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ABSTRACT: Metal ion linked multilayers are a unique motif to
spatially control and geometrically restrict molecules on a metal
oxide surface, which is of interest in a number of promising
applications. Here we use a bilayer composed of a metal oxide
surface, an anthracene annihilator molecule, Zn(1I) linking ion,
and porphyrin sensitizers to probe the influence of the position of
the metal ion binding site on energy transfer, photon
upconversion, and photocurrent generation. Despite being
energetically similar, varying the position of the carboxy metal
ion binding group (i.e., ortho, meta, para) of the Pt(II) tetraphenyl
porphyrin sensitizer had a large impact on energy transfer rates and
upconverted photocurrent that can be attributed to differences in
their geometries. From polarized attenuated total reflectance
measurements of the bilayers on ITO, we found that the orientation of the first layer (anthracene) was largely unperturbed by
subsequent layers. However, the tilt angle of the porphyrin plane varies dramatically from 41° to 64° to 57° for the p-, m-, and o-
COOH substituted porphyrin molecules, which is likely responsible for the variation in energy transfer rates. We go on to show
using molecular dynamics simulations that there is considerable flexibility in porphyrin orientation, indicating that an average
structure is insufficient to predict the ensemble behavior. Instead, even a small subset of the population with highly favorable energy
transfer rates can be the primary driver in increasing the likelihood of energy transfer. Gaining control of the orientation and its
distribution will be a critical step in maximizing the potential of the metal ion linked structures.

1. INTRODUCTION and MOFs'”"® in an effort to increase energy transfer rates and
ultimately improve TTA-UC efficiencies.

Molecular photon upconversion via triplet—triplet annihilation
Work in our groups has focused on metal ion linked

(TTA-UC) is of interest for a number of applications including

bioimaging, photocatalysis, photodynamic therapy, lighting, multilayers on mesoporous metal oxide surfaces (Figure
solar energy conversion, and more.'™ TTA-UC is typically 1a)'”?? as a structured motif to not only facilitate TTA-UC
achieved using a sensitizer and annihilator pair where low but also directly extract charge from the upconverted
energy light is absorbed by the sensitizer and then transferred state.” ™>° The latter is important for enabling integrated
to the annihilator molecule. When two annihilator molecules in TTA-UC solar cells that have the potential to surpass the
the triplet excited state are in proximity, they can then undergo Shockley—Queisser limit (~339%).22"

TT,A FO generate a }'ng.h er energy excited SE{[IeOWhICh relaxes via Photocurrent contributions from TTA-UC of up to 0.315
radiative or nonradiative decay pathways.

An overwhelming majority of the TTA-UC research to date
has been conducted with sensitizer and annihilator molecules
suspended in solution or a rubbery polymer matrix.°"'’ This

mAcm 2 have been achieved under ambient 1 sun irradiance
(AM1.5),”® which is above the device relevance threshold

work has provided unprecedented insights into the mechanism, Received: September 24, 2020
dynamics, and energetic requirements for realizing eflicient Revised:  September 30, 2020
TTA-UC. More recently, there has been an increased interest Published: October 14, 2020

10,11

in using structurally restricted motifs like self-assembly,
lipid membranes,'” annihilator/sensitizer containing polymers
and dendrimers,'>'* host—guest complexes,'” ionic crystals,'®

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.jpcc.0c08715

W ACS Publications 23597 J. Phys. Chem. C 2020, 124, 2359723610


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ashley+Arcidiacono"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wendi+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeffrey+O.+Ellison"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suliman+Ayad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erica+S.+Knorr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Autumn+N.+Peters"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Autumn+N.+Peters"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lianqing+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="S.+Scott+Saavedra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenneth+Hanson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.0c08715&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08715?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08715?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08715?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08715?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08715?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jpccck/124/43?ref=pdf
https://pubs.acs.org/toc/jpccck/124/43?ref=pdf
https://pubs.acs.org/toc/jpccck/124/43?ref=pdf
https://pubs.acs.org/toc/jpccck/124/43?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c08715?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

COOH

P1. R=

ava

COOH

P2: R=

O
/
5

Figure 1. (a) Schematic depiction of the metal ion linked bilayer on a
metal oxide surface (MO,). (b) Structure of sensitizer molecules P1—
P3.

proposed by Schmidt and co-workers.”® However, there is still
much room for improvement.**

Unlike in a solvent or host matrix, where molecules are free
to rotate and collide in random orientations, the geometrically
fixed nature of the multilayer assembly amplifies the impact of
molecular structure and orientation on energy transfer and
TTA events. For example, Zhou et al. reported a two-orders of
magnitude difference in cross-surface triplet exciton diffusion
rates in self-assembled bilayers composed of two energetically
similar annihilator molecules with different surface binding
position and, presumably, orientations.’"**

Likewise, although many different sensitizers are available
(e.g, transition metal complexes, organics, quantum dots,
etc.)’> ™ and even multisenstizer schemes demonstra-
ted,??3%%7 insights into the role of sensitizer structure,
particularly in structurally restricted TTA-UC schemes, are
absent.

Here, we report our investigation into how variations in the
position of the metal ion binding group on the sensitizer
influences the structure and photophysical properties of the
metal ion linked multilayer. The platinum porphyrin sensitizers
are shown in Figure 1b and have either para (P1), meta (P2),
or ortho (P3) substitution of the carboxylate groups on the
meso-phenyl rings. We use a combination of theoretical,
spectroscopic, and spectroelectrochemical measurements to
gain insights into the structure, energy transfer dynamics,
TTA-UC, and solar energy conversion of the bilayer films. As
anticipated, variations in the location of the metal ion binding
group influences the orientation of the sensitizer and
consequently the properties and performance of the films.

2. EXPERIMENTAL SECTION

2.1. Materials. Calcium hydride, potassium hydroxide,
boron trifluoride diethyl etherate, anhydrous benzonitrile,
dichloromethane, chloroform, ethanol, tetrahydrofuran, and
acetone (Sigma-Aldrich), methyl 2-formylbenzenecarboxylate
and methyl 3-formylbenzoate (Matrix Scientific), 2,3-dichloro-
5,6-dicyano-p-benzoquinone (DDQ) (Alpha Aesar), and P1
(Frontier Scientific) were purchased from the supplier in
parentheses and used without further purification. Pyrrole was
obtained from Sigma-Aldrich and distilled over calcium
hydride prior to use. Common oxygen free Schlenk techniques
were used during reactions unless otherwise specified.
Fluorine-doped tin oxide (FTO) coated glass (sheet resistance
15 Q [07") and nonconductive glass were purchased from
Hartford Glass Co. Meltonix film (1170-25) and Vac'n Fill
syringSe (65209) were purchased from Solaronix. Micro glass
cover slides (18 X 18 mm) were obtained from VWR. 4,4'-
(Anthracene-9,10-diyl)bis(4,1-phenylene)diphosphonic acid
(A in Figure 1)** and triphenyl-4,4’-diphosphonic acid (B)**
as well as sol—gel pastes for TiO, and Zr0,” " were
prepared following previously published procedures.

2.2. Synthesis. The unmetalated porphyrins for P2** and
P3** were synthesized following previously published
procedures followed by platination using the traditional
PtCl, in benzonitrile procedure.”**> Synthetic details for P2
and P3 are provided in the Supporting Information. "H NMR
spectra were recorded on a Bruker 400 MHz FT NMR
(Model: Avance-DPX 600) and the spectral shifts are
calibrated with respect to residual protonated solvent peaks
(6 7.26 and 2.49 for chloroform-dg and dmso-dj, respectively).
Due to low solubility, we were unable to obtain '*C NMR for
the compounds.

2.3. Spectroscopic and Electrochemical Cell Prepara-
tion. Photovoltaic cells were prepared similarly to our
previously published procedure with details provided in the
Supporting Information.*"**

2.4. Dye Loading. The metal oxide films (MO, = TiO, or
ZrO,) on FTO glass were functionalized with monolayers of A
or B by soaking in their respective loading solutions (200 yM
A in DMSO, 400 uM B in DMSO) for 48 h. The films were
then soaked in a solution of Zn(CH;COOQ), in MeOH (400
uM) for 2 h, followed by 200 uM P1—P3 solution of DMSO
for 2 h with N, bubbling, resulting in MO,-A/B-Zn-P1—P3. In
accord with the previously published procedure,” surface
coverages (I in mol cm™?) are estimated with the expression I"
= (A(1)/£(1))/1000 where & is the molar extinction
coefficient of A (1.27 x 10* M™' ecm™ at 376 nm)** and
P1—P3 (Table 1) in DMSO®” and A(1) is the absorbance of
the film at wavelength A.

2.5. Spectroscopic Measurements. Details for the
absorption, steady-state emission, time-resolved emission,
quantum vyield, transient absorption, and intensity dependent
measurements are provided in the Supporting Information.

Table 1. Photophysical Properties of P1—P3 in N,-Deaerated DMSO

Aabs (nm) (g, X10* M~' cm™) Ao (nm)“
P1 404 (25.7), 510 (2.7) 665
P2 404 (19.5), 510 (1.9) 665
P3 409 (14.1), 515 (1.5) 685

T (us)™" @ ke (s7)° ke (577
9.2 0.007 761 1.08 X 10°
9.1 0.007 769 1.09 X 10°
9.3 0.008 860 1.06 x 10°

“lex = 410 nm. "From an exponential fit to the excited state decay at emission peak value. %k, = ®/7. .= (1 — Op)/z.
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2.6. Photovoltaic Measurements. Photovoltaic measure-
ments were acquired following our previously published
procedure with the details provided in the Supporting
Information.>"**

2.7. Attenuated Total Reflectance (ATR). ATR spec-
troscopy measurements were performed using a custom-built
instrument described in previous publications.””*® Briefly,
ITO-coated glass slides (Thin Film Devices) were utilized as
planar waveguides. A collimated, polarized broadband source
(a Xe lamp) was coupled into and out of the waveguide using
two BK7 (n = 1.51) prisms. The two prisms were separated by
42 mm which provided eight total internal reflections at the
ITO/solution interface. The internal reflection angle was 68°.
The outcoupled light from the waveguide was directed into a
monochromator (Newport MS260i) and was detected by a
CCD (Andor iDus420A).

A liquid flow cell was used to exchange solutions in contact
with the ITO surface. Adsorption isotherms of A binding to
ITO and porphyrins binding to A-Zn on ITO were measured
using transverse magnetic (TM) polarized light and are shown
in the Supporting Information. The adsorption isotherms were
used to establish conditions for preparing films for molecular
orientation measurements. These conditions are given in
Supporting Information (Table S1). Estimates of the surface
coverage of A in monolayer films and porphyrins in bilayer
films (A-Zn-P1, A-Zn-P2, and A-Zn-P3) are given in the
Supporting Information (Table S2).

The mean tilt angles of the absorbance dipoles of A in
monolayer films and A and porphyrins in bilayer films were
measured using polarized ATR spectroscopy. Sample spectra
of these films are presented in the Supporting Information
(Figures S1—S6). The method described by Mendes et al. was
used to correct for the unequal intensities of the interfacial
electric fields in transverse electric (TE) and TM polar-
izations.” In this method, an adsorbed film of chromophores
with a random molecular orientation with respect to the ITO
surface is used to normalize the electric field intensity
differences. Dextrans labeled with chromophores that adsorb
in the same spectral region as the molecule of interest served
this purpose. Rhodamine-B dextran films were used in the
orientation measurements on P1, P2, and P3 films, and
Cascade Blue dextran films were employed in the orientation
measurements on A; sample spectra of these films are
presented in the Supporting Information. The wavelength
ranges for the integration of the A, porphyrin, Rhodamine-B,
and Cascade Blue spectra are given in the Supporting
Information (Table S1).

2.8. Molecular Dynamics Simulation and Analysis.
Structural Model Building. To build the atomistic model for
the molecular dynamics (MD) simulation study, as the first
step, a multilayer TiO, assembly was constructed with 2240
unit cells (4 Ti and 8 O atoms in each unit cell) that leads to a
dimension of 91.8 A X 99.18 A X 33.3 A. In the assembly bulk,
each Ti is 6-coordinated and each O is 3-coordinated. At the
surface, each Ti is either 4 or 5-coordinated and each O is 2-
coordinated.”® Atoms on the edges along x and y directions are
also bonded due to the periodic boundary treatment. The
assembly model has only two surfaces (top and bottom),
which are in parallel with the x—y plane, with the acceptor
layer built on the top surface, Figure S7. The acceptor layer
consists of 25 A molecules uniformly distributed with a center
to center distance of ~18 A between the surface-bound
phosphonate groups of two adjacent A molecules. The

sensitizer layer consists of 6 P1 molecules, each of which
shares the coordination to the respective Zn" ion with a
randomly assigned A molecule. The concentration of acceptors
and sensitizers (3:1) correspond to the maximum loading ratio
achieved for the photovoltaic measurements. A model with the
separation distance of ~9 A and the same A:Zn-P1 ratio was
used for comparison. The entire multilayer construct was
embedded in a rectangle solvent box with the same dimension
along x and y and a longer length along the surface normal, z,
to adequately solvate the construct. Overall, there are 8577
MeCN solvent molecules in the model.

Potential Energy Function Treatment. Classical molecular
mechanics energy function form was employed to treat
interatomic interactions. Specifically, the CHARMM force
field scheme was used.”' For the TiO, assembly, the force field
model optimized by Brandt and Lyubartsev was adopted.”” In
this model, besides standard nonbonded terms among atoms, a
corresponding harmonic energy term, the parameters of which
were fitted based on the corresponding bonding property, is
added to each Ti—O bond. For solvent MeCN molecules and
Zn", the existing CHARMM parameters were used. On the
TiO, assembly surface, two forms of A molecules were
modeled: with and without coordination to Zn-P1. The
protonation state of the metal ion coordinated phosphonate
and carboxylate groups is still a highly debated topic.”>>* Here,
A molecules with no coordination to Zn-P1 were treated as
neutral molecules with both the phosphonate groups doubly
protonated. For A molecules coordinated to Zn-P1, the
coordinating phosphonate groups were set as being singly
protonated, while the surface-anchoring phosphonate groups
were still maintained to be doubly protonated (i.e, PO;H,).
The parameters for A molecules, in which only the Zn"
coordinated phosphonate group is deprotonated, were
generated through the CGENFF server and the atomic charges
were electrostatically fitted based on the standard RESP
procedure.”> The parameters for sensitizer molecules were
customized based on Heme-related and biphenyl-containing
molecules in the existing CHARMM parameter set and the
atomic charges were electrostatically fitted based on the
standard RESP procedure. The particle mesh Ewald (PME)
method was used to treat long-range electrostatic interac-
tions.’® In real space energy and force calculations, short-range
van der Waals and electrostatic interactions were switched off
at 12 A.

MD Simulation Setup. MD simulations were first
performed under the NVT ensemble for the purpose of initial
equilibration. Then the production run was performed under
the NPT ensemble. The temperature was set as 300 K and the
pressure was set as 1 atm; the Nose—Hoover thermostat®” was
utilized to maintain the constant temperature and the Langevin
piston algorithm®® was employed to maintain the constant
pressure. The SHAKE algorithm was used to constrain all the
bonds that involve hydrogen atoms.”” The MD simulation was
perf(égmed in the CHARMM program with the time step set as
1 fs.

Simulation Data Analysis. Samples collected from MD
simulations were used to calculate the distributions and the
averages of several important geometric parameters to
characterize the A-Zn-P1 bilayer structures. These geometric
parameters include directly measurable structural information
as depicted in Figure S8. These include: the A tilt angle (6, )
between the TiO, assembly surface normal vector (r,) and the
transition dipole vector rp, as defined across the 9,10 carbons of
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anthracene and the Pn tilt angle (6,;,) between the TiO,
assembly surface normal vector (r,) and the plane defined by
four nitrogen atoms of Pn, and other structural information
that may be crucial to determine energy transfer rate. In total,
~ 9.4 ns length of the trajectory was collected for analysis. The
first 2.0 ns of the trajectory was considered as the equilibration
stage and was discarded from the final analysis.

3. RESULTS AND DISCUSSION

3.1. Sensitizer Synthesis and Photophysics. The
platinum(II) meso-tetra(4-carboxyphenyl)porphine (P1) is
commercially available but the 3-carboxy (P2) and 2-carboxy
(P3) equivalent compounds were synthesized and are reported
here for the first time. The unmetalated versions of P2 and P3
were prepared following previously published procedures with
minor modifications using Lewis acid-catalyzed condensation
between pyrrole and 3-carbomethoxybenzaldehyde® and 2-
carbomethoxybenzaldehyde,” respectively (see Supporting
Information for details). Metalation with PtCl, in refluxing
benzonitrile**** was followed by deesterification with KOH to
yield the desired products P2 and P3. It is worth noting that
due to the sterically inhibited rotation of the 2-carboxyphenyl
groups and in line with previous reports, a statistically driven,
mixture of atropisomers for P3 was obtained (i.e, a,a,a,0;
a,o.p,p; a,a,a,f; and a,f,a,f in a 1:2:4:1 ratio where @ and
are the COOH group above and below the plane,
respectively).”” The mixture of atropisomers was used for
later experiments without further purification.

The photophysical properties of P1—P3 were measured in
N,-deaerated DMSO, and the results are shown in Figure 2a
and summarized in Table 1.
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Figure 2. Absorption (solid) and emission (dashed) spectra for P1—
P3 in (a) DMSO and (b) on ZrO, in MeCN (4, = 410 nm).

All three compounds exhibited photophysical properties
typical for platinum(II) porphyrins.®" That is, strong Soret and
Q-band absorption features, deep red emission with tens of
microseconds lifetimes and phosphorescent quantum yields of
~1% in DMSO.%” The lifetimes and quantum yields for P1—
P3 are similar, but there was a subtle bathochromic shift (<50
meV) in the absorption and emission energy of P3 relative to
those of P1 and P2.

To study the influence of surface binding, P1-P3 were
loaded onto ZrO, (~1.2 um) by soaking the mesoporous films
in a 200 uM solution of P1—P3 in DMSO for 2 h. Mesoporous
ZrO,, as opposed to TiO,, was selected as the substrate
because its relatively high conduction band potential inhibits
excited state electron transfer from the dyes to the metal oxide
surface.*>®* Thus, emission from P1—P3 can be observed
without concerns of quenching by the substrate and the results
are shown in Figure 2b and summarized in Table 2.

Table 2. Photophysical Properties of ZrO,-P1-P3 in N,-
Deaerated MeCN

A (M) A (nm)® 7 ()" @y k(5 ke (57D

P1 400, S12 670 S1 0.016 310 19300
P2 401, 510 665 67 0.038 570 14400
P3 407, S15 686 SS 0.016 290 17900

“Jex = 410 nm. “From a biexponential fit to the excited state decay at
emission peak value with the intensity weighted average reported

here. %k, = ®/7. %k, = (1 — @ )/z.

The absorption and emission energies on ZrO, were similar
to the molecules in DMSO solution (i.e.,, P3 was hypsochomi-
cally shifted relative to P1 and P2) but there was peak
broadening and multiexponential kinetics that are typically
attributed to the inhomogeneous distribution of surface
binding sites.”> There was also a dramatic increase in weighted
average excited state lifetime and emission quantum yield for
the surface bound molecules. Given that there is no shift in
energetics, we are inclined to attribute the difference in 7 and
@, for Pn in solution and on ZrO, to the change in solvent
from DMSO to MeCN, respectively. For example, DMSO
coordination to the axial positions of platinum in Pn could be
responsible for the order of magnitude increase in the
nonradiative decay rate constant. Unfortunately, due to
solubility and surface desorption issues, we were unable to
find a solvent to make the direct comparison between in
solution and on the surface. Herein measurements involving
mesoporous metal oxides are performed in MeCN which is the
solvent for the TTA-UC solar cells.

It has previously been demonstrated that the porphyrin to
TiO, photoinduced electron transfer rate is strongly influenced
by the porphyrin orientation.”® In contrast, the relatively
similar trends in photophysical properties of P1—-P3 on ZrO,
and in solution suggests that their intrinsic properties (i.e.,
absorption and emission) are primarily dictated by the
electronics of the porphyrin core. That is, on ZrO, the
molecular orientations are the same, or much more likely, in
the absence of electron transfer the photophysical properties
are largely independent of the molecular orientation.

3.2. ZrO,-A-Zn-Pn Bilayers. The bilayer film (ZrO,-A-Zn-
Pn) was prepared by first soaking ZrO, in a 200 uM A in
DMSO for 48 h. This loading condition ensured a maximum,
monolayer surface coverage of 1.0 X 10~7 mol-cm™2, which
equates to an estimated center-to-center inter-A distance of ~9
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A?? Zn" coordination to the nonsurface bound phosphonate
groups of A was achieved by soaking the ZrO,-A films in a
solution of 400 uM Zn(CH,COO), in methanol for 30
min.”"** Zn" was selected as the metal linking ion because it is
photophysically and electrochemically inert under the
measurement conditions used here.””*® The ZrO,-A-Zn-Pn
bilayer was then formed by soaking ZrO,-A-Zn in a 100 uM
solution of Pn in DMSO. For comparative purposes, the
soaking was continued until a 10:1 ratio of A:Pn was achieved.
The fixed ratio enables comparisons between the sensitizer
molecules without concerns for variations in porphyrin loading
due to differences in binding affinities. The relatively low
sensitizer loading also allows us to monitor emission from the
annihilator via direct or sensitized excitation with minimized
losses due to A to Pn “inner filtering”. As an aside, it is worth
noting that, in the absence of zinc treatment, minimal
porphyrin loading is observed indicating that a bilayer of A-
Zn-Pn is formed rather than codeposition of molecules.*”

3.2.1. Pn to A Triplet Energy Transfer. With the bilayer in
hand, we then sought to quantify the Pn to A, interlayer triplet
energy transfer rate (TET). TET was monitored using time-
resolved emission measurements following our previously
published procedures.”” Briefly, phosphorescence emission
decay from the Pn (4., = 670 nm) was monitored following
532 nm excitation of two different samples, ZrO,-A-Zn-Pn and
ZrO,-B-Zn-Pn. B, terphenyl-4,4"-diylbisphosphonic acid, was
introduced as a photo- and electrochemically inert structural
analogue of A that retains the bilayer structure but does not
undergo TET.*** Thus, the primary difference between the
excited state lifetimes of ZrO,-A-Zn-Pn (7p(,)) and ZrO,-B-
Zn-Pn (7p) is competitive TET emission quenching in the
former. The triplet energy transfer rate (krpr) and yield
(®rgr) can then be calculated using eqs 1 and 2.

1 1
krgr = -
Ty Tp (1)
Tp(b1)
Oppr =1 -
Tp 2)

As can be seen in Table 3, the TET rate and efficiency are all
relatively similar but do decrease in the order P3 > P1 > P2.

Table 3. Rate and Quantum Yields for Interlayer Energy
Transfer in ZrO,-A-Zn-Pn

krgr (571)“ (DTETb kgr (571)6 (DETd J (Cfﬂ3 IVrl)c
P1 6.4 x 10° 0.25 0.8 X 107 0.05 7.2 % 107!
P2 5.6 X 10° 0.24 1.3 x 107 0.09 46 x 1071
P3 7.1 % 10° 0.31 0.2 X 107 0.02 49 x 1071

:IkTET =1/tpy — 1/ T, "Oppr=1- Tp(l) / - k= 1/Ta@) — 1/74
Dpr = 1 = Taq)/7a- T = /ooo Fy(Deg(A)A dfl//ooo Fy(4) d4,

According to Dexter theory, the rate and efficiency of TET are
primarily dictated by the thermodynamic driving-force for
electron exchange and the distance and electronic coupling
between the donor (P) and acceptor (A) molecules.”’ Given
the similar excited state energies of P1-P3 (4, = 665—686
nm), this similarity is not surprising. However, it is intriguing
that sensitizer P3, which has the lowest energy excited state
(Aem = 686 nm) also exhibited the fastest (krgr = 7.1 X 10%)
and most efficient (®rgr = 31%) TET. This suggest that P3
adopts an orientation that is more favorable for TET to occur.

23601

3.2.2. A to Pn Energy Transfer. Following direct excitation
or TTA-UC, the singlet excited state of A can be quenched by
energy transfer (ET) to Pn.”" Similar to the method described
above for TET, ET was quantified by measuring time-resolved
emission at 470 nm after direct excitation of A in films with,
ZrO,-A-Zn-Pn (7,) and without, ZrO,-A (z,) sensitizer.
The ET rate (kgr) and efficiency (®gr) were calculated using
egs 3 and 4.

1 1
kgr = -
Ta) A (3)
T
By =1 — A(b])
Ta (4)

In contrast to the similarities in kpgy, there was a > 6-fold
difference between the highest and lowest A to Pn kg which
decreased in the order P2 (kgy = 1.3 X 107 s7) > P1 (0.8 X
107 s71) > P3 (0.2 x 107 s71). Assuming that A to Pn energy
transfer occurs via a Forster resonance energy transfer
mechanism,”>”* then the rate of ET is dictated by (1) the
fluorescence emission quantum yield of A (®gy)), (2) the
overlap integrals between normalized A emission and Pn
absorption (J), (3) the dipole orientation factor (x*), and (4)
the distance between A and Pn. Interestingly, despite P2 and
P3 having similar ] values of 4.6 X 107" cm® M~ and 4.9 X
107" cm® M, respectively, there was a > 6-fold difference in
kgr. Because the ] values are similar and ®p; ) is expected to
be the same in all the bilayer films, then the distance between
and relative orientation of A and Pn is likely the primary driver
in dictating the differences in kgr.

@1 can also be calculated using the steady-state emission
intensity from A in ZrO,-A-Zn-P (I5yy) and ZrO,-B-Zn-P
(1) using eq S.

IA - IA(bl)

D, =
ET IA

©)

Using this method, @1 decreases in the order P1 (0.50) >
P3 (0.49) > P2 (0.37). However, it is important to note that
due to the sample angle dependent and highly scattering
nature of the films, the consistency and reproducibility of the
steady-state emission measurements is much lower (+10—
20%) than the time-resolved measurement (+5%). Even
accounting for that error, there is a large discrepancy between
the @y measured by time-resolved and steady-state emission.
The significantly lower yield calculated by the time-resolved
measurement suggests that a large portion of emission
quenching is occurring prior to the temporal measurement
window (<1 ns) and that kgr may be larger than the values
given in Table 3.

To probe the possibility of a subnanosecond A to Pn energy
transfer event, we performed transient absorption spectroscopy
on ZrO,-A and ZrO,-A-Zn-P1 and the results can be seen in
Figure 3. For the ZrO,-A sample we see a bleach at <400 nm
and a positive AA feature from 520 to 700 nm that are
consistent with the singlet excited state bleach and absorption
of diphenylanthracene.”* These TA features concomitantly
decay with a lifetime of ~2 ns, which is in good agreement
with the emission decay kinetics for ZrO,-A (T (ep = 2.1 ns).”

For ZrO,-A-Zn-P1 there are similar bleach features, but
there is a bathochromic shift in the excited state absorption
feature from S60 to 575 nm that occurs in <4 ps (Figure 3b).
The lifetime of the lower energy feature is also dramatically
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Figure 3. Transient absorption measurements on (a) ZrO,-A and (b)
ZrO,-A-Zn-P (4, = 360 nm) in N,-deaerated MeCN. Inset: Decay
kinetics at 580 nm.

increased with a largely unchanged AA through the end of our
~6 ns acquisition window (inset, Figure 3b). On the basis of
previously published results,” the late time spectra likely have
contributions from both *Pn (Figure S8) and *A* presumably
due to the 'A* to Pn energy transfer, fast intersystem crossing
to *Pn*, and finally Pn* to A TET. Unfortunately, also
consistent with previous reports,75 attempts to deconvolute the
species and kinetics with principle component analysis were
unsuccessful because of the high spectral overlap of the A and
Pn singlet and triplet excited states. Thus, we are unable to
assign a rate constant to the quenching of the singlet excited
state of A. Nonetheless, the likely presence of 'A*, *Pn*, and
*A* again indicates that both energy transfer steps in the
bilayer are occurring on faster time scales than those listed in
Table 3 (i.e., subnanosecond). Ultrafast time-resolved emission
measurements will likely be necessary to isolate S;* emission
quenching kinetics and determine the actual A to Pn ET rate
constant.

3.3. TTA-UC Solar Cells. Integrated TTA-UC solar cells
were fabricated with TiO,-A-Zn-Pn as the photoanode,
platinum as the counter electrode, and 0.2 M/0.02 M Co'l/
Co™™" tris(1,10-phenanthroline) redox mediator in MeCN.”®
The photoanode bilayer films were prepared by using the
similar stepwise soaking method, but with TiO, as the metal
oxide and bubble loading Pn with dry N, for 2 h to maximize

the sensitizer absorption resulting in a loading ratio for A:P1,
A:P2, and A:P3 of 3:1, 3:1, 6:1, respectively. Current density
(Jo)—voltage (V) curves were measured under AM1.S solar
irradiation passed through a 455 nm long-pass filter, to isolate
the contribution from TTA-UC, and the results are
summarized in Figures S9 and Table S3. Interestingly,
although P3 exhibited lower surface loading, the photocurrent
contribution from TTA-UC for all three devices was similar
(~10 uA cm™2). Presumably the ~25% higher ® gy and lower
@y (Table 3) for P3 make up for the slightly lower
absorbance of the TiO,-A-Zn-P3 device.

To gain further insights into the photocurrent generation
mechanism, J,. was measured with respect to 532 nm excitation
intensity (Figure 4) for TiO,-A-Zn-Pn devices. All three

TiO,-A-Zn-P1"

10'2 E slope=1 o
=
'E103— 1,=8.2x10" 1
o slope = 2 (excitation s cm?)
quj TiO,-A-Zn-P2 "
= DCIal A

_‘
o
%
1

_ 16
,=1.2x10

(excitation s cm?)

TiO,-AZn-P3" % !

Photocurrent Density
o

_ 16
1,=1.3x10

(excitation s cm™?)

) "1 0'1; ) ' ' T 1'017
oy R 2
Excitation s cm

Figure 4. Photocurrent density at 0 V with respect to 532 nm laser
intensity for TiO,-A-Zn-Pn devices.

devices exhibit quadratic to linear intensity dependence, which
is a characteristic feature of TTA-UC.”””® The I, values (i.e.,
the crossover intensity between the quadratic and linear
regimes), reported here in excitation events per second
(excitation intensity X absorptance),”* increase in the order
of P1 (0.8 X 107 ex s7! em™!) < P2 (1.2 X 107! ex s7!
em™) & P3 (1.3 X 107 ex s7! cm™).

The I value is inversely related to the parameters as
described in eq 6:

1
@rpp X a(E) X (TsA)Z X Yrra (6)

Iy =

where 7 is the triplet excited state lifetime of A, @1y is the

TET efficiency, a(E) is the sensitizer absorption cross-section
at 532 nm, and ypr, is the second-order rate constant for
TTA.”’ Using 7,> = 2.02 ms,”” and the parameters listed in
Table 4, yrra was calculated for each device and the results are
summarized in Table 4. Remarkably, the yrp, for all three
devices was similar indicating that the adsorption of Pn has
negligible influence on the triplet exciton diffusion or TTA
events in the A monolayer. The similar yrp, suggests that in
these metal ion linked multilayers, the second layer molecule
can be independently tuned to further maximize second layer
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Table 4. Iy, Value, ®1pr, a(E), and the Second-Order Rate
Constant for the TTA (yprs) for TiO,-A-Zn-Pn Devices

I, (ex s7! Cm_l) Drpr a(E) (Cm_l)a Y1TA (cm3 S_I)b
P1 0.8 X 1071 0.25 2976 3.9 x 1071
P2 12 x 10716 0.24 2205 3.7 x 1071
P3 1.3 x 10716 031 1900 32 x 107

“@(E) = 5700 X Ap,(s32 nm)s b}’TTA = 1/(®rgra(B)a(z,y’) ).

performance and/or interlayer interaction without perturbing
the processes in the first layer. This observation may be
relevant to metal ion linked water oxidation devices, for
example, where cation migration in the first layer is necessary
to build up redox equivalents in the second layer
catalyst, 7%

3.4. Attenuated Total Reflectance. As described in detail
in the Supporting Information, ATR was first used to estimate
the surface coverages of A and Pn in the bilayer films and the
results are summarized in Table S2. The estimated surface
coverage for A on ITO was 2.3 X 1071 mol/cm?. Assuming
hexagonal packing and a planar (ie, atomically flat) ITO
surface, this value equates to a center-to-center inter-A distance
of ~8.4 A, which is in good agreement with the ~8.6 A
reported previously for A adsorbed on mesoporous ZrO,.*”
For the adsorption of Pn on ITO-A-Zn, the surface coverage
decreases in the order P2 (0.31 X 107'° mol/cm?) = P1 (0.26
% 107° mol/cm?) > P3 (0.1 X 107'° mol/cm?). This decrease
in loading relative to A likely reflects a combination of reduced
number of metal ion binding sites (i.e, TiO, vs Zn"), steric
restrictions, and the difference in the projected areas of A and
Pn. Given the ortho position of the carboxylate, one may
expect the projected area being more pronounced for P3, and
indeed, we observed the lowest surface coverage for this
molecule. For the P1 and P2 bilayers on ITO, the A to Pn
loading ratio is ~10:1 whereas for P3 it is closer to ~20:1. In
all cases this more closely resembles the spectroscopic sample
loading on ZrO, (10:1) than the electrochemical sample
loading on TiO, (3:1). It is important to acknowledge that, as
we will discuss below, this discrepancy in loading ratio could
influence the orientation of Pn. We also must note an
important disclaimer regarding surface coverage estimates
reported here. Based on published AFM images of planar metal
oxide-coated glass substrates, the metal oxide surface is not
flat.®' Here, if we assume that the actual surface area is 2-times
the nominal surface area, then loading is decreased by half and
the A-to-A distance is doubled to ~18 A. Theoretical
calculations below lend further support to the legitimacy of
this roughness scalar.

Polarized ATR spectroscopy has also been applied to
determine the mean tilt angles of adsorbed molecules on metal
oxide surfaces in our previous studies.*”*> Here, the same
methods were used to determine mean tilt angles of the
transition dipoles of A () and the transition plane of Pn
(Ouip) in monolayer and bilayer films on ITO-coated
waveguides. The mean tilt angles are listed in Table S, and
schematic depictions of the bilayers are shown in Figure 5.

The mean tilt angle (6y,,) between the transition dipole of
A adsorbed to ITO and the surface normal to ITO was ~30°
and had minimal change upon coordination with Zn. This tilt
angle, indicative of a predominately out-of-plane orientation in
A films, is consistent with studies of phosphonic acid modified
molecules adsorbed on ITO and other metal oxide
substrates.**>*

Table S. Mean tilt angles of A (0, 4) and Pn (fp) in
monolayer and bilayer films on ITO as determined from
ATR.?

gtilt,A (deg) 0tilt,P (deg)

A° A-Zn® A-Zn-Pn? A-Zn-Pn
A-Zn-P1 29+ 5 30+ 5 37+7 41+6
A-Zn-P2 29 + 4 29+ S 36 +5 64 + 6
A-Zn-P3 31+ 5 3245 34+5 5746

“For A, a linear transition dipole aligned along the anthracene short
axis (through the 9, 10 carbon atoms) is assumed.**** For Pn, a
circularly polarized dipole in the molecular plane is assumed.**®” For
all cases, n = 3 trials. “Tilt angle of A film before adsorption of Zn and
Pn. “Tilt angle of A film after adsorption of Zn, before adsorption of
Pn. “Tilt angle of A film after adsorption of Zn and Pn.

ITo 1Mo 1Mo

Figure S. Schematic depictions of the mean orientation of A and Pn
in the A-Zn-P1 (left), A-Zn-P2 (middle), and A-Zn-P3 (right) bilayer
films on ITO.

To determine the Oy, 5 values of A in the A-Zn-Pn bilayers,
the spectral contribution of Pn in the 360—450 nm range was
subtracted from the A-Zn-Pn spectrum, yielding the spectrum
of A-Zn in the bilayer. In all three bilayers, the addition of Pn
caused the Oy, 5 to increase a few degrees (Table S). While the
magnitude of this change is comparable to the standard
deviation of the measurement, the consistency across all
samples suggests that this increase in angle is real. It is not
unreasonable to suggest that the large size of Pn would force
the A molecules into a slightly more in-plane orientation.
Regardless, the average orientations of A in the A-Zn-Pn are all
~35°. This observation is consistent with the similar ypry
across all three TTA-UC solar cells (vida supra) where the
cross-surface energy transfer and TTA are dictated by the
orientation and intermolecular interaction between molecules
in the A monolayer.

The Oy p between the P1 molecular plane and surface
normal to ITO plane was 41°, while the 6y, values for P2 and
P3 films were significantly larger (64° and $7°, respectively).
The greater in-plane tilt for P2 and P3 is not unexpected given
the inherent 60° and 120° change in the angle of the
carboxylate binding group in the ortho- and meta-substituted
positions relative to the “linear” geometry of the P1 sensitizer.

Based on the average orientations summarized in Table 5,
we have generated a schematic depicting the structure of the
molecules in the bilayer, shown in Figure 5. A few important
things to note regarding Figure S. First is that we do not
currently have any experimental data to definitively assign a
coordination environment around the zinc linking ion. Thus,
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the phosphonate—Zn—carboxylate motif depicted in Figure $
is arbitrary. Second, ATR only provides insights into the
orientation of the molecules relative to surface normal and not
to each other. Consequently, while all three bilayers in Figure 5
are depicted with the paper/screen being the xz plane that
bisects the molecules, the Pn molecule could be rotated
around the z-axis, subject to the requirement that its angle
relative to the surface normal (e.g., 41° for P1) be maintained.

Nonetheless, these ATR measurements have provided two
important milestones for both the bilayer films and the
measurement technique. First, the results demonstrate that
varying the position of the metal ion binding group can be
used to control the average tilt angle of the second layer in
metal ion linked multilayers. This result may be instinctively
expected, but this is the first experimental data to definitively
show that it is true. Being able to control and/or tune the
relative angles between molecules in metal ion linked
multilayers could have significant implications in controlling
energy and electron transfer events for application in solar
cells, electrochromics, photocatalysis, molecular p—n junctions,
and more. The second key result is that, to our knowledge, this
is the first report in which the orientation of two different
chromophores in a multilayer thin film have been determined
using ATR spectroscopy.

A final important disclaimer regarding these orientation
measurements: due to experimental limitations/requirements,
the ATR measurements were performed with the bilayer on
planar ITO, the spectroscopic measurements on mesoporous
ZrO,, and the photocurrent measurements on mesoporous
TiO,. It is possible, or even likely, that the different surfaces
will impact surface loading and molecular orientations. In fact,
preliminary ATR measurements on planar TiO, suggest that
the angle of A decreases to ~20° as compare to 30° on ITO.
Work is currently underway to systematically investigate the
role of the surface composition (e.g, TiO, vs ITO vs ALO;)
and roughness (i.e., mesoporous vs planar) on influencing
surface loading and the structure of the bilayer.

3.5. Molecular Dynamics Simulation. To supplement
results acquired experimentally, we used molecular dynamics
simulations to model the TiO,-A-Zn-P1 bilayer structure to
determine the distribution and average angles and distances for
the assembly. Briefly, on a TiO, crystalline surface, A
molecules were uniformly distributed with a center to center
distance of ~18 A. Then P1 was randomly distributed on A-Zn
at a A:P1 ratio of 3:1 with MeCN added as the solvent. As
expanded upon below, initial models using the experimentally
determined ~9 A spacing of A resulted in an unrealistically
high packing density and molecules aligned perpendicular to
the substrate suggesting that the 2-fold roughness scalar (vida
supra) is realistic and necessary surface area correction.

The interatomic interactions were treated with classical
molecular mechanics energy function form (details in the
Experimental Section) and MD simulations performed at 1 fs
time steps for 9.4 ns with the first 2 ns considered as the
equilibration stage and discarded from the final analysis. A
truncated example of the resulting structure from MD
simulations can be seen in Figure 6.

From the results of the simulation, we calculated the
distribution and averages for several key parameters relevant to
the bilayer structure (Figure S8 and Figure S9) including:

(a)

z

(b),

Figure 6. Example results of the MD simulations of TiO,-A-Zn-P1
from (a) the front view along the y direction and (b) the top view
along the z direction (solvent MeCN molecule are not shown). The
TiO, assembly and solvent MeCN molecules are represented by the
ball and stick model and are colored by atom (C, green; N, blue; O,
red; Ti, pink). The A (colored in orange), P (colored in magenta),
and Zn" (colored in cyan) moieties are represented by space filling
models.

® Oy a: the tilt angle between TiO, surface normal vector
(r2) and the transition dipole of A (rp) as defined across
the 9,10 carbon atoms of anthracene.

® Oy, p: the tilt angle between TiO, surface normal vector
(r2) and the plane of P1 as defined by the four nitrogen
atoms of the porphyrin.

® 0p: the angle between the transition dipole moment of
ET donor A (rp) and rp,.

e @, the angle between the linear transition dipole
moment of ET acceptor P1 (r,) and rp,.

o O;: the angle between the rj, and r, centered on rp,.

rpa: the center-to-center distance between A and P1.

The distribution and average values of Oy, 5, and Oy, p were
determined and the results are shown in Figure 7. For Oy, 5, the
mean value calculated from the simulation (20.4°) also
suggests that the molecule is tilting relative to the surface
normal but the magnitude is lower than that determined by the
ATR investigation (37 + 7° from Table S). It is worth noting,
however, that the ATR measurements were performed on ITO
while the calculations are for TiO,. Remarkably, the calculated
20.4° tilt is in good agreement with our preliminary ATR
results suggesting the tilt angle on a TiO, surface is ~22°, but
further work is necessary to confirm there is a metal oxide
surface dependence on tilt angle.

The distribution of A tilt angles, which include both lone As
and the As in the A-Zn-P1 assembly, is relatively narrow and
closely follows a Gaussian distribution (Figure 7a). This is
consistent with a general observation from ATR measurements
that indicate that the tilt angle for the A layer is insensitive to
its coordination environment (i.e., with or without Zn and P1).
This also suggests that the angle of A is largely dominated by
its interaction with the TiO, surface.

In terms of P1 tilt angles (6, p) the mean value calculated
from the simulation, 37.5°, agrees well with the one estimated
from the ATR spectroscopy, 41° + 6 ° (Table 5). However, in
contrast to A, and as can be seen in Figure 7b the distribution
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Figure 7. Distribution and average results for (a) Oy, for A, and (b)
Oyp for P1 relative to the TiO, surface normal vector r, from MD
simulations.

is broad with three subensembles, representative of the vertical
orientation (centered around 0°), the tilted orientation
(centered around 40°), and the near-parallel orientation
(centered around 65°). Among these orientation ensembles,
the vertical and tilted orientations have comparable popula-
tions and the near-parallel orientation has about one-third of
the population of the vertical conformation. At a separation of
18 A, there is considerable flexibility for P1 and a variety of
favorable interactions between P1 and surrounding A and P1
layers as well as a random distribution of P1 resulting in
adjacent and/or independent P1 molecules; these are the
source of the broad orientation distribution for P1. During the
simulation, these orientation ensembles also dynamically
interconvert between each other. As such, we expect that a
change of the separation distance between neighboring A
molecules may alter the distribution and mean value of P1 tilt
angles. This hypothesis was verified by the comparison
simulation with the separation distance decreased to 9 A. At
this distance, A is approximately perpendicular to the TiO,
surface and the near-parallel orientation ensemble of P1 is not
observed. As such, the mean value of P1 tilt angles shifts to
25.5°. The significantly better agreement in average tilt angle
for the simulation with an A spacing of 18 A, as compared to 9
A, further supports the application of a 2-fold roughness scalar.
Additionally, these results indicate that while A remains
relatively stagnant, the P1 tilting is a dynamic event with a
probability distribution governed by how P1 molecules interact
with their neighboring A and P1 molecules. Nonetheless, we
can generate a proposed structure of the bilayer based on the

average angles and distances from MD simulations and the
results are shown in Figure 8.

Figure 8. Average structure for the TiO,-A-Zn-P1 bilayer from the
MD simulations. Features in blue describe the transition dipole vector
of the donor molecule (A) as defined across the 9,10 carbons of
anthracene and average Oy 4 of 20.3°. Red features describe the plane
of the acceptor molecule (P1) as defined by the four nitrogen atoms
of P1 with the average 6,p of 37.4°. Last, in green, is the mean
center-to-center distance between A and P1, rp,, of 17.5 A.

With reasonable agreement between MD simulation and
ATR measurements, we investigated the geometric parameters
that directly determine the rate and efficiency of A to P1
singlet energy transfer which presumably occurs via a FRET
mechanism. As previously described, the FRET efliciency is
geometrically related to (1) the distance between the centers
of A (donor) and P1 (acceptor), rp,, and (2) the angle
between the donor (rp) and acceptor (r,) transition dipole
vectors, O1. The porphyrin oscillator can also be described by a
circularly polarized dipole or two perpendicular dipoles in the
molecular plane but for the sake of simplicity, here 6 is
defined by the angle between vectors rp and r, relative to
a8 A unidirectional vector approximation for the P1
transition dipole moment may be sufficient here due to linking
ion coordination breaking full symmetry and degeneracy of P1.

As discussed above, while the distribution of A orientations
is relatively narrow, there are three orientation subensembles
of P1. Corresponding to these ensembles, there are three rp,
subdistributions centered around 19.0, 16.5, and 14.5 A
(Figure 9a). The donor—acceptor distance strongly correlates
with the acceptor P1 tilt angle, 6y, p that is, larger tilt angles
lead to shorter distances. Although large 0y p values are less
populated (Figure 7b), the proportionality of the rate constant
for energy transfer (kgr) to 1/rp, makes the ET contributions
from large tilt angles nontrivial. For instance, the effective rp,
distance, defined as 1/(1/r,,6)"/¢, is 15.9 A; it is lower than the
mean rp, distance 17.5 A, 1/rp,° of which only corresponds to
about a half of that of the effective rp, distance.

In terms of the relative orientation of A and P1, &, the
distribution is also expectedly broad with the mean value of
108.5°, as shown in Figure 9b. It is notably challenging to
deconvolute this broad distribution, particularly how this
orientation contributes to kgt. As such, we went on to calculate
the dipole orientation factor (k*). For ¥* = (cos O — 3 cos 0,
cos 0,)% 0, is the angle between vectors rp and rp,, 0, is the
angle between and vectors r, and rp,, and Or is the angle
formed by rp and r, when centered on rp, (Figure S9). As
shown in Figure 9c, the distribution of & is also broad.
Notably, the distribution favors larger x> values in comparison
with that assumed for a free rotating model. The mean x” value
is 2.2, or more than 3-fold larger than the value of 2/ 5 for the
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Figure 9. MD simulation results on key geometric parameters responsible for A to P1 ET. (a) Distribution of the distance between the centers of A
and P1, rp,. (b) Distribution of the angle between two transition dipole vectors (67). (c) Distribution of k% (d) Distribution of x*/rp,® with noted

K% enhancement at short distances (inset).

freely rotating molecules.”” This further supports that
orientation bias imposed by the multilayer structure on metal
oxide surfaces can contribute to the enhancement of kgp. To
better understand the contribution of orientation to energy
transfer efficiency, we took advantage of the proportionality
ker o K2/rps® and calculated the k%/rp,® distribution and its
mean value as shown in Figure 9d. In comparison with 2/3(1/
p4%), (K*/1ps°) increases by about 2.2-fold. As demonstrated
by the relationship between 1/rp," and x*/rp,°, the shorter rp,
is, the larger the orientation enhancement is, reflected in x*
(see Figure 9d inset). In summary, both kgp geometry-related
determinants are synergistically favored by large P1 tilting,
which is driven by the interaction of P1 and the surrounding
multilayer structure.

Although in this study we did not carry out MD simulation
investigations on P2 and P3, it is reasonable to assume that Pn
tilting should also play an essential role in kgr. Certainly, due
to the different location of the carboxylate group on the meso-
phenyl rings of P1, P2, and P3, specific interplays between
donor—acceptor distance and Pn tilting will be different.
Additionally, it is important to note that the above analysis
only considers ET between metal ion linked A and P1
molecules. However, at sufficiently high surface packing
densities and the appropriate orientation, energy transfer to/
from A from/to an adjacent Pn molecule, not coordinated to
A, may occur. To more confidently rationalize the difference in
energy transfer, we are performing further MD simulation

23606

studies on P2 and P3 and a more thorough analysis of the
energy transfer dynamics, which will be reported soon.

4. CONCLUSION

Here we have investigated the influence of the position of the
carboxy metal ion binding site (i.e., ortho, meta, para) of Pt(II)
tetraphenyl porphyrin (Pn) on energy transfer, photon
upconversion, and photocurrent generation in metal ion linked
multilayers on metal oxide films. All three porphyrin molecules
exhibit similar photophysical properties in solution and on
ZrO,, but when incorporated into a bilayer with a
diphosphonic anthracene molecule (A), the films (MO,-A-
Zn-Pn) had notable differences in Pn to/from A energy
transfer rates and efficiencies. Given that the energetics of the
porphyrins are similar, the differences are attributed to the
metal ion binding group influencing the orientation of the Pn
relative to A. Interestingly, from the intensity dependent
photocurrent measurement, we find that the second layer Pn
molecule had a minimal influence on yrr,, indicating that
adsorption of Pn does not affect the triplet exciton diffusion or
TTA events in the A monolayer.

From polarized attenuated total reflectance measurements of
the bilayers on ITO, we found that the orientation of A with or
without Zn" is ~30° relative to the ITO surface normal and
only nominally changes to ~35° upon the coordination of Pn
through Zn". The similar structure of A regardless of Pn agrees
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well with the similarity of yrr, which we anticipate being
entirely dictated by the coupling between A molecules in the
monolayer. In contrast, the average tilt angle of the porphyrin
plane varies dramatically from 41° to 64° to 57° for the p-, m-,
and 0-COOH-substituted porphyrin molecules. The variation
in tilt angles for the porphyrin relative to anthracene is likely
responsible for the differences in energy transfer rates. It is
worth noting that, to our knowledge, this is the first report in
which the orientations of two different chromophores in a
multilayer thin film have been determined using ATR
spectroscopy. This deconvolution procedure could be applied
to find the orientation of any two spectroscopically resolvable
chromophores on the surface.

To gain further insights into the structure of the bilayer we
turned to molecular dynamics (MD) simulation of the MO,-A-
Zn-P1 bilayer where P1 is the para-carboxylated porphyrin.
The reasonably good agreement between the tilt angle
determined from ATR spectroscopy and the simulation lends
support to the calculated structure. Interestingly, while the tilt
angle distribution of A was relatively narrow, P1 was found to
occupy three different subensembles with near-vertical, tilted,
and near-parallel orientations. These different orientations
dramatically affected the center-to-center distance and the
relative transition dipole moments which are parameters key in
dictating energy transfer rates. From the orientation factor (k%)
and A to P1 distances, which are proportional to the energy
transfer rate constant, we find a large distribution in the
probability of the energy transfer event with the smaller
distance and parallel orientation favoring energy transfer. The
broad distribution of orientations suggests that calculating
energy transfer rates from the average structure, for example,
will not accurately represent the system. Instead, even a small
subset of the population with highly favorable energy transfer
rates can be the primary driver dictating the energy transfer
yield. Additionally, the more than 3-fold higher average x*
(2.2) relative to randomly oriented molecules (2/3) indicates
that the bilayer film is an effective motif to force favorable
orientations for singlet energy transfer. While this type of back
energy transfer is productive for photon upconversion, for
example, one can envision further optimizing the structure and
orientations such that one can maximize or minimize energy
transfer as desired. Work to perform more rigorous analyses of
energy transfer rates for bilayers containing P1—P3 as well as
efforts to understand the influence of the metal oxide on these
structures are currently underway.
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