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ABSTRACT: Organic luminophores offer great potential for energy harvesting and light emission due to tunable
spectral properties, strong luminescence, high solubility, and excellent wavelength-selectivity. To realize their full
potential, the lifetimes of luminophores must extend to many years under illumination. Many organic luminophores,
however, have a tendency to degrade and undergo rapid photobleaching, leading to the perception of intrinsic
instability of organic molecules. In this work we demonstrate that by exchanging the counterion of a heptamethine
cyanine salt the photostability and corresponding lifetime of dilute cyanine salts can be enhanced by orders of
magnitude from 10 hours to an extrapolated lifetime of greater than 65,000 hours under illumination. To help
correlate and comprehend the underlying mechanism behind this phenomenon, the water contact angle and binding
energy of each pairing were measured and calculated. We find that increased water contact angle, and therefore
increasing hydrophobicity, generally correlate to improved lifetimes. Similarly, a lower absolute binding energy
between cation and anion correlates to increased lifetimes. Utilizing the binding energy formalism, we predict the
stability of a new anion and experimentally verify with good consistency. Moving forward, these factors could be
used to rapidly screen and identify highly photostable organic luminophore salt systems for a range of energy
harvesting and light emitting applications.
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and NIR, high absorption coefficients, and high
quantum yields (QY).1416-19

specifically NIR-absorbing

Introduction

Luminescent solar concentrators (LSCs) offer an
inexpensive  approach to large-area  solar Cyanine dyes,

harvesting.1-4 LSCs comprise luminophores dispersed
in a waveguiding medium, where the luminophores
absorb incident solar irradiance and reemit it in all
directions (Figure 1a).> The majority of emitted
photons are waveguided via total internal reflection
to the edge-mounted photovoltaic (PV) cells. Due to
the lack of transparent electrodes over the active
layers, LSCs can be more easily designed for high-
visible transparency applications like windows or
mobile electronics by tuning the absorption and
emission of the luminophore from the visible (VIS)
into the near-infrared (NIR) (Figure 1b) or
ultraviolet (UV) wavelength ranges..-’> Organic
luminophores are excellent candidates due to
wavelength-selective absorption through the UV, VIS,

heptamethine cyanines, (Cy7) are a class of cyanine
derivatives that are commonly used for biomedical
imaging and transparent LSCs due to their high molar
extinction coefficients near the bandgap (¢ > 105 M-!
cm1), low toxicity, and relatively high QY in the NIR
(~20-30%).1420-28 The general cyanine structure
consists of a conjugated heptamethine backbone,
bound by two terminal heterocyclic indole groups,
and a photoinactive counterion (Figure 1c). Despite
the excellent optical properties, Cy7 is often observed
to suffer from low photostability (on the order of
hours under illumination) in a number of
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Figure 1. (a) A schematic of a luminescent solar
concentrator where incident solar irradiance (red) is
absorbed by a luminophore in the device. The light is
then re-emitted in all directions where most will be
waveguided to the edge-mounted solar cells (black,
solid) via total internal reflection (TIR) while some light
is lost to reabsorption or at angles too large for TIR. (b)
The normalized absorption and emission spectra of two
compounds in this study (Cy7-BFs, Cy7-TPFB) are
plotted. The narrow absorption and emission peak
outside of the visible region of the solar spectrum. (c) The
cationic heptamethine cyanine dye (Cy7) is paired with
different anions listed below: (1) BF4, (2) PFs, (3) TRIS,
(4) PhB, (5) FPhB, (6) TPFB.

demonstrated lifetime reports due to
photobleaching.2*-35 Under illumination in ambient
conditions, singlet oxygen is generated by reacting
with the excited triplet states of Cy7, generating high

energy species that cleave the heptamethine chain
resulting in photobleaching.20243136  This low
photostability limits the potential of Cy7 as an
effective luminophore for power-producing LSCs as
the device is limited to the lifetime of the
luminophore.3” Recently, weakly coordinating anions
have been shown to dramatically affect various
properties such as solubility and thermal
stability,293839 as well as modulating energy levels and
voltages for neat film devices.”103840-45 Weakly
coordinating anions are known for being less
nucleophilic than most anions due to a broader charge
distribution. Moreover, we have previously
demonstrated that the exchange of anions in
heptamethine cyanine salts can result in extrapolated
lifetimes of greater than 7 years in solid-state neat
layers for organic photovoltaics without significantly
altering the bandgap.*! In those studies, improved
device lifetime was shown to correlate to increased
water contact angle and, thus, increased
hydrophobicity. = However, the close-packed
environment is notably different than the dilute
environment  that luminophores  commonly
experience in LSCs (and imaging), which has
properties more characteristic of a static solution.
Additionally, the role of these anions in improving the
photostability of organic salts is still not well
understood, and it is difficult to determine how an
anion will impact the salt.

In this work, we demonstrate that the lifetime under
illumination of a commercial and a novel Cy7
luminophore in the dilute limit of an LSC can also be
increased by orders of magnitude when only changing
the anion (Figure 1c). We note that exchanging
counterions has minimal impact to the optical
properties of the luminophore (Figure S1). We
evaluate the photostability through changes in
luminophore absorption efficiency and the device
quantum efficiency over time. Using these results, we
further investigate potential correlating factors
including hydrophobicity and ionic binding energy to
inform selection and prediction of anions that will
lead to further improved device lifetimes. By
understanding the properties responsible for
improving photostability, anions can be predicted,
designed, and rapidly screened to further improve the
lifetime of these luminophores.

Results and Discussion

We utilize a common commercially available imaging
dye (Cy7 NHS ester) as the parent cation that can be
representative of other cyanines and polymethines.
We synthesized and tested an additional set of
simpler hepthamethine cyanine salts with methyl
groups in place of the NHS Ester chain around the
amines (Cy7m-X). The parent cations were then ion
exchanged with various weakly-coordinating anions
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Figure 2. (a) The normalized 1-transmittance (T) for each Cy7-anion pairing is plotted vs time. T uncertainty is propagated
from the equipment uncertainty of £0.05%. (b) The corresponding normalized peak EQE for each device measured weakly
is plotted against hours under illumination. Samples that degraded fully within a day were not included in the EQE dataset.
(c) The calculated IQE from dividing the EQE by the normalized absorption is show vs time. The IQE is representative of
QY, showing how the QY remains constant as the absorption decays.

as counterions including tetrafluoroborate (BFa4),

tetrakis(pentfluorophenyl)borate (TPFB),
hexafluorophosphate (PFs), ATRISPHAT (TRIS),
tetrakis(4-fluorophenyl)borate (FPhB), and

tetraphenylborate (PhB). The counterion exchanges
were confirmed via mass spectrometry (Figure S2).
Importantly, to measure the intrinsic photostability
and lifetime, Cy7-X pairings were encapsulated in a Nz
environment (< 1ppm Hz0 and O2) between two
pieces of borosilicate glass and sealed with an epoxy.
This method emulates a standard practice in window
manufacturing of using inert gases to package
materials susceptible to degradation (Figure S3)—
for example, low-e Ag-based coatings in windows are
packaged with Argon in part because this prevents
optical degradation of the active Ag layer. Thus, leaks
in the encapsulation are quickly apparent as the
devices would fully quench within hours under
illumination. Each salt had two 2”x2” encapsulated
devices prepared for testing: one stored in the
glovebox as a reference and the primary device that
was tested under constant 1-sun illumination. We
measured device transmittance (7) and external
quantum efficiency (EQELsc) as a function of time to
track changes in luminophore performance. Repeat
devices were made in the cases of quick
photodegradation (e.g. Cy7-PhB) to ensure the
accuracy of the measurements (Figure S4). Because
the voltage and fill factor of LSCs are largely dictated
by the edge-mounted PV (which is not changing) the
primary parameter that changes appreciably with
time is the short-circuit current density (Js) due to
changes in absorption and quantum yield (QY). Thus,
the EQE (and the integrated EQE) can be used to
proportionally track changes in Ji (or relative
changes in PCE) as:

J&% ¢ = e [ EQE(D)S(A)dA (1)

where S is the incident solar photon flux on the front
surface of the LSC. By also tracking the absorption, we
monitor the amount of photobleaching directly and
can also determine changes in internal quantum
efficiency (IQE), which is a good measure for changes
in the QY as described below.

The EQE is defined as the ratio of the number of
generated electrons to the total number of photons
incident on the LSC waveguide front surface. The EQE
of an LSC is defined as follows:

EQE 5c(D) = IQE5c(A) * Naps(A) (2)
where 7,4, is the absorption efficiency and IQE . is
the internal quantum efficiency, ratio of generated
electrons to the number of absorbed photons, of the
LSC. This definition of EQELsc can be further defined
as:

EQEys¢c(1) = Next (1) - EQEpy = (1 = R(1)) * Naps(2) -
NeL " N1rap “MRa " EQEpy (3)
where 7., is the external optical efficiency, R is the
front-surface reflectance, NpL is the
photoluminescence quantum yield (QY) of the
luminophore, 17,4, is the waveguiding efficiency, ng,
is the reabsorption repression efficiency—dependent
on the spectral overlap of the luminophore
absorption and emission—and EQEpy, is the EQE of
the edge-mounted PV at the emission of the
luminophore. Therefore, the IQE ;. is defined:

1QE 5c (1) = (1 —R(A)) " npy, ‘Nrrap "Mra* EQEp, (4)
Of these parameters, the reabsorption suppression
and QY are luminophore properties. The remaining
parameters are properties of the waveguide and the
edge-mounted PV, neither of which will show changes
with these time scales. Thus, changes in IQE translate
directly as changes in QY. Because the edge-mounted
PV typically has a lifetime > 20-25 years (e.g., Si),
changes in EQE for an LSC will be dependent primarily
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Figure 3. (left) Water contact angle vs Tso4n lifetime of each salt plotted on a semilogarithmic scale. Note that the lifetime
was measured from dilute films while the contact angles are from neat films. An increase in lifetime can be correlated with
an increase in hydrophobicity for anions that are completely halogen-terminated (blue ellipse) while anions that are fully
or partially hydrogen-terminated do not show that correlation (orange ellipse). (right) Images used to calculate the water
contact angle of each salt, taken 10 seconds after dropping the water onto the film.

onnps and np; (or QY). There can be some changes in
Nra as the overall absorption decreases initially
because there is strong overlap between absorption
and PL for the polymethines, despite maintaining a
relatively constant Stokes shift during photobleaching
(Figure S5). The losses in absorption and QY
dominate changes in EQE over time.

Lifetime can be characterized by Ts» or Tss, which
represent the operational time under constant
illumination it takes for the device to reach 80% and
50% of its maximum output, respectively.*® In Figure
2a, we show the variation of asborption (1-T) as a
function of counterion pairing under constant 1-sun
illumination. The absorption lifetime of Cy7 changes
by many orders of magnitude. The EQE over time of
each device is shown Figure 2b and shows similarly
dramatic changes in the lifetime as a function of
counterion, mirroring the trend of absorption loss.
Notably Cy7-FPhB and Cy7-PhB are excluded from
EQE because they were completely photobleached
within one day (Figure S$6). The absorption and EQE
peaks (and in turn, the integrated Js;, Figure S7) decay
exponentially with time until they approach 0 (Figure
$8), making the lifetime a parameter that can be
reasonably extrapolated to represent total lifetime
under standard day/night cycles (Tsoax) by
multiplying the measured values by 5.6 (that is, on
average in the U.S. there are 5.6hr of 1-Sun

illumination). We use the term Tsoqn interchangeably
with lifetime for the remainder of this work. Of the
Cy7-X series, Cy7-TPFB demonstrates the highest
photostability with 4200 + 1200 hrs under constant
1-sun illumination (Tsg4n = 24,000 + 7,000 hrs). Cy7-
PF¢ also demonstrates a lifetime of greater than 1700
+ 530 hrs (Ts0dn = 9,700 £ 3,000 hrs), which is
comparable but significantly lower than Cy7-TPFB.
Cy7-TRIS and Cy7-BF4 exhibit lifetimes 230 * 70 hrs
(Ts504n = 1,300 = 400 hrs) and 120 * 40 hrs (Tsodn =
700 = 200 hrs), respectively. Cy7-PhB and Cy7-FPhB
demonstrate lifetimes below 20 hrs. The consistency
between absorption loss and EQE loss indicate that
ratio between IQE and QY should be constant and that
the primary degradation mechanism is bleaching of
the absorption. To confirm this, we look at the IQF
directly in Figure 2c. Indeed, we find that the IQE
stays essentially constant for each material until it is
fully degraded. Thus, the degradation of the
luminophore and device can be adequately described
by losses in absorption in these materials.

The measured and extrapolated lifetime results are
summarized in Table 1. We note that the trends here
for Cy7 cation are similar for the simpler Cy7m that
lacks the NHS Ester group (replaced with a methyl
group, see Figure S9). Cy7m-I has a lifetime of 47 hrs
+ 10 hrs (Ts0an = 240 + 80 hrs) while Cy7m-TPFB has
an extrapolated lifetime of 11,600 + 2,800 hrs (T5g,dn =



65,000 * 16,000 hrs), a similarly dramatic
improvement like Cy7-TPFB (Figure S$10). By
replacing the NHS Ester chain with a simple methyl
group, the lifetime of Cy7 increases by a factor of > 2.5.

In our previous investigation on the effect of anion
exchange on the lifetime of an organic salt
photovoltaic, we found that water contact angle was
the only parameter (of many investigated) that
showed any correlation with the operating lifetime of
the device, suggesting that increased hydrophobicity
of the salt layer was indicative of improved lifetime.
We tested if this macroscopic property, measured on
neat films of each salt, would be consistent with
lifetime differences observed in a dilute environment.
Figure 3 shows the measured water contact angles
plotted against lifetime for each salt. Notably, Cy7-
PhB and Cy7-FPhB showed much lower lifetimes (on
the order of 10s of hrs) compared to the other salts
despite having high water contact angles. A key
distinctive factor for PhB and FPhB is that they are
primarily hydrogen-terminated. When delineating
between fully halogen-terminated and partially
halogenated anions, the halogenated anions show a
trend that resembles the result in previous work.
While the water contact angle may prove helpful in
thinking about the impact and the potential factors of
degradation for how the various anions will compare
to others, it does not fully capture the trends in a
universal way.

Table 1. Extrapolated Lifetime of Each Salt. Tso and
Tso are measured from the normalized 1-T plot
(except for Cy7-TPFB and Cy7m-TPFB, which
required extrapolation for Tso). Ts0,4n is the device
lifetime adjusted for the average day-night cycles
in the US.
Salt Tso Tso (Hours)  Tsodn
(Hours) (Hours)

Cy7- 52 +14 120 + 40 700 £ 200
BF4

Cy7- 690 £ 190 1,700 £ 530 9,700

PFe +3,000
Cy7- 92 +27 230+ 70 1,300 + 400
TRIS

Cy7- 4+1 10+ 4 60 + 20
FPhB

Cy7- 5+2 12+5 70 + 30
PhB

Cy7- 1,710 4,200 24,000
TPFB +490 +1,200 + 7,000
Cy7m- 16+5 47 £ 10 240 = 80
I

Cy7m- 4,600 11,600 65,000
TPFB +1,100 + 2,800 +16,000

Based on the idea that the water contact angle might
be elucidating some aspect of the underlying ionic
bonding arrangement, we explored the ionic binding
energy via molecular DFT simulations.

For these calculations, we utilized a local density
approximation functional (LDA-PWC) and the DNP
3.5 basis set in the DMol3 package in Materials
Studio.*”#¢ LDA has been reported to provide good
results for non-covalent interactions and has been
shown to provide good results with PWC/DNP in
binding energy calculations between ligands and
protein binding sites.#-51 Using DFT to study this
isolated cation-anion pairings is more suitable to
describe the system in comparison to the bulk film
study of contact angle measurements because the
salts are contained in the dilute environment rather
than a close-packed neat layer. The binding energies
are calculated as follows:

Ep = Ecarvan — (Ecat + Ean) (5)

where Ej is the binding energy between Cy7 and a
given anion, E_ ;¢ 4, is the minimized system energy
of Cy7 coordinated with the same anion (Figure 4a),
E_,: is the minimized energy of just Cy7, and E,, is the
minimized energy of just the anion. The anion was
simulated in initial positions around the cation
(Figure S11) and the system was energy minimized
to ensure that the ions were conformed optimally.
Figure 4b shows the minimum calculated binding
energy plotted against device lifetime. Between
anions of similar structures, there is a correlation
between weaker binding energy and increasing
device lifetime. We use a linear fit on the semi-
logarithmic plot to describe the relationship of
binding energy to the device lifetime between anions
of a similar size—such as the phenylborate anions.
Compared to the water contact angle trends, the
trends with binding energy appear to be grouped
more meaningfully and with more consistent
trendlines between groupings even if it is it still not
yet universal. Between the two anion size categories,
the fit lines demonstrate similar slopes; however, the
larger conjugated anions shift the lifetime trend
upward compared to the small, hard anions (PF¢ and
BF4), suggesting that larger anion size can contribute
to improved photostability despite having stronger
binding energies than the smaller anions.
Interestingly, the trendline defined by TPFB, FPhB,
and PhB, suggests that the increased number of F
atoms improves lifetime through a broadening of the
charge distribution. Given the symmetrical nature of
the anions presented in this work with halogens
evenly distributed along all terminal bonds, this
draws the charge towards the edges of the anion.
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Figure 4. (a) A representative Cy7 was simulated in Materials Studio with a carboxylic acid-terminated chain. Each anion
was simulated with the cation with 5 potential initial positions prior to geometric optimization. Depicted here is the
representative Cy7 with TPFB in the energetically minimized position. (b) The minimum binding energy from any of the
anion positions is plotted against the Tsoan lifetime. Anions with similar structures were used to generate fit lines. The
phenyl borate anions were used to predict the lifetime of Cy7 coordinated with tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (TFM, open star) and is then compared to the experimentally determined lifetime
(closed star), showing good agreement. Additional lifetimes are predicted for other anions. Structures of TFM (orange
dashed box) and other theoretical anions (brown dashed box) are displayed.

From the simulations, the most favorable position for interactions with potential degradation agents, which
the counterion to position itself was always around can work in combination with the increased size to
the amine bonded with the carboxylic acid chain (e.g. improve protection of the labile sites. The weaker
Figure 4a). The electron-withdrawing characteristics binding energy could allow for the anion to
from the carboxylic acid group alter the charge experience an increased range of mobility to protect
distribution on Cy7, making the amine that it is other labile sites from degradation. In this
bonded to more positively charged. This positive experiment, the cyanine salts were encapsulated in a
charge makes the amine a more susceptible site for a nitrogen environment to ensure that superoxide and
degradation reaction to occur but also singlet oxygen would be unlikely contributors in
electrostatically attracts the counterion to a greater degradation. Relative to Cy7m-TPFB to Cy7-TPFB, the
extent. Given that we have identified the combination lifetime further increases by a factor of ~2.7,
of anion size and broader charge distribution (from indicating that the NHS ester chain has some
electronegative halogens) as factors that lead to involvement in the degradation of Cy7 (after the
improved photostability, it is likely that the anion acts primary mechanism is reduced via improved
to shield the charge upon coordination, by creating a counterions). The Cy7 salts are contained in a matrix
barrier for degradation agents (similar to oxygen that retains some of the butyl methacrylate
interacting with the Ilabile polymethine chain, monomers which have an ester group capable of
disrupting conjugation) and increasing the overall interacting with the photoexcited-state of the Cy7
lifetime. Specifically, the delocalization of the charge cation.

in the anion can result in stronger electrostatic



We use our fitted trend with binding energy to predict
the lifetime of another large anion: tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate (TFM) (Figure
4b). TFM occupies more space having more fluorine
atoms than TPFB due to its trifluoromethyl groups.
Furthermore, we also used it to further understand
how factors such as size and nature of the halogen
impacts lifetime. We calculate a binding energy of this
system of approximately -5.4 eV, resulting in a
predicted lifetime of ~3800 hrs when using the
previous fit. Cy7-TFM was then synthesized, and the
lifetime measured. The Tsgan of a Cy7-TFM blend was
5300 * 1500 hrs (Figure S12), which shows
remarkably close agreement (within error) to the
predicted value. Cy7-TFM has a lower lifetime and
stronger binding energy than Cy7-TPFB, so while size
and number of halogen atoms do play a role, the
addition of hydrogen-terminated positions in the Cy7-
TFM can contribute to a larger binding energy and
reducing the overall lifetime. Using these tools, it
might be possible to screen for anions leading to the
highest probability of long lifetime. (Figure 4b).
Changing the F atoms to Cl in TPFB does not
significantly change the binding energy. However,
increasing the anion size by adding additional rings
(e.g. forming trisFTFM2) is found to result in a weaker
binding energy of -4.38 eV and, therefore, a higher
predicted Tsoan of 53,000 hrs with the Cy7 cation that
would more than double the lifetime (Figure 4b).
Extrapolating this to hypothetical Cy7m-trisFTFM2,
lifetimes up to 140,000 hrs may be possible.

Conclusions

In conclusion, we have demonstrated how counterion
selection can dramatically increase the lifetime of
luminescent heptamethine salts from hours to
>20,000 hrs, even at the dilute limit. By monitoring
the lifetime via luminophore absorption and
photocurrent generation, we were able to identify
that device degradation was a result of
photobleaching. The lifetime was improved for the
Cy7-TPFB pairing by removing the NHS ester chain in
favor of a methyl group, resulting in an extrapolated
lifetime of >65,000 hrs. Using water contact angle
measurements, we show that increasing
hydrophobicity and extent of halogenation (reduced
protonation) results in increased lifetime in the dilute
state. We further calculate the binding energies of the
salt pairings and show an improved correlation with
lifetime, where weaker ion binding energies for large
anions correspond to increased lifetimes. This
binding energy correlation was then used to predict
the lifetime of additional anions. Finally, in
chromophores not synthesized in this study, we
predict anion targets that possess potential for
exceptionally long lifetime. This work ultimately
demonstrates that even seemingly “unstable” organic
salt luminophores can be made highly “stable” by

means of simple counterion exchange. This study also
has the potential to provide a more viable pathway to
the design of organic luminophore salts, providing
them with greater commercial viability in a wider
range of highly demanding energy and imaging
applications.

Materials and Methods

Materials. Cyanine7 NHS ester (Cy7) was purchased
from Lumiprobe and is initially paired with
tetrafluoroborate (BF4) during synthesis. Potassium
tetrakis(pentfluorophenyl)borate (abbreviated as K-
TPFB) was purchased from Boulder Scientific
Company; Tetrabutylammonium A-tris(tetrachloro-
1,2benzenediolato)phosphate(V) (TBA-TRIS),
Sodium tetrakis(4-fluorophenyl)borate dihydrate
(Na-FPhB), Sodium hexafluorophosphate (Na-PFs),
Sodium tetraphenylborate (Na-PhB) were purchased
from Sigma Aldrich. The Shandon Mount, the acting
waveguiding media, was purchased from
ThermoFisher Scientific.

Counterion Exchange. Counterion exchange was
performed following the procedure described in
source.? The standard Cy7 salt and each counterion
precursor were massed in a 1:2 molar ratio and
dissolved into a solution of 6:1 volumetric ratio of
dichloromethane to methanol. The solution was
covered and stirred at room temperature for
approximately 1 hour. The products were then passed
through a silica gel column with dichloromethane.
The colored solution is collected, and the solvent is
evaporated until dry, and the powder product is
collected.

Mass Spectrometry. The exchanged salts were
analyzed using a high resolution ultra high-
performance liquid chromatography mass
spectrometry (UHPLC-MS) system, Waters Xevo G2-
XS QTof. The salts were dissolved into solvent
mixtures with HPLC-grade 1:9
dichloromethane:acetonitrile at concentrations of 1
puM, 100 nM, and 10nM. Samples were scanned in
positive and negative mode to verify the exchange
(Figure S2). A blank solution was run between each
scan to prevent previous scans from affecting the
results. The column temperature was set to 30 °C, and
the flow rate was 0.2 mL/min using 100% acetonitrile
as the mobile solvent.

Device Fabrication. Salts were dispersed into
ethanol with a concentration around 0.125 mg/mL.
Solutions were mixed with the Shandon mount with a
volumetric ratio of 1:2 respectively. 3 mL of this
mixture was then drop-cast onto a 2” x 2” glass
substrate and left to dry for 4 hours in a N2
environment (< 1 ppm Oz and H20). After drying,
epoxy was applied around the border of the Shandon
film. An identical 2” x 2” glass piece was pressed
against the epoxy, ensuring there are no air channels



in the epoxy that allow for gas to reach the rest of the
Shandon film. The active area inside the epoxy is
masked with black paper; the epoxy is then UV-
treated while the device is in N.

Lifetime Testing. Two sets of encapsulated devices
were made with one 2"x2” device per Cy7-counterion
pairing in each set. One set of encapsulated devices
was held under constant 1-sun illumination
(Chameleon Sulfur Plasma lamp). The other set of
devices was kept in a N2 environment in the dark as a
reference for the photodegradation of the exposed
devices. The transmission (T) spectra were measured
using a Perkin-Elmer Lambda 800 UV-VIS
Spectrometer. For the devices held under constant
illumination, T measurements were taken daily for
the first 10 days then once every three days for the
long lifetime salts (after shorter lifetime salts
completely degraded) to track changes in
luminophore absorption. For the EQE measurement,
three edges of the panels were colored black and
covered by black tape to more accurately measure the
EQE from a single edge-mounted PV.52 The uncovered
side was mounted with a laser-cut silicon solar cell
using index-matching gel. The EQE was measured
using a monochromatic excitation source that was
positionally confined to the center of the device using
an optical fiber. The EQE of each sample was taken
weekly from 300-900nm. The peaks of the EQE and 1-
T were plotted against hours under illumination to
show degradation of the salts vs time.

Water Contact Angle Measurements. Films of each
of the salts were deposited via spincoating. Each salt
was dissolved into 3:1 dichloromethane to
chlorobenzene mixture at a concentration of 10
mg/mL. The solutions were deposited onto plasma-
cleaned glass substrates, and the substrates were
spun at 2000rpm for 30 seconds. A drop of water was
placed onto the substrate and an image was captured
ofthe drop 10 seconds after it contacted the substrate.
The Kriiss Drop Shape Analyzer was used measure
the contact angle of the water and the salt film.

Binding Energy Calculations. A simplified cyanine
molecule with the NHS Ester group removed and the
ligand terminated with a carboxyl group was
generated in Materials Studio along each anion.
Conformation of the ions were calculated using the
DMol3 software package of Materials Studio with the
LDA-PWC functional using the DNP 3.5 basis set. A
dispersion correction (DFT-D) was applied with OBS
custom method. K-point separation was set to 0.07 A-
1, and the energy cutoff was set to 700 eV. Task
quality, integration accuracy, and SCF tolerance were
set to “Fine.”

Tasks were executed with each ion individually first.
First, the conformation of each ion was calculated
using the “Geometry Optimization” task with an
energy tolerance of le-5 Ha. The minimum energy

was then calculated with the “Energy” task. Each
anion was put in the same simulation space as the
simplified Cy7 cation using 5 initial starting positions
(Figure S4). In each position, the anion was rotated to
minimize energy. The “Geometry Optimization” task
was again performed on the cation-anion system to
ensure optimal atom positioning. The energy of the
system at each position was then calculated. The
energies of the cation and anion isolated systems
were subtracted from the lowest system energy of the
pairing to determine the binding energy of the system.
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