinc acetate in ethanol (Figure 2D,E).
In line with previous reports,!’' minimal changes in the
absorbance of A (340—440 nm) were observed upon Zn>*
coordination, presumably due to the geometric and electronic
separation between the chromophore core and the phosphonic
acid metal ion binding group. After flushing the flow cell with
ethanol, TE- and TM-polarized spectra of the A-Zn film were
measured (Figure 2F). A 6, of 33° (+2°) was obtained, which
indicates that Zn** adsorption had no measurable effect on the
A layer structure.

Figure 3AB shows spectral data acquired during the
incubation of a P solution (50 uM in ethanol) with the A-
Zn film. P adsorption reached a steady-state after ~50 min. At
60 min, the cell was flushed with ethanol, then TE- and TM-
polarized ATR spectra of the film were collected (Figure 3C).
Two major bands centered at ~509 and ~538 nm were
observed, which is consistent with the absorbance spectrum of
P in ethanol solution (Figure S2B). In a control experiment,

the adsorption of P directly on an A film was attempted (i.e.,
the zinc acetate step was bypassed). In the absence of Zn®*, P
adsorption did not occur, showing that Zn*" coordination is
necessary to link P to A.

The mean tilt angle of the porphyrin plane of P, 6, was
obtained from the dichroic ratio, as described previously,
assuming a circularly polarized dipole.””>® The result, 37°
(£3°), is in good agreement with our prior measurement of
41° (+6°)."" A significant difference is the estimated surface
coverage of P, which here was 2.8 (+0.82) X 107'° mol/cm™?,
approximately 1 ML, but only 0.26 (+0.05) X 107'° mol/cm™
in the prior study. This difference is attributed to the two-fold
higher concentration of the P solution used here. The
incubation of the A-Zn-P bilayer with 100 yM zinc acetate
caused no significant changes in the spectra (Figure 3D—F) or
the O, which was measured to be 40° (+4°).

To determine the tilt angle of A in the A-Zn-P bilayer, the
spectral contribution of P in the 360—450 nm range was
subtracted from the A-Zn-P spectrum, yielding the spectrum of
A-Zn. The coordination of P to the A-Zn film led to an
increase in 6, from 33° (+2°) to 38° (+2°). This is attributed
to the larger projected area of P vs A which appears to force
the A molecules to adopt a larger (more in-plane) tilt angle."'

ATR spectral data acquired during the incubation of a F
solution (50 uM in ethanol) with the A-Zn-P-Zn are shown in
Figure 4A,B. The adsorption of F reached a steady-state after
~10 min although the process was allowed to proceed for 60
min. The cell was then flushed with ethanol and TE- and TM-
polarized ATR spectra were acquired (Figure 4C). The
amount of F desorption during flushing was significantly
greater than that observed for A and P. This is likely due to
weaker binding arising from steric hindrance between the
COOH binding group and the xanthene ring of F. When an F
solution was incubated with a A-Zn-P film, adsorption did not
occur, showing that Zn** coordination is necessary for F to
bind to the A-Zn-P-Zn film. The absorbance spectrum of
dissolved F shows three bands with maxima at 424, 456, and
494 nm (Figure S2C). The 494 and 424 nm bands are also
present in the ATR spectrum of the F film, albeit broadened,
along with a shoulder at ~464 nm. As noted above, the band
broadening and spectral shift are indicative of inhomogeneous
broadening.

The mean dipole tilt angle of the F film, &, obtained from
the dichroic ratio was 75° (£5°). The estimated surface
coverage of F was 0.9 (£0.11) X 107'° mol/cm™2, about 0.5
ML and three-fold lower relative to P (2.8 X 107! mol/cm™2).
The lower F surface coverage may be due to a combination of
steric hindrance arising from the COOH binding group located
at the ortho position of F, adjacent to the xanthene ring, and a
decrease in metal ion binding sites with each subsequent layer.
The tilt angles of A and P in the A-Zn-P-Zn-F trilayer were
determined by spectral subtraction, as described above. The
respective angles were 39° (+2°) and 40° (+4°), showing that
the deposition of the F layer did not measurably alter the
structure of the underlying layers.

A summary of the tilt angle data for A, P, and F at each stage
of the trilayer assembly, along with surface coverages, is
provided in Table 1. Based on these data, a depiction of the
molecular orientations (relative to the ITO surface normal) for
the A, A-Zn-P, and A-Zn-P-Zn-F films are shown in Figure S.
As noted above, the tilt angles for A and P are depicted using
the transition dipole across the 9,10-carbon atoms of the
anthracene core'"®' and in the plane of the porphyrin,
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Figure 3. (A) TM-polarized ATR spectra were acquired during the adsorption of P to the A-Zn film, as shown in Figure 2. The spectra were
blanked against the spectrum of the A-Zn film recorded before the P solution was injected into the flow cell. The legend indicates the number of
minutes that the P solution was incubated with the A-Zn film before the spectrum was acquired. (B) Absorbance at 509 nm vs time obtained from
the spectra in (A). The blue star is the absorbance after the cell was flushed with fresh ethanol. (C) TM- and TE-polarized ATR spectra of the P
layer of the A-Zn-P film after the cell was flushed with fresh ethanol. (D) TM-polarized ATR spectra were acquired during the adsorption of Zn*".
The spectra were blanked against the spectrum of the A-Zn film recorded before the P solution was injected into the flow cell. The legend indicates
the number of minutes that the Zn>* solution was incubated with the adsorbed A-Zn-P film before the spectrum was acquired. (E) Absorbance at
509 nm vs time obtained from the spectra in (D). The blue star is the absorbance after the cell was flushed with fresh ethanol. (F) TM- and TE-
polarized ATR spectra of the P-Zn layer of the A-Zn-P-Zn film after the cell was flushed with fresh ethanol.

respectively.””>> Surprisingly, we were unable to find prior
reports regarding the transition dipole moment orientation of
F. However, the transition moment in several xanthene-based
dyes (e.g, tetramethylrhodamine, erythrosin B, and eosin Y)
has been reported to be aligned within 0 to 20° of the long axis
of the xanthene ring structure.*™* In Figure 5, we have
assumed 0° which makes the angle 75° between the xanthene
long axis and the ITO surface normal.

It is important to note that Figure S is an incomplete
depiction of the trilayer structure. Specifically: (a) We have yet
to definitively determine the metal ion coordination environ-
ments. (b) ATR only provides information about the polar
angle, not the azimuthal angle, which means that we cannot
specify the angles between the chromophores. Figure 5 shows
only one of the possible bilayer and trilayer geometries.
Furthermore, although Figure S depicts the ITO as atomically
flat, it is not—the rms surface roughness obtained from atomic
force microscopy is 0.5 + 0.1 nm (500 nm X 500 nm scan
area).”>’ Prior studies have shown that as the surface
roughness of a substrate increases, the measured tilt angle
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distribution of an adsorbed molecular film becomes broader
and is shifted toward larger angles.”>**~' This means that the
measured tilt angles listed in Table 1 are somewhat larger than
the “true” mean tilt angles.

Transient Absorption Spectroscopy. One of the goals of
this work was for the structural information to lend insights to
the dynamic processes in the A-Zn-P-Zn-F trilayer-based TTA-
UC solar cell.'” Of the inter-molecule/layer energy and
electron transfer events occurring in the TTA-UC trilayer
device, singlet energy transfer (i.e., Forster resonance energy
transfer or FRET) has perhaps the most readily tangible
structural requirements. That is, in addition to the donor
emission and acceptor absorption spectral overlap integral (J),
refractive index (n), and fluorescence quantum yield of the
donor (®p), there are two structural parameters that influence
the rate and efficiency (E) of FRET: (a) the donor—acceptor
distance (r) and (b) the orientation factor (x*), which
describes the relative transition dipole orientation of the
donor and acceptor molecules (egs 4 and 5).°>%
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Figure 4. (A) TM-polarized ATR spectra were acquired during the
adsorption of F to the A-Zn-P-Zn film, as shown in Figure 3. The
spectra were blanked against the spectrum of the A-Zn-P-Zn film
recorded before the F solution was injected into the flow cell. The
legend indicates the number of minutes that the F solution was
incubated with the A-Zn-P-Zn film before the spectrum was acquired.
(B) Absorbance at 495 nm vs time obtained from the spectra in (A).
The blue star is the absorbance after the cell was flushed with fresh
ethanol. (C) TM- and TE-polarized ATR spectra of the F layer of the
A-Zn-P-Zn-F film after the cell was flushed with fresh ethanol.
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Note that R, is the Forster radius at which energy transfer
efficiency is 50%.

Previously, we attributed the enhanced performance of the
A-Zn-P-Zn-F trilayer, as compared to the A-Zn-P bilayer, to
additional absorption by F in the optical gap of P (i.e., between
the Soret and Q-band, as shown in Figure S3), followed by
near unity 'F* to P singlet energy transfer.'” Using time-
correlated single photon counting, we provided a low-end
estimate of this FRET rate (kpppr > 2.9 X 1072 s7!) but were
inherently limited by the >1 ns instrument response. Here, we
performed ultrafast transient absorption (TA) spectroscopy on
a mesoporous ZrO,-P-Zn-F film to monitor the subnano-
second F to P energy transfer dynamics (ie., without A to
minimize competitive events). As the orientation of P does not
change upon the adsorption of F (Table 1), a bilayer of F and
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Figure 5. Schematic depictions of the mean polar tilt angles of A, P,
and F in the A monolayer (left), A-Zn-P bilayer (middle), and A-Zn-
P-Zn-F trilayer (right) on ITO. Since the azimuthal angles are
unknown, there is a range of possible angles between the
chromophores, and only one possible geometry is shown for the
bilayer and trilayer schematics. The light and dark-shaded arrows in
the trilayer schematic indicate cones that reflect the range of possible
azimuthal angles.

P was used in lieu of the full trilayer to simplify the expected
spectral features and still assess the effect of molecular
orientation on F to P energy transfer. Note that these
measurements were performed on ZrO,, rather than ITO,
because its relatively high conduction band (Eg4, = —2.5 V vs
NHE) inhibits excited state electron injection into the metal
oxide substrate from F or P.°* However, our recent study
suggests that at high surface coverage, the general structure of
the assembly is similar regardless of the nature of the metal
oxide.”® The TA spectra for ZrO,-P-Zn-F and ZrO,-*P* were
acquired in MeCN to mimic previously used device
conditions.'> The solution spectrum for F was acquired in
MeOH due to solubility limitations. Also, it is worth noting
that out of necessity, mesoporous ZrO, was used for the TA
measurements, as opposed to planar substrates, to obtain
absorbance signals with good S/N.

The TA spectral evolution for the component species, ZrO,-
P immersed in MeCN and F in MeOH solution, are shown in
Figures S4 and SS, respectively. Following direct excitation of
ZrO,-P, the long lived excited state absorption (ESA) features
in the 450—750 nm region combined with the negative going
ground state bleach (GSB) of the Q-band at ~525 nm, are
consistent with excitation and rapid intersystem crossing
(<500 ps), followed by slow decay (>7 ns acquisition window)
of the triplet excited state of P (*P*).°> Upon excitation of a
solution containing F, there is a negative going feature at 515
nm that is attributed to both the GSB and stimulated emission
(SE) from the singlet excited state of F ('F*),% followed by
rapid decay with a lifetime of ~3 ns.

The TA spectra for ZrO,-P-Zn-F under preferential
excitation of F at 475 nm are shown in Figure 6A. Overlayed
are the spectra for 'F* and ZrO,-*P* (at 0.5 ps) in purple and
red, respectively. At the earliest time slice (0.5 ps), there is a
negative going signal, not observed in the ZrO,-P sample,
which we attribute to GSB/SE of "F* which rapidly decays in
<500 ps, resulting in a spectrum that resembles *P* only. We
attribute the spectral evolution to excitation of F (ZrO,-P-Zn-
F — ZrO,-P-Zn-'F*), singlet energy transfer from 'F* to P
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Figure 6. (A) Transient absorbance spectra of ZrO,-P-Zn-F films in
MeCN following 475 nm excitation. Overlays of TA spectra for F in
MeOH and ZrO,-P in MeCN at 0.5 ps are shown in purple and red,
respectively. (B) Change in absorption at 525 nm for F in MeOH and
Zr0,-P-Zn-F in MeCN (4,, = 475 nm).

followed by rapid intersystem crossing (ZrO,-P-Zn-'F* —
ZrO,-"P*-Zn-F), and then slow decay from the triplet excited
state of P (ZrO,-*P*-Zn-F — ZrO,-P-Zn-F).

The change in absorption at 525 nm for F only and a ZrO,-
P-Zn-F film excited at 475 nm are shown in Figure 6B. This
wavelength was selected to preferentially monitor the F decay
as there is minimal contribution and/or amplitude change
from P at 525 nm (Figure S4). As can be seen in Figure 6B, the
decay of the GSB/ESA of F in ZrO,-P-Zn-F occurs within the
first 10 ps after the excitation pulse, which is significantly faster
than the F only solution (Figure SS). The kinetics at 525 nm
were fit with a biexponential function (eq 2) and the results are
represented by a weighted average lifetime (eq 3), as
summarized in Table S2. We found that a single exponential
fit was insufficient to capture the kinetics, as is common with
molecules bound to mesoporous metal oxides, and is often
attributed to inhomogeneities within the film."’

Assuming that 'F* to P energy transfer is the only additional
'"F* decay mechanism introduced in the ZrO,-P-Zn-F film, the
FRET rate constant (kprgr) and efficiency (@prpr) can be
calculated using eqs 6 and 7:

1 1
kerer = -
)  TF (6)
TE(bl)
Pegr = 1= —=
FRET T )

where 7,y and 75 are the weighted average lifetime of F in the
bilayer and solution, respectively.68 From the lifetimes of 15

and 3300 ps for Ty, and 7y, respectively, we obtain kggpr = 7
x 10" s7" and @pper = 99.5%. The >99% efficient energy
transfer is consistent with the near unity quenching of F
emission in the assembly and its notable photocurrent
contribution in the TTA-UC solar cell performance.” The
high energy transfer efficiency can be directly attributed to the
'F* to P energy transfer rate (7 X 10'° s™') being more than
two orders of magnitude faster than the intrinsic excited state
decay of F (k, + k,, = 3.3 X 10® s7'). In fact, a FRET rate on
the order of 10" s™" is on par with some of the fastest singlet
energy transfer systems observed to date. Exam_yles include
micelles,’” proteins,”’ peptides,”" covalent dyads,”* and other
scaffoldings, where much like the metal ion-linked trilayer
studied here, the molecules are geometrically constrained in
close proximity.

In an attempt to correlate the energy transfer dynamics with
the structural information obtained from ATR, we performed
rough calculations of the energy transfer efficiency using the
FRET egs 4 and 5. We used ] = 2.19 X 107 cm® mmol ™, the
refractive index of MeCN (n = 1.3), a 91% quantum vyield for
F,”’ and a maximum r of 12 A (based on the largest sum of
Pt—Zn and Zn-center of the xanthene core distances). From
the ATR measurements, we fixed the F tilt angle at 75° relative
to surface normal and to simplify the math, we treated the P as
having two degenerate perpendicular transition dipole mo-
ments at 40° relative to surface normal.”* Interestingly, when
rotating F by 1° intervals around the surface normal, all values
of k* resulted in energy transfer efficiencies >99%. This
suggests that because of the relatively short r, high J, high @y
of F, and degenerate transition moments of the porphyrin,
there is no orientation of metal-ion linked F and P that would
lead to a less than near unity energy transfer efficiency.
Consequently, in terms of structure, it is the proximity afforded
by the metal-ion linked motif, and not necessarily the
orientation, that dictates the F to P FRET rate in the A-Zn-
P-Zn-F trilayer TTA-UC solar cell. Nonetheless, one can
envision the orientation being critical for turning on or off
FRET in other metal-ion linked chromophore pairs.

B SUMMARY AND CONCLUSIONS

We have assembled a metal-ion linked trilayer composed of
three different dyes on ITO and demonstrated a method to
determine the mean tilt angle of each dye layer relative to the
substrate. To our knowledge, this is the first report
demonstrating the measurement of the orientation of three
different chromophores in a multilayer assembly. TA spec-
troscopy revealed sub-nanosecond FRET from the third to the
second layer, which is responsible for the near unity energy
transfer efficiency and improved upconversion solar cell
performance. Based on the structural information from ATR
and FRET calculations, the rapid interlayer energy transfer is
primarily dictated by the proximity between chromophores,
meaning that the orientation had minimal effect. Nonetheless,
the orientation of each layer in a multilayer composed of
different chromophores is a key structural parameter that can
influence functional properties such as energy and electron
transfer. The ATR approach allows the adsorption of each
layer to be monitored in real time, and any changes in the
orientation of an underlying layer arising from the adsorption
of an overlying layer can be detected. There are some
limitations to this method as described herein: (a) The optics
and ITO-coated glass substrate presently restrict the wave-
length range to the visible and NIR. (b) The single beam
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geometry requires that the optical alignment be carefully
maintained throughout the experiment. (c) As noted above,
ATR as implemented herein only provides information about
the polar tilt angle, not the azimuthal angle, so the angles
between the chromophores are unknown. (d) No information
about the distribution of tilt angles about the mean is provided,
although the distribution can be obtained using a combination
of polarized ATR and total internal reflection fluorescence
measurements, as described in earlier publications.”””"”
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