(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
14 November 2019 (14.11.2019)

(10) International Publication Number

WO 2019/217583 Al

WIPO I PCT

(51) International Patent Classification:
C09B 23/02 (2006.01) C09B 56/16 (2006.01)
C09B 23/12 (2006.01)

(21) International Application Number:
PCT/US2019/031371

(22) International Filing Date:
08 May 2019 (08.05.2019)

(74)

ing, Michigan 48823 (US). SHENG, Wei, 219 Harbor Way,
Ann Arbor, Michigan 48103 (US). ZHANG, Jun; 3125
Camellia Ct., Apt. D, San Luis Obispo, California 93401
(US). YANG, Chenchen; 2176 Meadowlawn Drive, Holt,
Michigan 48842 (US).

Agent: KOTSIS, Damian H. et al.; HARNESS, DICKEY
& PIERCE, P.L.C., P.O. Box 828, Bloomfield Hills, Michi-
gan 48303 (US).

(25) Filing Language: English (81) Designated States (unless otherwise indicated, for every
(26) Publication Language: English kind of national protection available). AE, AG, AL, AM,
(30) Priority Data: AOQO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
: CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO

62/669,184 09 May 2018 (09.05.2018) UsS ’ e JEONE S S Sy . ; ’

(71) Applicant: BOARD OF TRUSTEES OF MICHIGAN
STATE UNIVERSITY [US/US]; 450 Administration
Building, East Lansing, Michigan 48824-1046 (US).

(72) Inventors: LUNT, III, Richard R.; 1400 Trotters Lane,
Williamston, Michigan 48895 (US). BORHAN, Babak;
1835 Mirabeau Drive, Okemos, Michigan 48864 (US).
LEVINE, Benjamin G.; 1017 Whittier Drive, East Lans-

DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, 1IN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ, LA, LC,LK,LR, LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(54) Title: NEAR-INFRARED HARVESTING TRANSPARENT LUMINESCENT SOLAR CONCENTRATORS WITH EN-

GINEERED STOKES SHIFT

Ry Ro

Rs

N o (1)
| or
10
12 [J 24
14
O o O OO '
0O "0Pp © ©
o)
f On Oo o0° o o\
26 \
Fig. 1A "

wo 20197217583 A1 |0 0000 000000 00U 00 0

(57) Abstract: A luminescent solar concentrator (LSC) device is provided. The LSC device has an active layer including a modified
luminophore having a polymethine component including a plurality of methine groups (=CH-)n, where n is an odd integer greater than
1. A hydrogen atom (H) of one of the plurality of methine groups is replaced by one of or, where A is selected from nitrogen (N),
phosphorus (P), arsenic (As) and antimony (Sb) and D is selected from oxygen (O), sulfur (S), selenium (Se), and tellurium (Te), R1
and R2 are independently selected from H, aliphatic groups, and aromatic groups bound to A through a carbon atom, or R1 and R2
together form an alicyclic ring containing A, and R3 is selected from H, aliphatic groups, aromatic groups, and alicyclic groups bound
to D through a carbon atom.
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NEAR-INFRARED HARVESTING TRANSPARENT LUMINESCENT SOLAR
CONCENTRATORS WITH ENGINEERED STOKES SHIFT

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Application No.

62/669,184, filed on May 9, 2018. The entire disclosure of the above application is

incorporated herein by reference.

GOVERNMENT RIGHTS
[0002] This invention was made with government support under 1702591

awarded by the National Science Foundation. The government has certain rights in the

invention.

FIELD
[0003] The present disclosure relates to near-infrared harvesting transparent

luminescent solar concentrators with engineered Stokes shift.

BACKGROUND
[0004] This section provides background information related to the present

disclosure which is not necessarily prior art.

[0005] Seamless installation of transparent luminescent solar concentrator
(TLSC) systems onto the architectural envelope transforms passive surfaces into solar
energy harvesting resources, dramatically improving energy utilization efficiency without
compromising their current functionality and aesthetic quality underneath. However,
reabsorption of emitted photons combined with non-unity quantum vyield (QY) of the
luminophores act as the main loss mechanism that can dramatically limit the power
conversion efficiency over larger areas (transparent, colored, or opaque). Reabsorption
loss originates from the overlap between the absorption and emission spectra. The
Stokes shift (SS), defined as the wavelength difference between the absorption and
emission peak maxima for the same transition, is frequently used to quantify and
rationalize this loss in luminescent solar concentrators (LSCs).

[0006] Recently, several approaches towards mitigating the reabsorption effect
by increasing the Stokes shift with various species of luminophores have been reported
for quantum dots, rare-earth ions, nanoclusters, and organic molecules. For example,
inorganic semiconductor nanocrystals exhibit high photoluminescence efficiencies with

absorption and emission spectra that are tunable by particle size and composition.
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Several strategies have been developed to increase the Stokes shift, including most
notably the formation of core/shell "giant" quantum dots (QDs) as quasi- type | or type |l
hetero-structures for CdSe/CdS, PbS/CdS, I-lI-Vl2 ternary CdSe/CdxPb1xS,
CulnS2/CdS, or CulnS2/ZnS QDs. The nanocrystal shell typically has a larger energy
bandgap, acting as a photon absorbing antenna and protective carrier barrier when
energy is transferred to the lower bandgap core crystal photon emitter. The energy gap
difference between the core and the shell crystals results in an increase in downshift up
to 150-200 nm. Doping quantum dots with transition metal ions is another approach to
tackle the reabsorption problem, for example, utilizing Mn-doped ZnSe, Cu-doped
CdSe QDs, or nanoplatelets. The doping impurity introduces new localized excited
energy states (mid-gaps) within the original QD energy bandgap, which generates a
downshifted radiative recombination with respect to the absorption.

[0007] However, a key limitation of these QDs is the continuous band-like
absorption profiles that hinder selective absorption of invisible infrared photons without
an accompanying absorption in the visible that reduce their transparency and aesthetic
quality. In contrast, organic molecules are a class of luminophore candidates for LSC
and TLSC applications that exhibit excitonic properties and separated molecular
orbitals stemming from their 71r-conjugated molecular structure. While the Stokes shifts
of traditional and commercially available organic dyes utilized in LSCs are generally
small (less than 20-30nm), recent efforts have looked to circumvent the reabsorption
loss by using an excitation energy transfer (energy migration) strategy with multiple
dyes via Forster resonance energy transfer (FRET). Such an approach separates the
absorption of the donor from the emission of the acceptor so that the reabsorption in
the LSCs is reduced, but the close physical coupling of the dyes along with the need for
multiple dyes with high quantum yields creates additional challenges. Another method
has also been explored via resonance shifting in optical cavity designs for the
waveguides, but it requires the utilization of neat thin-film layers of luminophores, which
are often less suitable for achieving the highest luminescent quantum yields.

[0008] For many TLSC applications, high aesthetic quality and transparency are
the most critical metrics. Thus, harvesting the invisible portion of the solar spectrum
(ultraviolet (UV) and near-infrared (NIR)) is most beneficial for such applications. TLSC
with NIR selective harvesting cyanine dyes has been demonstrated previously, but the
Stokes shifts were all less than 30 nm, thus limiting the larger area optimization.
Accordingly, there remains a need to develop transparent luminescent solar

concentrators with engineered or tuned Stokes shifts.
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SUMMARY
[0009] This section provides a general summary of the disclosure, and is not a

comprehensive disclosure of its full scope or all of its features.

[0010] In various aspects, the current technology provides a luminescent solar
concentrator (LSC) device. The LSC device includes a modified luminophore having a
polymethine component, the polymethine component including a plurality of methine
groups (=CH-)

H

.

H

where n is an odd integer greater than 1 and a hydrogen atom (H) of one of the plurality
of methine groups is replaced by one of

NS S

R3

-
where A is selected from nitrogen (N), phosphorus (P), arsenic (As) and antimony (Sb)
and D is selected from oxygen (O), sulfur (S), selenium (Se), and tellurium (Te); R1 and
R2 are independently selected from H, aliphatic groups, and aromatic groups bound to
A through a carbon atom, or R1 and Rz together form an alicyclic ring containing A; and
Rs is selected from H, aliphatic groups, aromatic groups, and alicyclic groups bound to
D through a carbon atom.

[0011] In one aspect, R1 and Rz are individually selected from H, substituted or
unsubstituted C1—Cz20 alkyl, substituted or unsubstituted C1-C20 alkenyl, substituted or
unsubstituted C1-C20 acyl, substituted or unsubstituted C1-C20 ether or polyether,
substituted or unsubstituted C1-C20 hydroxyalkyl, substituted or unsubstituted C1-Czo
aminoalkyl, or R1 and Rz together form a substituted or unsubstituted C1-C20 cycloalkyl,
or substituted or unsubstituted C1-C20 heteroalkyl.

[0012] In one aspect, the A is nitrogen (N).

[0013] In one aspect, Rs is selected from H, substituted or unsubstituted C1—C20
alkyl, substituted or unsubstituted C1-C20 alkenyl, substituted or unsubstituted C1-C20
acyl, substituted or unsubstituted C1-Cz0 ether or polyether, substituted or unsubstituted
C1-C20 hydroxyalkyl, or substituted or unsubstituted C1-C20 aminoalkyl.

[0014] In one aspect, the D is oxygen (O).

[0015] In one aspect, a central methine group is the one of the plurality of

methine groups having the hydrogen atom (H) replaced by the
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[0016] In one aspect, the modified luminophore has an overlap integral (O/) of
less than or equal to about 26, and an absolute absorption of greater than or equal to
about 50% in absorption spectra, wherein the O/ is defined by formula (2):

ol = [TAM)-PL (Mdr  (2),
where A(}) is a single-path absolute absorption spectrum of a composite film including
a luminophore and a host material, and PL*(%) is a normalized emission spectrum of
the luminophore in the host material.

[0017] In one aspect, the modified luminophore has an O/ of less than or equal to
about 3.4.

[0018] In one aspect, the modified luminophore also has a Stokes shift of greater
than or equal to about 50 nm to less than or equal to about 250 nm.

[0019] In one aspect, the modified luminophore has a strongest absorbance
maximum of light at a wavelength of greater than or equal to about 400 nm.

[0020] In one aspect, the modified luminophore has a strongest peak
absorbance of light at a wavelength of greater than or equal to about 650 nm.

[0021] In one aspect, the modified luminophore has a strongest peak
absorbance of light at a wavelength of less than or equal to about 450 nm.

[0022] In one aspect, the modified luminophore has a strongest peak emission of
light at a wavelength of greater than or equal to about 650 nm.

[0023] In one aspect, the modified luminophore has a strongest peak
absorbance of light at a wavelength of greater than or equal to about 650 nm and a
strongest peak emission of light at a wavelength of greater than or equal to about 650
nm.

[0024] In one aspect, the luminescent solar concentrator device is visibly
transparent.

[0025] In one aspect, the luminescent solar concentrator device has an average
visible transmittance of greater than or equal to about 75%.

[0026] In one aspect, the luminescent solar concentrator device has a quantum
yield of greater than or equal to about 20%.

[0027] In one aspect, the luminescent solar concentrator device has an external

quantum efficiency of greater than or equal to about 7%.
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[0028] In various aspects, the current technology also provides a luminescent
solar concentrator (LSC) device including a modified luminophore having a polymethine

component, the polymethine component including a plurality of methine groups (=CH-)
H

H,

H

where n is an odd integer greater than 1 and a hydrogen atom (H) of one of the plurality
of methine groups is replaced by one of

R R,
NS S

Rs

I
where A is selected from nitrogen (N), phosphorus (P), arsenic (As) and antimony (Sb)
and D is selected from oxygen (O), sulfur (S), selenium (Se), and tellurium (Te); R1 and
Rz are independently selected from H, aromatic groups, aliphatic groups bound to A
through a carbon atom, or R1 and Rz together form an alicyclic ring containing A; and
Rs is selected from H, aliphatic groups, aromatic groups, and alicyclic groups bound to
D through a carbon atom. The luminophore has an overlap integral (O/) of less than or
equal to about 26, and an absolute absorption of greater than or equal to about 50% in

absorption spectra, wherein the O/ is defined by formula (2):
ol = [TAM-PL"(WNdr  (2),

where A(2) is a single-path absolute absorption spectrum of a composite film including
a luminophore and a host material, and PL*(%) is a normalized emission spectrum of
the luminophore in the host material.

[0029] In one aspect, the luminescent solar concentrator device is visibly
transparent.

[0030] In one aspect, the luminescent solar concentrator device is visibly
opaque.

[0031] In one aspect, the luminescent solar concentrator device has an average
visible transmittance of greater than or equal to about 75%.

[0032] In one aspect, the luminescent solar concentrator device is visibly
transparent and an has a quantum yield of greater than or equal to about 20%.

[0033] In one aspect, the modified luminophore also has a Stokes shift of greater

than or equal to about 50 nm to less than or equal to about 250 nm.
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[0034] In various aspects, the current technology additionally provides a
luminescent solar concentrator (LSC) device including a modified organic luminophore
having a Stokes shift of greater than or equal to about 50 nm to less than or equal to
about 250 nm.

[0035] In one aspect, the modified organic luminophore is fluorescent.

[0036] In one aspect, the modified organic luminophore has an overlap integral
(OI) of less than or equal to about 26, and an absolute absorption of greater than or
equal to about 50% in absorption spectra.

[0037] In one aspect, the luminescent solar concentrator device is visibly
transparent.

[0038] In one aspect, the luminescent solar concentrator device has an average
visible transmittance of greater than or equal to about 75%.

[0039] In one aspect, the luminescent solar concentrator device has a quantum
yield of greater than or equal to about 20%.

[0040] In various aspects, the current technology yet further provides a method
of adjusting a Stokes shift of a luminescent polymethine molecule. The method includes
obtaining a luminophore having a polymethine component including a plurality of
methine groups (=CH-)

H

H,

H

where n is an odd integer greater than 1 and the luminophore has a first Stokes shift.
The method also includes replacing a hydrogen (H) atom of one of the plurality of
methine groups with a halogen atom to form a halogenated intermediate, and replacing
the halogen atom of the halogenated intermediate with one of

R, R,
NS S

Rs

—
to form a modified luminophore, where A is selected from nitrogen (N), phosphorus (P),
arsenic (As) and antimony (Sb) and D is selected from oxygen (O), sulfur (S), selenium
(Se), and tellurium (Te); R1 and Rz are independently selected from H, aliphatic groups,
and aromatic groups bound to A through a carbon atom, or R1 and Rz together form an
alicyclic ring containing A; and Rs is selected from H, aliphatic groups, aromatic groups,
and alicyclic groups bound to D through a carbon atom. The modified luminophore has

a second Stokes shift that is different from the first Stokes shift.



10

15

20

25

30

WO 2019/217583 PCT/US2019/031371

[0041] Further areas of applicability will become apparent from the description
provided herein. The description and specific examples in this summary are intended
for purposes of illustration only and are not intended to limit the scope of the present

disclosure.

DRAWINGS
[0042] The drawings described herein are for illustrative purposes only of

selected embodiments and not all possible implementations, and are not intended to
limit the scope of the present disclosure.

[0043] Fig. 1A-1B are schematic illustrations of exemplary luminescent solar
concentrator devices including modified luminophores according to various aspects of
the current technology.

[0044] Fig. 2 shows a schematic illustration of an exemplary luminescent solar
concentrator device according to various aspects of the current technology.

[0045] Figs. 3A-3C show schematics of three exemplary transparent
luminescent solar concentrators according to various aspects of the current technology.

[0046] Figs. 3D-3F show external quantum efficiencies (EQEs) for the
luminescent solar concentrators shown in Figs. 3A-3C, respectively.

[0047] Figs. 4A-4C show optical scans for the three Iluminescent solar
concentrators shown in Figs. 3A-3C, respectively.

[0048] Fig. 5A is a schematic showing a transparent luminescent solar
concentrator (TLSC) that selectively harvests near-infrared (NIR) light and emits deeper
NIR while passing visible light.

[0049] Fig. 5B shows photographs of the TLSCs incorporating Cy7-CA, Cy7-
NEt2-1, and Cy7.5-NEt2-I luminophores.

[0060] Figs. 5C-5E show normalized absorption and emission spectra of Cy7-
CA (Fig. 5C), Cy7-NEt2-I (Fig. 5D), and Cy7.5-NEt2-1 (Fig. 5E) in DCM solutions (solid
lines) and polymer films (dashed lines).

[00561] Figs. 6A-6C are the molecular structures of HOMO and LUMO electronic
orbitals of Cy7-CA (Fig. 6A), Cy7-NEt2-I (Fig. 6B), and Cy7.5-NEt2-1 (Fig. 6C).

[0052] Fig. 7A shows current density as a function of voltage (J-V curves) for the
fully assembled transparent luminescent solar concentrator (TLSCs) systems with three
of the cyanine dyes.

[0053] Fig. 7B shows representative external quantum efficiency (EQE) of three

cyanine dye TLSC systems as a function wavelength, measured at distance d = 5mm.
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[0064] Figs. 8A-8C show position-dependent EQE of Cy7-CA (Fig. 8A), Cy7-
NEt2-1 (Fig. 8B), and Cy7.5-NEt2-I (Fig. 8C) as a function of wavelength measured from
15 mm to 95 mm, with 10 mm increments.

[0055] Fig. 8D shows calculated optical efficiencies (solid lines) as a function of
distance d of three cyanine luminophore transparent luminescent solar concentrator
systems to fit the measured normalized EQE peak values (symbols).

[00566] Fig. 9A shows different overlap integral (O/) values obtained by keeping
the absolute absorption fixed and shifting the normalized emission spectrum of a
luminophore (Cy7-CA). It is noted that O/ and SS are not typically equivalent because
chemical changes that lead to changes in the SS also lead to spectral changes in the
tail absorption. The SS values for the simulation are provided to emphasize the reason
that this parameter has been misleadingly considered as a design parameter.

[0057] Fig. 9B shows optical efficiencies as a function of plate length L for
different O/ values.

[0068] Fig. 10 shows an increase in SS that results from modifying the central
methine group of a cyanine dye and an exemplary transparent luminescent solar
concentrator.

[0069] Corresponding reference numerals indicate corresponding parts

throughout the several views of the drawings.

DETAILED DESCRIPTION
[0060] Example embodiments are provided so that this disclosure will be

thorough, and will fully convey the scope to those who are skilled in the art. Numerous
specific details are set forth such as examples of specific compositions, components,
devices, and methods, to provide a thorough understanding of embodiments of the
present disclosure. It will be apparent to those skilled in the art that specific details need
not be employed, that example embodiments may be embodied in many different forms
and that neither should be construed to limit the scope of the disclosure. In some
example embodiments, well-known processes, well-known device structures, and well-
known technologies are not described in detail.

[0061] The terminology used herein is for the purpose of describing particular
example embodiments only and is not intended to be limiting. As used herein, the

” o

singular forms “a,” “an,” and “the” may be intended to include the plural forms as well,

»ou

unless the context clearly indicates otherwise. The terms “comprises,” “comprising,”

‘including,” and “having,” are inclusive and therefore specify the presence of stated
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features, elements, compositions, steps, integers, operations, and/or components, but
do not preclude the presence or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof. Although the open-ended
term “comprising,” is to be understood as a non-restrictive term used to describe and
claim various embodiments set forth herein, in certain aspects, the term may
alternatively be understood to instead be a more limiting and restrictive term, such as
“consisting of” or “consisting essentially of.” Thus, for any given embodiment reciting
compositions, materials, components, elements, features, integers, operations, and/or
process steps, the present disclosure also specifically includes embodiments consisting
of, or consisting essentially of, such recited compositions, materials, components,
elements, features, integers, operations, and/or process steps. In the case of
‘consisting of,” the alternative embodiment excludes any additional compositions,
materials, components, elements, features, integers, operations, and/or process steps,
while in the case of “consisting essentially of,” any additional compositions, materials,
components, elements, features, integers, operations, and/or process steps that
materially affect the basic and novel characteristics are excluded from such an
embodiment, but any compositions, materials, components, elements, features,
integers, operations, and/or process steps that do not materially affect the basic and
novel characteristics can be included in the embodiment.

[0062] Any method steps, processes, and operations described herein are not to
be construed as necessarily requiring their performance in the particular order
discussed or illustrated, unless specifically identified as an order of performance. It is
also to be understood that additional or alternative steps may be employed, unless
otherwise indicated.

[0063] When a component, element, or layer is referred to as being “on,’

” o

‘engaged to,” “connected to,” or “coupled to” another element or layer, it may be directly
on, engaged, connected or coupled to the other component, element, or layer, or
intervening elements or layers may be present. In contrast, when an element is referred
to as being “directly on,” “directly engaged to,” “directly connected to,” or “directly
coupled to” another element or layer, there may be no intervening elements or layers
present. Other words used to describe the relationship between elements should be

” 13

interpreted in a like fashion (e.g., “between” versus “directly between,” “adjacent”
versus “directly adjacent,” etc.). As used herein, the term “and/or” includes any and all

combinations of one or more of the associated listed items.
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[0064] Although the terms first, second, third, etc. may be used herein to
describe various steps, elements, components, regions, layers and/or sections, these
steps, elements, components, regions, layers and/or sections should not be limited by
these terms, unless otherwise indicated. These terms may be only used to distinguish
one step, element, component, region, layer or section from another step, element,
component, region, layer or section. Terms such as “first,” “second,” and other
numerical terms when used herein do not imply a sequence or order unless clearly
indicated by the context. Thus, a first step, element, component, region, layer or section
discussed below could be termed a second step, element, component, region, layer or

section without departing from the teachings of the example embodiments.

»ou ”ty

[0065] Spatially or temporally relative terms, such as “before,” “after,” “inner,”

” o ” o

“outer,” “beneath,” “below,” “lower,” “above,” “upper,” and the like, may be used herein
for ease of description to describe one element or feature's relationship to another
element(s) or feature(s) as illustrated in the figures. Spatially or temporally relative
terms may be intended to encompass different orientations of the device or system in
use or operation in addition to the orientation depicted in the figures.

[0066] Throughout this disclosure, the numerical values represent approximate
measures or limits to ranges to encompass minor deviations from the given values and
embodiments having about the value mentioned as well as those having exactly the
value mentioned. Other than in the working examples provided at the end of the
detailed description, all numerical values of parameters (e.g., of quantities or
conditions) in this specification, including the appended claims, are to be understood as
being modified in all instances by the term “about” whether or not “about” actually
appears before the numerical value. “About” indicates that the stated numerical value
allows some slight imprecision (with some approach to exactness in the value;
approximately or reasonably close to the value; nearly). If the imprecision provided by
“about” is not otherwise understood in the art with this ordinary meaning, then “about”
as used herein indicates at least variations that may arise from ordinary methods of
measuring and using such parameters. For example, “about” may comprise a variation
of less than or equal to 5%, optionally less than or equal to 4%, optionally less than or
equal to 3%, optionally less than or equal to 2%, optionally less than or equal to 1%,
optionally less than or equal to 0.5%, and in certain aspects, optionally less than or
equal to 0.1%.

[0067] In addition, disclosure of ranges includes disclosure of all values and

further divided ranges within the entire range, including endpoints and sub-ranges given

10
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for the ranges. As referred to herein, ranges are, unless specified otherwise, inclusive
of endpoints and include disclosure of all distinct values and further divided ranges
within the entire range. Thus, for example, a range of “from A to B” or “from about A to
about B” is inclusive of A and B.

[0068] Example embodiments will now be described more fully with reference to
the accompanying drawings.

[0069] The current technology provides modified luminophores, i.e., luminescent
polymethine dyes, that have at least one of an optical integral (O/) decrease and a
Stokes shift increase relative to corresponding base luminescent polymethine dyes that
are not modified. The modified luminescent polymethine dyes with an O/ decrease
and/or a Stokes shift increase enables luminescent solar concentrators with higher
power conversion efficiencies (PCE) relative to luminescent solar concentrators
including corresponding unmodified luminescent polymethine dyes due to a decrease in
reabsorption. The overall power conversion efficiency of a LSC or TLSC system is the
product of the component efficiencies:

Arse = Nope ey = (1 “Rf.) " Naps " Uer " Orrap " UR4 Npy (1},
where Ry is the front surface reflection, 1,4, is the solar spectrum absorption efficiency

of the luminophore, 1, is the luminescence efficiency of the luminophore, 17, is the

photon trapping (or waveguiding) efficiency, 1y, is the efficiency of the edge-mounted
PV cell normalized by its solar spectrum absorption efficiency and EQE at the
luminophore wavelength to account for photon downshifting, and v, is the efficiency
of suppressing reabsorption. The current technology also provides luminescent solar
concentrator devices comprising the modified luminophores and methods of adjusting
at least one of an O/ and a Stokes shift of a luminophore.

[0070] The current technology provides a modified luminophore. As used herein,
a “luminophore” is a photoactive molecule that has luminescent properties. The
modified luminophores of the current technology are organic, are fluorescent or
phosphorescent, and may have a polymethine component. Therefore, the luminophores
are luminescent polymethine dyes. As used herein, a polymethine dye or a “base
polymethine dye” is a dye having polymethine component comprising a plurality of
methine groups, wherein a methine group has the structure =CH-. More particularly,
the polymethine component of a polymethine dye has an odd number of methine

groups that is greater than 1. As such, a polymethine dye is distinguishable from a

11
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polyene, which has an even number of methine groups. Accordingly, the polymethine

component of the luminescent polymethine dye has the structure:
H

H,

H

where a methine group (=CH-) is in the brackets and n is an odd integer greater than 1.

[0071] Polymethine dyes have a first O/ and an absolute absorption of greater
than or equal to about 50% in absorption spectra, greater than or equal to about 60% in
absorption spectra, greater than or equal to about 70% in absorption spectra, or greater
than or equal to about 80% in absorption spectra and have a first Stokes shift. As used
herein, the term “absolute absorption” refers to the total absorption of a normal incident
beam at a particular wavelength. As used herein, a Stokes shift is defined as the
wavelength difference between the absorption and emission peak maxima, and an O/
quantifies reabsorption properties of a luminophore as:

ol = [7AM-PL(WDdh  (2),

where A(?) is the single-path absolute absorption spectrum (A(2) — 1 — R(2) =T((2)) of a
luminophore/host composite film and PL*(2)d is the normalized emission spectrum of
the luminophore in the host material. The O/ depends on the thickness of a
luminophore layer and the degree of overlap between absorption and emission spectra
in a host material (rather than in a solution). Therefore, a decreasing O/ corresponds to
a decreasing overlap between absorption and emission spectra. By decreasing the
overlap between absorption and emission spectra, efficiency losses due to reabsorption
are decreased.

[0072] The modified luminophores of the current technology are a modified
variant of corresponding base luminophore. More particularly, a hydrogen atom (H) of
one of the plurality of methine groups of the polymethine component is replaced by one
of

R1 Rz Rs

N

I
where A is a pnictogen selected from nitrogen (N), phosphorus (P), arsenic (As) and
antimony (Sb) and D is a chalcogen selected from oxygen (O), sulfur (S), selenium
(Se), and tellurium (Te); R1 and Rz are independently selected from H, aliphatic groups,

and aromatic groups bound to A through a carbon atom, or R1 and Rz together form an
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alicyclic ring containing A; and Rs is selected from H, aliphatic groups, aromatic groups
and alicyclic groups bound to D through a carbon atom. In various embodiments, R
and Rz are individually selected from H, substituted or unsubstituted C1—C20 alkyl,
substituted or unsubstituted C1-C20 alkenyl, substituted or unsubstituted C1-C20 acyl,
substituted or unsubstituted C1-C20 ether or polyether, substituted or unsubstituted C1-
C20 hydroxyalkyl, substituted or unsubstituted C1-C20 aminoalkyl, or R1 and Rz together
form a substituted or unsubstituted C1-C20 cycloalkyl, or substituted or unsubstituted C1-
C20 heteroalkyl and Rs is selected from H, substituted or unsubstituted C1—Czo alkyl,
substituted or unsubstituted C1-C20 alkenyl, substituted or unsubstituted C1-C20 acyl,
substituted or unsubstituted C1-C20 ether or polyether, substituted or unsubstituted C1-
C20 hydroxyalkyl, or substituted or unsubstituted C1-C20 aminoalkyl.

[0073] In various embodiments, a central methine group is the one of the plurality

of methine groups having the hydrogen atom (H) replaced by the
R R,
NS

-

[0074] Because the polymethine component has an odd number of methine
groups greater than 1, the central methine group is the methine group in the middle of
the polymethine component.

[0075] The modified luminophore has at least one of a lower O/ and a larger
Stokes shift relative to a corresponding unmodified (base) luminophore. The O/ of the
modified luminophore is lower than the O/ of the corresponding unmodified luminophore
and is less than or equal to about 26, less than or equal to about 20, less than or equal
to about 15, less than or equal to about 10, less than or equal to about 5, less than or
equal to about 3.4, less than or equal to about 2, or less than or equal to about 1. The
Stokes shift of the modified luminophore is larger than the Stokes shift of the
corresponding unmodified luminophore and is greater than or equal to about 50 nm to
less than or equal to about 250 nm, greater than or equal to about 75 nm to less than or
equal to about 225 nm, or greater than or equal to about 100 nm to less than or equal
to about 200 nm.

[0076] The modified luminophore has a strongest absorbance maximum of light
at a wavelength of greater than or equal to about 400 nm, greater than or equal to
about 650 nm, or less than or equal to about 450 nm. Many luminophores have a
plurality of absorbance maxima that may be in various regions of the spectrum.

Therefore, the “strongest absorbance maximum?” is the absorbance maximum with the
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largest peak. Accordingly, the modified luminophore can have a strongest absorbance
maximum in the visible (VIS) region of the spectrum, in the ultraviolet (UV) region of the
spectrum, in the near infrared (NIR) region of the spectrum, or in the infrared (IR) region
of the spectrum. The modified luminophore has a strongest peak emission of light at a
wavelength of greater than or equal to about 400 nm or greater than or equal to about
650 nm. Similarly, many luminophores have a plurality of emission maxima that may be
in various regions of the spectrum. Therefore, the “strongest peak emission” is the
emission maximum with the largest peak. The modified luminophore, dependent on its
strongest absorbance maximum and strongest peak emission, can be used for opaque
LSCs or visually transparent LSCs.

[0077] In some embodiments, the modified luminophore has a strongest
absorbance maxima of greater than or equal to about 650 nm, which is in the near
infrared (NIR) and infrared (IR) regions of the spectrum, and less than or equal to about
30%, less than or equal to about 20%, less than or equal to about 10%, or less than or
equal to about 5% of the total light absorbed by the modified luminophore is absorbed
in the visible region of the spectrum. The modified luminophore can also have a
strongest peak emission of greater than or equal to about 650 nm, which is in the NIR
and IR. Such a modified luminophore can be used in an active layer of a visibly
transparent LSC.

[0078] In various embodiments, the modified luminophore, ie., the modified
luminophore comprising a polymethine component, is a modified cyanine dye. A first
series of exemplary modified cyanine dyes is based off of the unmodified cyanine dye
2-((E)-2-((E)-2-chloro-3-(2-((E)-1,3,3-trimethylindolin-2-ylidene)ethylidene)cyclohex-1-
en-1-yhvinyl)-1,3,3-trimethyl-3H-indol-1-ium iodide. The first series includes the

following modified luminophores:
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and

(7).
[0079] Table 1 provides various characteristics of the first series of exemplary

modified luminophores.

Table 1. Photophysical properties of the first series of exemplary modified
luminophores.

. Absorption Emission Stokes shift Qy
Dye Amine substrates (nm) (nm) (hm) (%)
1 ~NT 664 777 113 28

684 778 94 29

699 778 79 31

742 766 24 25

604 784 180 33

668 785 117 23

\N/\
/\N/\
\7
N
5 (N> 615 704 89 26
»
9

Spectroscopic data for series 1 cyanine dyes. Absorption, emission, and quantum yield were
measured in DCM. QY = quantum yield.

[0080] A second series of exemplary modified cyanine dyes is based off of the
unmodified cyanine dye 2-((E)-2-((E)-2-chloro-3-((E)-2-(1,1,3-trimethyl-1,3-dihydro-2H-
benzo[e]indol-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-1,1,3-trimethyl-1H-
benzo[elindol-3-ium iodide. The second series includes the following modified

luminophores:
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(11),

(12), and

(14).
[0081] Table 2 provides various characteristics of the second series of exemplary

modified luminophores.

Table 2. Photophysical properties of the second series of exemplary modified
luminophores.

Dye Amine substrates Abs((;:ﬁ;[ion Err(1ri]irs];on Stolz:;)s hift (QQ/S
8 SN 705 818 113 24
9 SN 724 816 92 26
10 NN 739 819 80 24
11 \7 746 802 56 24
12 <\> 649 737 88 30

13

N
14 O 708 824 116 21
N

Spectroscopic data for series 2 cyanine dyes. Absorption, emission, and quantum yield were
measured in DCM. QY = quantum yield.

636 823 187 25

[0082] A third series of exemplary modified cyanine dyes is based off of the
unmodified cyanine dye 2-{2-[2-Chloro-3-[(1,3-dihydro-3,3-dimethyl-1-propyl-2H-indol-2-
ylidene)ethylidene]-1-cyclohexen-1-yllethenyl]-3,3-dimethyl-1-propylindolium iodide.

The second series includes the following modified luminophores:
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(16).
[0083] Table 3 provides various characteristics of the second series of exemplary

modified luminophores.

Table 3. Photophysical properties of the second series of exemplary modified
luminophores.

. Absorption Emission Stokes shift Qy
Dye Amine substrates (hm) (nm) (hm) (%)
15 - 616 736 120 -
SH
16 803 831 28 -
SH
17 I NP 791 808 17 -

Spectroscopic data for series 3 cyanine dyes. Absorption, emission, and quantum yield were
measured in DCM. QY = quantum yield.

[0084] With reference to Fig. 1A, the current technology provides a luminescent
solar concentrator (LSC) device 10 comprising a modified luminophore 12 as described
above. The modified luminophore 12 is disposed on a substrate 14 that defines a
waveguide 16. More particularly, the modified luminophore 12 is embedded within and
throughout the substrate 14 and the waveguide 16.

[0085] As described above, the modified luminophore 12 harvests (i.e., absorbs)
light with wavelengths in at least one of the visible (“VIS”), NIR, and IR regions of the
solar spectrum. As used herein, UV light has a wavelength from about 300 nm to about
450 nm, VIS light has a wavelength from about 450 nm to about 650 nm, NIR light has
a wavelength from about 650 nm to about 1500 nm and IR light has a wavelength form
about 1500 nm to about 1 mm. Also, as used herein the terms “transparent” or “visibly

transparent” refer to devices that have an average visible transmittance of greater than
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or equal to about 75%, greater than or equal to about 80%, or greater than or equal to
about 90%. The terms “opaque” or “visibly opaque” refer to devices that have an
average visible transparency, weighted by the photopic response of an eye of 10% or
less for specular transmission. Devices that have an average visible transparency,
weighted by the photopic response of an eye, of between 10% to 50% for specular
transmission are “semitransparent. Therefore, the LSC device 10 can be visually
transparent (with modified luminophores that have a strongest peak absorbance in the
NIR/IR and a strongest peak emission in the NIR/IR) or visually opaque (having
substantial absorbance and/or emission in the VIS), depending on the absorbance and
emission properties of the modified luminophore 12 and a composition of the substrate
14. Non-limiting examples of transparent substrates 14 include glass, low iron glass
(such as Diamont® low iron glass, and Planilux® transparent glass from Saint Gobain
(Paris, France) and Borofloat® 33 borosilicate glass from Schott (Mainz, Germany)),
plastic, poly(methyl methacrylate) (PMMA), poly-(ethylmethacrylate) (PEMA), (poly)-butyl
methacrylate-co-methyl methacrylate (PBMMA), polyethylene terephthalate (PET), and
polyimides, such as Kapton® polyimide fiims (DuPont, Wilmington, DE). Non-limiting
examples of opaque substrates 14 include amorphous silicon, crystalline silicon, halide
perovskites, stainless steel, metals, metal foils, and gallium arsenide.

[0086] The modified luminophore 12 is described above and has at least one of
an O/ of less than or equal to about 26, less than or equal to about 20, less than or
equal to about 15, less than or equal to about 10, less than or equal to about 5, less
than or equal to about 3.4, less than or equal to about 2, or less than or equal to about
1; an absolute absorption of greater than or equal to about 50% in the absorption
spectra, greater than or equal to about 60% in the absorption spectra, greater than or
equal to about 70% in the absorption spectra, or greater than or equal to about 80% in
the absorption spectra; and a Stokes shift of greater than or equal to about 50 nm to
less than or equal to about 250 nm, greater than or equal to about 75 nm to less than or
equal to about 225 nm, or greater than or equal to about 100 nm to less than or equal
to about 200 nm. The LSC device 10 has a quantum yield of greater than or equal to
about 20%, greater than or equal to about 25%, or greater than or equal to about 30%
and an EQE of greater than or equal to about 5%, greater than or equal to about 7%, or
greater than or equal to about 10%.

[0087] The LSC device 10 also comprises a photovoltaic (PV) component. Fig.
1B shows an LSC device 10’ having the same components as the LSC device 10 in

Fig. 1. However, the LSC device 10’ comprises a PV cell (or strip) 18 disposed on an
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edge 20 of the waveguide 16. A second PV cell or strip can be disposed on a second
edge that is opposite or orthogonal to the edge 20 (not shown). In various
embodiments, the LSC device 10’ comprises a PV cell (or strip) 18 on at least one edge
of the waveguide. Such PV cells or strips 18 can alternatively be mounted along edges
orthogonal to the edge 20.

[0088] In some embodiments, the LSC device 10 does not include the PV cell (or
strip) 18 shown in Fig. 1B, but may include a segmented PV array (not shown). The PV
array can be disposed on a surface 24 of the waveguide 16 or within a central region 26
of the waveguide 16, such as in the bulk of the waveguide 16 and the substrate 14. The
PV array can be provided as a coating or spraying on the substrate or layering dyed
sheets as strata between alternating stacks of the substrate.

[0089] In various embodiments, the solar array is a mesh comprising wires,
microwires, nanowires, ribbons, slivers, spheres, dots, combinations thereof, or the like
arranged within or placed on the surface 24 of the waveguide 16. More than one
photovoltaic array can be utilized to reduce thermal losses. The PV cell (or strip) 18 of
Fig. 1B and the PV array can comprise any material known in the art. Non-limiting
examples of solar array and solar cell materials include germanium (Ge); amorphous
germanium (a-Ge); gallium (Ga); gallium arsenide (GaAs); silicon (Si); amorphous
silicon (a-Si); silicon-germanium (SiGe); amorphous silicon-germanium (a-SiGe);
gallium indium phosphide (GalnP); copper indium selenide, copper indium sulfide, or
combinations thereof (CIS); copper indium gallium selenide, copper indium gallium
sulfide, or combinations thereof (CIGS); cadmium telluride (CdTe); perovskites (PV),
such as CH3NH3Pbls, CHaNH3PbCls and CHsNH3PbBrs; and combinations thereof.

[0090] In some embodiments, the PV array is wired in series and may include
adducts, such as spheres or dots. For example, the solar array may comprise a Si
sphere solar array connected by thin-wire electrical connections. In one embodiment,
the solar array comprises spheres that are wired together to form a mesh.
Advantageously, using spherical or multi-sided solar arrays further increases system
efficiency as each cell can capture both direct and indirect sunlight at multiple angles.
The solar array can be located at different positions within the substrate 14, at or near
the surfaces 24, or the solar array can have a thickness that is about the same overall
thickness of the waveguide 16. In some embodiments, the LSC device comprises a
plurality of PV arrays located at different positions within the substrate 14.

[0091] By positioning segmented solar cell arrays at the top or bottom surfaces

24 of the waveguide 16, it is possible to capture luminesced light before it is lost
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optically due to dye reabsorption. Alternatively, the PV arrays can be embedded within
the waveguide 16. This loss of reabsorption is particularly beneficial for fluorescent
materials with small Stokes shifts. Depending on where the PV arrays are positioned in
the waveguide 16, the modified luminophore 12 can be either embedded in or
juxtaposed to the PV array. Also, by positioning the PV arrays at the top or bottom
surface 24 of the waveguide 16, a fraction of forward emitted light can be captured,
which further reduces optical losses, and it enhances the efficiency of spatially
segmented PV arrays by utilizing a greater fraction of NIR light between cells.

[0092] As shown in Fig. 2, a LSC 50 can comprise a first wavelength-dependent
mirror 52. The first wavelength-dependent mirror 52 can have a reflectivity of NIR light
corresponding to only an emission spectrum of a modified luminophore as shown in
graph 80. Therefore, the first wavelength-dependent mirror 52 is transparent to visible
light 54, but reflects NIR light 56 in an emission range shown in the graph 80. The first
wavelength-dependent mirror 52 can be functionally coupled to a first surface 58 of the
LSC 50, which comprises a modified luminophore. Alternatively, the first wavelength-
dependent mirror 52 can be functionally coupled to a second surface 60 of the LSC 50,
or to both surfaces 58, 60. In other embodiments, the waveguide redirecting material is
on the second surface 60 or embedded within the waveguide.

[0093] With further reference to Fig. 2, the LSC 50 can comprise a second
wavelength-dependent mirror 62. The second wavelength-dependent mirror 62 can
have a reflectivity of NIR light corresponding to both absorption and emission spectra of
a modified luminophore as shown in graph 90. The second wavelength-dependent
mirror 62 is transparent to visible light 54, but reflects NIR light 56 in an emission range
shown in the graph 90. The second wavelength-dependent mirror 62 can be
functionally coupled to the first surface 58 of the LSC 50, to the second surface 60 of
the LSC 50, or to both surfaces 58, 60. In one embodiment, the first wavelength-
dependent mirror 52 is functionally coupled to the first surface 58 of the LSC 50, and
the second wavelength-dependent mirror 62 is functionally coupled to the second
surface 60 of the LSC 50. As described above, a photovoltaic array can be positioned
on the first surface 58, the second surface 60, or within the waveguide. In various
embodiments, the LSC 50 comprises a plurality of solar arrays positioned at any of the
first surface 58, the second surface 60, or within the waveguide between the first and
second surfaces 58, 60. In yet other embodiments, the LSC 50 comprises a solar cell
positioned at an edge of the LSC 50 that is adjacent to the first and second surfaces 58,
60.
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[0094] Incorporation of visibly transparent, selective NIR mirrors 52, 62 in
transparent photovoltaics (TPVs) substantially improves power conversion efficiencies
by 50-100%. Similarly, the incorporation of the mirrors 52, 62 improves the optical
efficiency at low plate dimension by greater than about 20%, while reducing the quantity
of modified luminophore needed by about half for a given optical density. For LSC sizes
of greater than about 0.5 m?, the mirrors 52, 62 are helpful in mitigating any surface and
bulk scattering imperfections that could reduce system efficiencies. The mirrors 52, 62
can be coatings that improve collector absorption and increase waveguiding. Moreover,
these coating layers are very similar to low-e-coatings that are already ubiquitously
deployed and can complement or replace much of their functionality for heat rejection.
Alternating layer combinations of TiO2, SiO2, and Alz03 can be grown by e-beam
evaporation, pulsed laser deposition, plasma-enhanced sputtering, thermal deposition,
chemical vapor deposition, or solution deposition to optimize overall color impact and
performance.

[00956] U.S. Publication No. 2014/0283896 describes various LSC architectures
that can be utilized with the current modified luminophores and is incorporated herein
by reference in its entirety.

[0096] As described above, the LSC device 10 of Fig. 1 comprises a modified
luminophore having a polymethine component, the polymethine component comprising
a plurality of methine groups (=CH-)

H

.

H

where n is an odd integer greater than 1, and a hydrogen atom (H) of one of the

plurality of methine groups is replaced by one of
R4 Ry
N/ /

I
where A is selected from nitrogen (N), phosphorus (P), arsenic (As) and antimony (Sb)
and D is selected from oxygen (O), sulfur (S), selenium (Se), and tellurium (Te); R1 and
R2 are independently selected from H, aliphatic groups, and aromatic groups bound to
A through a carbon atom, or R1 and Rz together form an alicyclic ring containing A; and
Rs is selected from H, aliphatic groups, aromatic groups and alicyclic groups bound to
D through a carbon atom. In various embodiments, R1 and Rz are individually selected

from H, substituted or unsubstituted C1—C2o alkyl, substituted or unsubstituted C1-Czo
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alkenyl, substituted or unsubstituted C1-C20 acyl, substituted or unsubstituted C1-C20
ether or polyether, substituted or unsubstituted C+1-C20 hydroxyalkyl, substituted or
unsubstituted C1-C20 aminoalkyl, or R1 and R2 together form a substituted or
unsubstituted C1-C20 cycloalkyl, or substituted or unsubstituted C1-C20 heteroalkyl and
Rs is selected from H, substituted or unsubstituted C1—C20 alkyl, substituted or
unsubstituted C1-C20 alkenyl, substituted or unsubstituted C1-C20 acyl, substituted or
unsubstituted C+1-C20 ether or polyether, substituted or unsubstituted C1-Czo
hydroxyalkyl, or substituted or unsubstituted Ci1-C20 aminoalkyl. The modified
luminophore has at least one of a Stokes shift of greater than or equal to about 50 nm
to less than or equal to about 250 nm and an O/ of less than or equal to about 26 and
an absolute absorption of greater than or equal to about 50% in absorption spectra.

[0097] Additionally, the current technology provides a Iluminescent solar
concentrator device comprising a modified organic luminophore having a Stokes shift of
greater than or equal to about 50 nm to less than or equal to about 250 nm. The
luminescent solar concentrator device has a quantum yield of greater than or equal to
about 20%, greater than or equal to about 25%, or greater than or equal to about 30%

[0098] In some embodiments, the modified organic luminophore has an O/ of
less than or equal to about 26 and an absolute absorption of greater than or equal to
about 50% in absorption spectra. Moreover, the luminescent solar concentrator device
can be visibly transparent with an average visible transmittance of greater than or equal
to about 75%.

[0099] The current technology also provides a method of adjusting or tuning at
least one of a Stokes shift and an O/ of a luminophore. The method comprises
obtaining a luminophore having a polymethine component comprising a plurality of
methine groups (=CH-)

H

.

H

where n is an odd integer greater than 1, and the luminophore has a first Stokes shift
and a first Ol.

[0100] The method then comprises replacing a hydrogen (H) atom of one of the
plurality of methine groups with a halogen atom to form a halogenated intermediate

comprising
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X

.

H

where X is a halogen selected from the group consisting of fluorine (F), chlorine (ClI),
bromine (Br), or iodine (I).

[0101] The method then comprises replacing the halogen atom of the
halogenated intermediate with one of

R R,
NS S

T

Rs

| or
to form a modified luminophore, where A is a pnictogen selected from nitrogen (N),
phosphorus (P), arsenic (As) and antimony (Sb) and D is a chalcogen selected from
oxygen (O), sulfur (S), selenium (Se), and tellurium (Te); R1 and Rz are independently
selected from H,aliphatic groups, and aromatic groups bound to A through a carbon
atom, or R1 and Rz together form an alicyclic ring containing A; and Rs is selected from
H, aliphatic groups, aromatic groups and alicyclic groups bound to D through a carbon
atom. In various embodiments, R1 and Rz are individually selected from H, substituted
or unsubstituted C1—Cz2o alkyl, substituted or unsubstituted C1-C20 alkenyl, substituted or
unsubstituted C1-C20 acyl, substituted or unsubstituted C1-C20 ether or polyether,
substituted or unsubstituted C1-C20 hydroxyalkyl, substituted or unsubstituted C1-Czo
aminoalkyl, or R1 and Rz together form a substituted or unsubstituted C1-C20 cycloalkyl,
or substituted or unsubstituted C1-C2o heteroalkyl and R3 is selected from H, substituted
or unsubstituted C1—Cz2o alkyl, substituted or unsubstituted C1-C20 alkenyl, substituted or
unsubstituted C1-C20 acyl, substituted or unsubstituted C1-C20 ether or polyether,
substituted or unsubstituted C1-C20 hydroxyalkyl, or substituted or unsubstituted C1-Czo
aminoalkyl. The modified luminophore has at least one of a second Stokes shift that is
different form the first Stokes shift or a second O/ (and an absolute absorption of
greater than or equal to about 50% in absorption spectra) that is different from the first
Ol.
[0102] Embodiments of the present technology are further illustrated through the

following non-limiting example.

Example 1
[0103] Visibly transparent luminescent solar concentrators (TLSC) have the

potential to turn existing infrastructures into net-zero-energy buildings. However,
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reabsorption loss currently limits the device performance and scalability. This loss is
typically defined by the Stokes shift (SS) between the absorption and emission spectra
of luminophores. Here, large Stokes shifts TLSCs are developed by modifying the
central methine coordination of NIR selective cyanine dyes, resulting in Stokes shifts
over 80 nm with simultaneously improved QY. These changes in SS are explained by
ab initio calculations which show that the distortion about the central amino group in the
excited states decreases the energy of the lowest unoccupied molecular orbitals
(LUMO) energy. The corresponding TLSC devices exhibit a 30% PCE improvement for
a 25.8 cm? device that was found to stem, surprisingly, not from the changes in SS but
from changes in the absorption width and improved quantum yield. These trends are
quantitatively confirmed by distance dependence quantum efficiency measurements
and optical modeling. Thus, a new parameter is introduced to replace the Stokes shift,
the overlap integral, to more accurately correlate the true reabsorption loss, act as a
fast screening parameter, and prevent misleading expectations in performance. In
deriving this parameter, new approaches towards minimizing the loss to reabsorption
are proposed as a roadmap for both LSC and TLSC designs to help realize their full

potential.

Experimental
[0104] Cyanine Dyes Synthesis and General Instrumentation:

[01056] 1) Cy7-CA.

[0106] 1-(5-carboxypentyl)-3,3-dimethyl-2-((E)-2-((E)-3((E)-2-(1,3, 3-
trimethylindolin-2ylidene)ethylidene)cyclohex-1-enyl)vinyl)-3H-indolium chloride
(Cyanine7 carboxylic acid or Cy7-CA) (Lumiprobe) is characterized as received without
further purification.

[0107] 2) Cy7-NEtz2-l and Cy7.5-NEt2-I.

[0108] Solvents and reagents used for reactions are purchased from commercial
sources. HPLC grade acetonitrile (Sigma-Aldrich) is used for all reactions. Column
chromatography is performed using SiliCycle silica gel (230-400 mesh). Thin layer
chromatography (TLC) with fluorescent indicator is purchased from Analtech. "H-NMR
and 3C-NMR spectra are obtained on Varian Inova 500 MHz instruments and are
reported in parts per million (ppm) relative to the solvent resonances (&), with coupling
constants (J) in Hertz (Hz). HRMS analysis is performed on a Q-TOF Ultima system

using electrospray ionization in positive mode. UV-Vis spectra are recorded on an
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Agilent Cary 100 series spectrophotometer. PL is recorded on a Fluorolog equipped
with ISA instrument (Horiba, Jobin-Yvon).
[0109] General synthesis:

DIFEA, &UN P b { H
soaled b ¥ : N
e >

CyTNE-]

[0110] 2-((E)-2-((E)-2-(diethylamino)-3-(2-((E)-1,3,3-trimethylindolin-2-
ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-1,3,3-trimethyl-3H-indol-1-ium iodide (Cy7-
NEt2-1).

[0111] Compound 1 is synthesized according to the previous reported
procedures. To a solution of 1 (74 mg, 0.10 mmol), diisopropylethylamine (DIPEA) (35
ul, 2 equiv, 0.20 mmol) in acetonitrile (2 mL) is added freshly distilled diethylamine
(206 uL, 20 equiv, 2.0 mmol) under nitrogen. The mixture is stirred at 70 °C and the
reaction is monitored by LC-MS. Upon completion, typically in 48 h, the mixture is
concentrated on reduced pressure and purified by flash column (100% DCM gradually
to 5% MeOH/DCM). The product is isolated as a dark solid (21 mg, 0.032 mmol, 32 %).
"H NMR (500 MHz, Chloroform-d) & 7.52 (d, J = 13.6 Hz, 2H), 7.34 — 7.26 (m, 4H), 7.11
(m, 2H), 7.02 (d, J = 7.9 Hz, 2H), 5.80 (d, J = 13.6 Hz, 2H), 3.65 (q, J = 6.9 Hz, 4H),
3.52 (s, 6H), 2.49 (t, J=6.5 Hz, 4H), 1.82 (p, J = 6.5 Hz, 2H), 1.60 (s, 12H), 1.28 (t, J =
6.9 Hz, 6H). *C NMR (126 MHz, Chloroform-d) & 174.15, 169.83, 143.19, 142.52,
140.06, 128.57, 125.76, 123.76, 121.97, 109.50, 96.95, 49.47, 48.03, 31.36, 29.07,

24.88, 21.98, 14.84. HRMS (ESI+): calcd for CasH4sN3™ [M]* 520.3690, found 520.3692.

..... .

......

Cy7.5-NEt+

[0112] 2-((E)-2-((E)-2-(diethylamino)-3-((E)-2-(3-ethyl-1,1-dimethyl-1,3-dihydro-
2H-benzo[e]indol-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-3-ethyl-1,1-dimethyl-
1H-benzo[e]indol-3-ium iodide (Cy7.5-NEt2-1).

[0113] Cy7.5-NEt2-l is prepared according to the same procedure described for
Cy7-NEt2-1. The product is isolated as a dark solid (36 mg, 0.046 mmol, 46 %). '"H NMR
(500 MHz, Chloroform-d) & 8.07 (d, J = 8.5 Hz, 2H), 7.89 (d, J = 8.9 Hz, 4H), 7.69 (d, J
=13.7 Hz, 2H), 7.58 = 7.51 (m, 2H), 7.42 — 7.37 (m, 2H), 7.34 (d, J = 8.8 Hz, 2H), 5.89
(d, J=13.7 Hz, 2H), 415 (q, J = 7.2 Hz, 4H), 3.70 (g, J = 6.9 Hz, 4H), 2.53 (t, J = 6.4
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Hz, 4H), 1.93 (s, 12H), 1.89 — 1.85 (m, 2H), 1.44 (£, J = 7.2 Hz, 6H), 1.35 (£, J = 6.9 Hz,
6H). 3C NMR (126 MHz, Chloroform-d) & 173.00, 170.56, 142.05, 139.64, 132.46,
131.29, 130.56, 130.10, 128.33, 127.57, 125.62, 124.37, 121.82, 110.20, 96.22, 50.06,
49.39, 39.18, 28.59, 28.44, 2501, 22.05, 14.96, 12.31. HRMS (ESI+): calcd for
CasHs4N3* [M]* 648.4319, found 648.4318.

Oy T-NEG-

[0114] Numerical Modeling: The LSC system efficiency can be calculated by

Equation (1) below:

Nisc = Nopt * Npy = (1 - Rf) *Nabs *NpL " NTrap " MRA ‘Npy (1)

Elum
where Rf = (nsub - 1)2/(nsub + 1)2: NTrap = 1- 1/n§ub: Naps = f36qumAM1'SG(/1) )

AN)sdA/ [

300nm

AM1.5G(A)dA, and A(1)?P is the absolute absorption spectrum of the

luminophore/polymer composite film, Eé”m is the bandgap of the luminophore and

AM1.5G(A) is the air mass 1.5 global solar photon flux spectrum. The PV efficiency

where

. : . 2)-PL*(A)dA
under the downconverted luminescence is: N, = ("PV(AMl 56)) [ Mege()PL (1)d

Maps(AM1.56) [MEqeda

neoe(4) is the external quantum efficiency of the edge-mounted PV as a function of
wavelength, PL*(1) is the normalized luminophore photoluminescence emission
spectrum in and n%Y .(AM1.5G) is the absorption efficiency of the PV material rather
than the Iluminophore which has been defined above. 7np, is the measured
photoluminescence quantum vyield of the Iluminophore in luminophore/polymer

composite film:

1-7NRrap 3)
1-MrAP NPLNRAP '

where the reabsorption probability, ng.p, IS integrated over all emission angles and the

Nra =

absorptive path length is corrected for each take-off angle in a rectilinear system as:

F
@

where the critical angle (emission cone) is 6., = sin™1(1/ngy), A(A)* is the single-

d t
_ bs sin(8)-cos(@) (Lo +t)
A(l)(l S =

0 /2 @ . . A q4_
J, da fgcrit deo f_¢ sin(8)-PL(4) (1 exp

Nrap =

H

0 /2 [ .
J, aa fgcrit de f_¢ sin(8)-PL(A)d¢

path absolute absorption spectrum of the luminophore/polymer composite film, 8 is the
azimuth relative to the normal of the LSC waveguide, t is the thickness of the

luminophore/polymer composite film, t, is the waveguide thickness, and ¢ =
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arctan~1(2L/d) is the in-plane rotation angle, L is the plate length and d is the distance
from excitation source to edge-mounted Si PV (as shown in Fig. 3B).

[01156] Module Fabrication: 100 mgL-1 Cy7-CA (150 mgL-1 Cy7-NEt2-1 or 150
mgL-1 Cy7.5-NEt2-1) ethanol solution is mixed with mounting medium (Fluoroshield
F6182, Sigma-Aldrich) at a volume ratio of 1:2. This mixture is drop-cast on 5.08 cm x
5.08 cm x 0.635 cm glass sheets (for photovoltaic characterization) twice and allowed
to dry for 6 h for each layer in a glove-box filled with nitrogen gas (O2, H20 less than 1
ppm), resulting in a layer thickness of approximately 0.5 mm. Dichloromethane is mixed
with (poly)-butyl methacrylate-co-methyl methacrylate (PBMMA) (Sigma-Aldrich) at a
volume ratio of 1:1. This mixture is then drop cast onto the dye/Fluoroshield composite
film to make a smooth and flat surface to avoid light scattering in the waveguide and act
as a protection layer. The same layer structure is applied for 2.54 cm x 2.54 cm x 0.1
cm (for PL measurements) or 1.27 cm x 1.27 cm x 0.07 cm (for QY measurements).
For photovoltaic measurements, single-crystalline solar cells (Vikocell) are laser cut into
5.08 cm x 0.635 cm strips for PCE and EQE measurements and 10.16 cm x 0.635 cm
strips for EQE versus SS measurements. For PCE measurements, two PV strips are
mounted on orthogonal edges using index matching gel (Thorlabs) to attach the PV
strips on glass edges seamlessly and are connected in parallel. The remaining two
edges are covered with specular film reflector (DF2000MA series, 3M). For EQE
measurements, one PV strip is attached to one edge of the waveguide with the other
three edges painted black. Figs. 3A-3C show J-V EQE schematics of three TLSCs and
Figs. 3D-3F show EQEs of the three TLSCs.

Table 4. Selected characteristics of the three TLSCs.

(r{:;/zﬁ]g) 5mm 15mm 25mm 35mm 45mm
Cy7-CA 1.17 0.95 0.92 0.88 0.87
Cy7-Netz-| 1.55 1.36 1.16 1.07 0.96
Cy7.5-Netz-| 1.05 0.86 0.76 0.75 0.66

[0116] Optical Characterization: Specular transmittance of both solutions and
films are measured using a dual-beam Lambda 800 UV/VIS spectrometer in the
transmission mode. The PL for the three cyanine dyes in both solutions and polymer
films are measured by using a PTI QuantaMaster 40 spectrofluorometer with excitation
at 675 nm for Cy7-CA and 650 nm for Cy7-NEtz2-1 and Cy7.5 NEt2 I. Quantum yield
measurements are tested by using Hamamatsu Quantaurus fluorometer, excitation

ranges in scan mode (10 nm per scan step) are adjusted to 700-750 nm for Cy7-CA,
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650-700 nm for Cy7-NEt2-I, and 680-730 nm for Cy7.5-NEtz-l. Six QY values are
collected for each individual cyanine dye, and the reported QY for each cyanine dye in
Table 5 is averaged from these six QY values with corresponding excitation
wavelengths.

[0117] Module Photovoltaic Characterization: J-V measurements are obtained
using a Keithley 2420 source measurement under simulated AM1.5G solar illumination
(xenon arc lamp with the spectral-mismatch factor of 0.97+0.03 for all the devices being
tested). The light intensity is calibrated with an NREL-calibrated Si reference cell with
KG5 filter. For position-dependent EQE measurements, the excitation beam is obtained
by directing chopped incident light from a quartz tungsten halogen lamp through a
monochromator. EQE scans are performed by positioning the monochromatic excitation
beam from a fiber perpendicular to the LSC waveguide front surface at various
distances from a single edge-mounted Si PV cell. The measured EQE is corrected by
the geometric factor, g = m/tan-1(L/2d), which accounts for the different angle
subtended by the solar cell at various distance d, where L is the LSC plate length. Note
that both PCE and EQE measurements for each cyanine dye are tested by using the
same TLSC to match the Jsc with the integrated Jsc, and a matte black background is
placed on the back of the tested TLSC to eliminate the illumination from the
environment or reflection (double pass) for both PCE and EQE measurements. The
same PV cells mounted around the edge are also utilized to eliminate any PV-to-PV
variations in performance. Figs. 4A—4C show optical spectra for three TLScs.

[0118] Optical Modeling: The reabsorption and forward emission losses are
estimated with luminophore (Cy7-CA) absorption, emission spectra, distance d, and
TLSC plate length L. The TLSC system optical efficiencies, in considering reabsorption
losses from the overlap in the absolute absorption, and normalized emission spectra
are numerically evaluated in Matlab as a function of distance d, plate length L, plate
thickness t0, and dye/polymer film thickness t. The complete equations used in the
simulations are provided above.

[0119] Electronic Structure Calculations: The geometries of Cy7-CA, Cy7 NEt2-I,
and Cy7.5-NEtz2-1 are optimized in their ground and first excited electronic states to
elucidate the relaxation motions responsible for the enhanced Stokes shifts of Cy7-
NEt2-1 and Cy7.5-NEt2-I. The charged side chain on the Cy7-CA and two ethyl groups
on the two nitrogen atoms terminating the polymethine backbone of Cy7.5-NEt2-| are
replaced by methyl groups to reduce the cost of calculations. This is expected to have
little effect on the Stokes shifts because the HOMO and LUMO do not extend to these
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side chains as shown in Figs. 6BA-6C. Calculations are performed at the linear response
time-dependent density functional level of theory using the TeraChem software
package. The CAM- B3LYP functional and 6-31G* basis is used, and all calculations
were performed in the gas phase. Though sometimes predicting inaccurate vertical
excitation energies, TDDFT is known to give an accurate description of the shape of the
excited state potential energy surface (e.g., SS). These calculations are enabled by the
Extreme Science and Engineering Discovery Environment (XSEDE). Torsion angles
are defined as the mean of the two C1-C2-N-C3 dihedral angles where C2 is the central

carbon atom of the polymethine chain and N is the nitrogen of the amino group.

Results and Discussion

[0120] Two key parent cyanine salts are focused on that are derivatized to
modify the Stokes shift:  2-((E)-2-((E)-2-chloro-3-(2-((E)-1,3,3-trimethylindolin-2-
ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-1,3,3-trimethyl-3H-indol-1-ium iodide and
2-((E)-2-((E)-2-chloro-3-((E)-2-(1,1,3-trimethyl-1,3-dihydro-2H-benzo[e]indol-2-
ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-1,1,3-trimethyl-1H-benzo[e]indol-3-ium
iodide. These parent compounds are converted via the addition/elimination reaction of
the Cl on the central methine backbone to 2-((E)-2-((E)-2-(diethylamino)-3-(2-((E)-1,3,3-
trimethylindolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-1,3, 3-trimethyl-3H-indol-
1-ium iodide (Cy7-Nete-l) and 2-((E)-2-((E)-2-(diethylamino)-3-((E)-2-(3-ethyl-1,1-
dimethyl-1,3-dihydro-2H-benzo[e]indol-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-3-
ethyl-1,1-dimethyl-1H-benzo[e]indol-3-ium iodide (Cy7.5-NEtz2-1). In addition, 1-(5-
carboxypentyl)-3,3-dimethyl-2-((E)-2-((E)-3((E)-2-(1,3,3-trimethylindolin-
2ylidene)ethylidene)cyclohex-1-enyl)vinyl)-3H-indolium  chloride (Cy7-CA) is also
included for comparison. The truncated Cy7-CA, Cy7-NEtz-l, and Cy7.5-NEt2-I
molecular structures are shown in Figs. 6A-6C. Although a large number of different
substituents, substituted at C4 with SS ranging from less than 20 nm to greater than
180 nm can be tested, here, these two particular derivatives for device integration are
focused on as they provide the highest SS and QY with selective absorption in NIR
range of the solar spectrum. The absorption and emission spectra in both
dichloromethane (DCM) solution and in a polymer matrix of all three cyanine dyes are
plotted in Figs. 5C-5E. Cy7-CA acts as the control luminophore with a small Stoke shift
of 27 nm in DCM. The Stokes shift of the diethylamino substituted analog, Cy7-NEt2-I is
increased to 84 nm with a QY of 30+2% and an absorption peak of 700 nm in DCM.

Similarly, the modified Cy7.5-NEtz-l also shows an increased SS of 81 nm with a red-
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shifted absorption peak of 738 nm compared to Cy7- NEt2-l. The QYs of these three
cyanine dyes are summarized in Table 5 where the QY of the three cyanine dyes in the
polymer film are modestly reduced compared to that in DCM solution. Density
functional theory based calculations shown in Figs. 6A-6C are utilized to understand
the mechanism of the Stokes shift variation. The NEt2 substitution leads to additional
relaxation in the central amino groups of Cy7-NEt2-l and Cy7.5-NEt2-I, which is

presumably responsible for the increased Stokes shift.

Table 5. Summary of absorption Amax, emission Amax, Stokes shifts (SS) and quantum
yields (QYs) of Cy7-CA. Cy7-NEt2-I, and Cy7.5-NEt2-1 in DCM and polymer films.

Absorption Emission SS QY
Amax (NM) Amax (NM) (nm) (%)
CV7.CA Solution 760 (1.631 eV) 787 (1.575 eV) 27 2411
y Polymer 762 (1.627 eV) 788 (1.573 eV) 26 1941
Solution 700 (1.771 eV) 784 (1.581 eV) 84 3012
Cy7-NEtz-|

Polymer 710 (1.746 eV) 780 (1.590 eV) 70 261
Solution 738 (1.680 e 819 (1.514 e 81 231

Cy7.5-NEt2-I ( V) ( V)
Polymer 746 (1.662 eV) 816 (1.519 eV) 70 1541

[0121] The TLSC devices are formed on borosilicate glass plates with an active

area of 25.8 cm?. Fig. 5A is a schematic showing a transparent luminescent solar
concentrator (LSC) that selectively harvests near-infrared (NIR) light and emits deeper
NIR while passing visible light and fig. 5B shows photographs of the TLSCs
incorporating Cy7-CA, Cy7-NEt2-I, and Cy7.5-NEt2-I modified luminophores. Cyanine
molecules are dissolved in ethanol solutions, mixed with a polymer host, and then drop-
cast onto glass sheets to form luminophore/polymer composite films. Laser-cut Si
photovoltaic cells are mounted around the two orthogonal edges and connected in
parallel. The photovoltaic performance of the TLSCs based on the three cyanine dyes
is shown in Fig. 7A. The short-circuit current density (Jsc) of the device with Cy7-NEt2-I
is 1.18 mAcm-?, with an open-circuit voltage (Vo) of 0.51 V, and a fill factor (FF%) of
60%, leading to an efficiency of 0.36%. This is close to prior work utilizing 1-(6-(2,5-
dioxopyrrolidin-1-yloxy)-6-oxohexyl)-3, 3-dimethyl-2-((E)-2-((E)-3-((E)-2-(1,3,3

trimethylindolin-2-ylidene)ethylidene)cyclohex-1-enyl)vinyl)-3H-indolium chloride (Cy7-
NHS) with an active area of only 4 cm?. The J-V characteristic of TLSC with Cy7-CA is
also measured, which shows a Jsc of 0.93 mAcm=2, with a Voe of 0.49 V, and FF% of
61%, resulting in a PCE of 0.28%, which is lower than previously reported Cy7 devices
due to the 6-times larger device area. The second cyanine luminophore derivative
Cy7.5-NEt2-1 has similar Voc of 0.48 V, and FF% of 57% with lower Jsc of 1.02 mAcm?2,
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and an overall efficiency of 0.28%, which is similar to the Cy7-CA control TLSC device.
Fig. 7B shows the external quantum efficiency (EQE) spectra of the three cyanine
luminophores. The peak positions of Cy7-CA, Cy7-NEt2-I, and Cy7.5-NEt2-I match the
absorption spectra in Figs. 5C-5E and no direct excitation of the edge mounted solar
cells is observed. In the emission wavelength range of these three cyanine dyes (700 to
850 nm), the edge- mounted Si PV show a nearly constant EQE (~90%). While Cy7-
NEt2-1 with the highest QY in the polymer film leads to the highest EQE peak of 14.1%
at 710 nm, the EQE peaks of Cy7-CA and Cy7.5-NEt2-I are 11.3% and 8.8% at 760 nm
and 745 nm, respectively. These are also consistent with the QY trend of the three
cyanine dyes. The integrated short circuit current density from integrating the product of
the position-averaged EQE and the AM1.5G solar spectrum is used to confirm the
photocurrent density of the whole TLSC device. For TLSCs with 5.08 cm x 5.08 cm
active area, five EQE spectra are tested as a function of the distance (d) from the
excitation source to edge-mounted PV cell. Based on its wide absorption and high QY,
Cy7-NEt2-l yields an integrated Jsc of 1.22 mAcm-'. The wider absorption peak of
Cy7.5-NEt2-I compensates the slightly lower QY in the polymer film, thus exhibiting a
close integrated Jsc compared with Cy7-CA. All the integrated Jsc values are within error
of the photocurrent densities from J-V measurement. To check the validity of the EQE,
transmission (T(A)), and reflection (R(A)) spectra measurements of these devices, it is
shown that EQE(A) + R(A) + T(A) less than or equal to 1 is satisfied at each
wavelength. This validity check is plotted in Figs. 4A—4C for each device.

[0122] To explore the impact of Stokes shift on the scalability, TLSC systems are
characterized by the external quantum efficiency as a function of position. Multiple EQE
scans were taken for each TLSC system as d was increased from 15 mm to 95 mm (10
mm interval, and the same Si PV strip is used for all the EQE scans). The normalized
EQE spectra of three cyanine dyes is plotted in Fig. 8A—8C. The EQE peak values of
each individual scan of the three cyanine dyes is extracted and plotted in Fig. 8D.

[0123] The overall power conversion efficiency of a LSC or TLSC system is the
product of the component efficiencies:

Arse = Nope ey = (1 “Rf.) " Naps " Uer " Orrap " UR4 Npy (1},
where Ry is the front surface reflection, 1,4, IS the solar spectrum absorption efficiency

of the luminophore, 7z, is the luminescence efficiency of the luminophore, 17,4, is the

photon trapping (or waveguiding) efficiency, 1, is the efficiency of the edge-mounted

PV cell normalized by its solar spectrum absorption efficiency and EQE at the
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luminophore wavelength to account for photon downshifting and 1, is the efficiency of
suppressing reabsorption. The optical efficiency is predominantly limited by
reabsorption loss either by the waveguide or the luminophore itself.

[0124] The higher degree of conjugation with Cy7.5-NEt2-l results in a lower
bandgap. Therefore, both the absorption and emission spectra of Cy7.5-NEt2-I are red-
shifted compared to Cy7-NEt2-I, and the shape of both spectra remain nearly identical.
That the absorption spectrum of Cy7-NEtz-I is blue-shifted relative to Cy7-CA can be
understood via the Dewar-Knott color rule. Addition of an electron donating species to
the central position of the polymethine chain destabilizes the LUMO, which has
significant density on the central carbon as shown in Figs. 6A-6C, while leaving the
energy of the HOMO, which has little density on that carbon, unaffected. When the
amine is oriented such that its lone pair electron is conjugated with the polymethine
chain, it acts as such an electron donating group, therefore the excitation energy is
increased.

[0125] The nuclear relaxation responsible for the enhanced Stokes shift of Cy7-
NEt2-1 and Cy7.5-NEt2-I compared to Cy7-CA is investigated via linear response time-
dependent density functional theory calculations. The computed Stokes shifts (0.07,
0.15, and 0.17 eV for truncated models of Cy7-CA, Cy7-NEt2-l, and Cy7.5-NEtz-|,
respectively) are in good agreement with the experimental values (0.06, 0.19, and 0.17
eV in solution). The polymethine chains of all three molecules relax similarly in the
excited state, with individual bond lengths changing by up to 0.02 A. Additional
relaxation is observed in the central amino groups of Cy7-NEt2-I and Cy7.5-NEt2-I. The
bond lengths between the central carbon of the polymethine chain and the amine
nitrogen are lengthened by 0.02 A, consistent with excitation into a LUMO that is
antibonding with respect to the amine bond as shown in Figs. 6A-6C. The amino group
also twists relative to the polymethine chain upon excitation, with the torsion angles
increasing from 44° to 55° in Cy7-NEt2-l and from 44° to 56° in Cy7.5-NEt2-I. This
torsional motion reduces the conjugation of the lone pair on the nitrogen atom of the
amino group to the 1 orbitals of the polymethine chain, thus decreasing the electron
donating ability of the group. Together, these twisting and stretching motions destabilize
the LUMO but leave the energy of the HOMO — which does not have density on the
amine bond — relatively unaffected. These changes in orbital energy account for the
enhanced Stokes shifts of Cy7-NEt2-I and Cy7.5-NEt2-I compared to Cy7-CA.

[0126] The main factor that leads to enhanced performance for the TLSC with

Cy7-NEt2-l is the increased Jsc as shown in Table 6. Several key factors are
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responsible for these changes: changes in quantum yield, variations in total absorption
(absorption width), and reductions in reabsorption loss. Surprisingly, the Cy7-NEtz-I
with a large Stokes shift of 70 nm in the polymer film only shows slightly better
reabsorption efficiency compared to Cy7-CA with a small Stoke shift of 26 nm, and
Cy7.5-NEt2-l shows even more rapid EQE peak decay than the other two. To
understand this surprising result, it is important to recall that the EQE of TLSC consists

of the optical efficiency, ng,. (the number of photons reaching the waveguide/number of

photons incident on the waveguide active area) and the EQE of the PV at the emission
wavelength. A numerical calculation of optical efficiency is performed by accounting for
multiple reabsorption and emission events. Excellent agreement of the experimental
EQE and the simulated optical efficiency suggests that reabsorption is indeed the main
loss mechanism in all of these TLSC systems and that despite the large increase in the
SS, the scalability is not significantly improved. Considering the other factors
contributing to the photocurrent, it is primarily the increased absorption width and

quantum yield that leads to the Jsc increase.

Table 6. Summary of photovoltaic parameters and overlap integrals of TLSC systems
with different cyanine luminophores and Cy7-NHS.

Area Jsc Int. Jsc Voc FF PCE AVT J ol
(cm?)  (mAcm?) (mAcm?) (V) (%) (%) (%) (UmM")
Cy7-NHS 4 1.20 1.00 0.50 66 040 880 1.49 27.9
Cy7-CA 2538 0.93 0.96 0.49 o1 0.28 88.1 1.56 272
Cy7-NEt2- 25.8 1.18 1.22 051 60 036 77.1 0.46 259
Cy7.5-NEt>-l 25.8 1.02 0.82 048 57 028 847 0.99 30.8

[0127] Both the experimental and modeling results suggest that Stokes shift is
not ultimately a useful design parameter to identify how well a luminophore will perform
in LSCs over a large area. Thus, here, a new parameter is defined — the overlap
integral (O/) to quantify the reabsorption properties of a luminophore as:

ol = [°AR)-PL (Ddr  (2),
where A(2) is the single-path absolute absorption spectrum (A(2) — 71— R(2) =T((1)) of a
luminophore/host composite film, and PL*(2)dA is the normalized emission spectrum of
the luminophore in the host material. The O/ then depends on the thickness of the
luminophore layer and the degree of overlap between the absorption and emission
spectra in the host material (rather than in solution). The calculated O/ for the
investigated luminophores is summarized in Table 6. Despite the large SS between
Cy7-CA and Cy7-NEtz2-I and between Cy7-CA and Cy7.5-NEtz-I, there is only a small
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difference in the O/. This is because the absorption tail is broadened with the increase
in the SS. Peak broadening is often observed with red-shifted chromophores, resulting
from increased vibrational states and/or larger conformational flexibility and more
potential isomeric states. Furthermore, a potential charge transfer process can also
lead to spectral broadening, if a strong dipole is induced upon excitation. The similarity
of the O/ elucidates the similar optical efficiency (or EQE decay curves) in Fig. 8D and
show the correct correlation: increasing the O/ leads to improved scalability in the EQE,
while the measured SS shows no trend. Thus, the O/ more sensitively captures and
reflects the distance dependence of luminophores with differing Stokes shifts. The way
the Ol is defined in Equation 2, it is useful not only for organic dyes but all luminophores
(including inorganic quantum dots) and all luminophore optical densities. For screening
purposes, the O/ can be evaluated for fixed absolute absorption values (e.g., A = 80%).
It is thus a useful design parameter for quickly tracking, predicting, and understanding
relative performance changes in a range of LSC systems. It is natural to consider the
FRET overlap integral (J) as a parameter to correlate the EQE scalability as it is
material specific. Conceptually, however, J depends on both the shape and the
magnitude of molar absorptivity coefficient (¢) and therefore can predict the wrong
scaling. For example, if the magnitude of ¢ is lower for the same spectral shape, one
would simply load more luminophore to maintain the same optical density (absolute
absorption) leading to the same O/. Indeed, it is shown that J does not correlate with
the scaling of the EQE with d. The measured trends, from lowest to highest scaling are:
Cy7.5-NEt2-I, Cy7-CA, Cy7-NEt2-I; J predicts Cy7-CA, Cy7.5-NEt2-I, Cy7-NEt2-I, while
the O/ correctly captures the trend Cy7.5-NEtz-I, Cy7-CA, Cy7-NEt2-I.

[0128] Given that the absorption coefficient in the NIR range for the host polymer
material and targeted glass is in the range from 102 to 10“4cm™ (e.g., poly(methyl
methacrylate)s and certain glasses), most reabsorption losses stems from the
luminophore. To qualitatively connect the trends in the O/ with the quantum efficiency
roll-off behavior, an additional simulation is performed where the absolute absorption
spectrum of a sample LSC is kept fixed and the normalized emission is manually
shifted to create different overlap in the modeling as shown in Fig. 9A. While such a
manual shifting of the emission corresponds to increases in the Stokes shift and
creates different O/ values, such an increase in the Stokes shift in practice does not
necessarily lead to changes in the O/ due to variations in the peak bandwidth. The
calculated optical efficiency in Fig. 9B shows the impact of overlap integral on the TLSC

scalability: if the O/ can be decreased from 30 to 3 (i.e., an order of magnitude), the
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critical TLSC plate length (L) (defined as the distance at which the optical decays to
half of its original value) can be increased from 2 cm to greater than 1 m, which would
be sufficient for many large-scale and window-based applications. There is also a
tradeoff between absorption efficiency and the O/ on the total power conversion
efficiency that also depends on the thickness (which dictates the optical density of the
luminophore). In the case of the TLSCs, the impact on the average visible transparency
(AVT) and color rendering index (CR/) should also be considered, emphasizing that
broad absorption in the invisible solar spectrum with sharp absorption cutoffs around
the visible and near the bandgap are also key. Thus, strategies for sharpening the
densities of states around the bandgap should be explored moving forward. The most
feasible approach to minimize O/ is to modify the NIR selective harvesting luminophore,
so that both the absorption edges have sharp cutoffs, keeping the emission narrow as
well. Adding more fused rings to lock the geometry of the cyanine dyes could potentially
restrict the distribution of conformers at the ground state, and thus achieve sharper
transition bandwidths. Furthermore, the restricted geometry (molecular rigidity) could
lead to increased quantum efficiency by reducing non-radiative decay pathways.

[0129] It is also important to consider the impact of increasing the O/ by simply
increasing the Stokes shift. The ideal Stokes shift should not only be engineered to
minimize the O/, but also carefully adjusted to allow all the emission of the
luminophores to coincide with the high EQE wavelength range of the edge-mounted PV
cells. If the SS is too large, a portion of the emission will have a wavelength longer than
the absorption cut-off of the edge-mounted PVs and thus cannot be harvested. For
example, with edge mounted Si PVs the maximum Stokes shift should be limited to less
than 200 nm with the selective harvesting of a 200-300 nm slice of the NIR spectrum
for optimal performance. For GaAs PVs with wider band gap, the maximum Stokes shift
should be even more restricted.

[0130] Fig. 10 shows an increase in SS that results from modifying the central
methine group of a cyanine dye. The modified cyanine dye is suitable for TLSCs.

[0131] In conclusion, novel NIR selective harvesting cyanine dyes with large
Stokes shift greater than 80 nm and improved quantum yield of greater than 30% are
shown. Luminescent solar concentrators based on these cyanine dyes exhibit power
conversion efficiency of 0.4% combined with high visible transparency greater than
80% and over 6-times larger areas than demonstrated previously. Based on the
analysis of both experiment and simulation results, it is shown that the Stokes shift is

not a suitable design parameter to quantify the reabsorption loss moving forward.
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Instead, a new parameter is defined, the spectral "overlap integral”, derived in a way to
accurately capture the properties of the overlap between absorption and emission of a
luminophore in future LSC design and optimization. Simulations also indicate that with
one order of magnitude decrease of the overlap integral, the LSC plate size can be
increased to ~1m, which is sufficient for most structural glazing systems. Thus, these
findings provide a guide to improve the efficiency and scalability of NIR-selective
harvesting TLSC systems (and all LSCs) that help fulfil the promise of low cost
transparent solar cells.

[0132] The foregoing description of the embodiments has been provided for
purposes of illustration and description. It is not intended to be exhaustive or to limit the
disclosure. Individual elements or features of a particular embodiment are generally not
limited to that particular embodiment, but, where applicable, are interchangeable and
can be used in a selected embodiment, even if not specifically shown or described. The
same may also be varied in many ways. Such variations are not to be regarded as a
departure from the disclosure, and all such modifications are intended to be included

within the scope of the disclosure.
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CLAIMS
What is claimed is:

1. A luminescent solar concentrator device comprising:
a modified luminophore having a polymethine component, the polymethine

component comprising a plurality of methine groups (=CH-)
H

H,

H

where n is an odd integer greater than 1 and a hydrogen atom (H) of one of the

plurality of methine groups is replaced by one of
Ry Ry
N/ /

I

where:

A is selected from nitrogen (N), phosphorus (P), arsenic (As) and antimony (Sb)
and D is selected from oxygen (O), sulfur (S), selenium (Se), and tellurium (Te),

R1 and Rz are independently selected from H, aliphatic groups, and aromatic
groups bound to A through a carbon atom, or R1 and Rz together form an alicyclic ring
containing A, and

Rs is selected from H, aliphatic groups, aromatic groups, and alicyclic groups

bound to D through a carbon atom.

2. The luminescent solar concentrator device according to Claim 1, wherein:

R1 and Rz are individually selected from H, substituted or unsubstituted C1—C20
alkyl, substituted or unsubstituted C1-C20 alkenyl, substituted or unsubstituted C1-C20
acyl, substituted or unsubstituted C1-Cz0 ether or polyether, substituted or unsubstituted
C1-C20 hydroxyalkyl, or substituted or unsubstituted C1-C20 aminoalkyl, or

R1 and Rz together form a substituted or unsubstituted C1-C20 cycloalkyl, or

substituted or unsubstituted C1-C20 heteroalky!.

3. The luminescent solar concentrator device according to Claim 2, wherein

the A is nitrogen (N).

4. The luminescent solar concentrator device according to Claim 1, wherein

Rs is selected from H, substituted or unsubstituted C1—C20 alkyl, substituted or
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unsubstituted C1-C20 alkenyl, substituted or unsubstituted C1-C20 acyl, substituted or
unsubstituted C+1-C20 ether or polyether, substituted or unsubstituted C1-Czo

hydroxyalkyl, or substituted or unsubstituted C1-C20 aminoalkyl.

. The luminescent solar concentrator device according to Claim 4, wherein

the D is oxygen (O).

6. The luminescent solar concentrator device according to Claim 1, wherein
a central methine group is the one of the plurality of methine groups having the
hydrogen atom (H) replaced by the

Ry Ra R3

NS S

-

7. The luminescent solar concentrator device according to Claim 1, wherein
the modified luminophore has an overlap integral (O/) of less than or equal to about 26,
and an absolute absorption of greater than or equal to about 50% in absorption spectra,
wherein the O/ is defined by formula (2):
ol = [ A -PL(Ndr  (2),
where A(A) is a single-path absolute absorption spectrum of a composite film
comprising a luminophore and a host material, and PL*(%) is a normalized emission

spectrum of the luminophore in the host material.

8. The luminescent solar concentrator device according to Claim 7, wherein

the modified luminophore has an O/ of less than or equal to about 3.4.

9. The luminescent solar concentrator device according to Claim 7, wherein
the modified luminophore also has a Stokes shift of greater than or equal to about 50

nm to less than or equal to about 250 nm.
10.  The luminescent solar concentrator device according to Claim 1, wherein

the modified luminophore has a Stokes shift of greater than or equal to about 50 nm to

less than or equal to about 250 nm.
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11.  The luminescent solar concentrator device according to Claim 1, wherein
the modified luminophore has a strongest absorbance maximum of light at a

wavelength of greater than or equal to about 400 nm.

12.  The luminescent solar concentrator device according to Claim 1, wherein
the modified luminophore has a strongest peak absorbance of light at a wavelength of

greater than or equal to about 650 nm.

13.  The luminescent solar concentrator device according to Claim 1, wherein
the modified luminophore has a strongest peak absorbance of light at a wavelength of

less than or equal to about 450 nm.

14.  The luminescent solar concentrator device according to Claim 1, wherein
the modified luminophore has a strongest peak emission of light at a wavelength of

greater than or equal to about 650 nm.

15. The luminescent solar concentrator device according to Claim 1, wherein
the modified luminophore has a strongest peak absorbance of light at a wavelength of
greater than or equal to about 650 nm and a strongest peak emission of light at a

wavelength of greater than or equal to about 650 nm.

16.  The luminescent solar concentrator device according to Claim 1, wherein

the luminescent solar concentrator device is visibly transparent.

17.  The luminescent solar concentrator device according to Claim 1, wherein
the luminescent solar concentrator device has an average visible transmittance of

greater than or equal to about 75%.

18.  The luminescent solar concentrator device according to Claim 1, wherein
the luminescent solar concentrator device has a quantum yield of greater than or equal
to about 20%.

19.  The luminescent solar concentrator device according to Claim 1, wherein
the luminescent solar concentrator device has an external quantum efficiency of greater

than or equal to about 7%.
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20.  Anluminescent solar concentrator device comprising:
a modified luminophore having a polymethine component, the polymethine

component comprising a plurality of methine groups (=CH-)
H

H,

H

where n is an odd integer greater than 1 and a hydrogen atom (H) of one of the
plurality of methine groups is replaced by one of

R R,
NS S

Rs

I

where:

A is selected from nitrogen (N), phosphorus (P), arsenic (As) and antimony (Sb)
and D is selected from oxygen (O), sulfur (S), selenium (Se), and tellurium (Te),

R1 and Rz are independently selected from H, aromatic groups, aliphatic groups
bound to A through a carbon atom, or R1 and Rz together form an alicyclic ring
containing A, and

Rs is selected from H, aliphatic groups, aromatic groups, and alicyclic groups
bound to D through a carbon atom,

wherein the modified luminophore has an overlap integral (O/) of less than or
equal to about 26, and an absolute absorption of greater than or equal to about 50% in

absorption spectra, wherein the O/ is defined by formula (2):

ol = ["AQ)-PL (NdL  (2),
where A(2) is a single-path absolute absorption spectrum of a composite film
comprising a luminophore and a host material, and PL*(%) is a normalized emission

spectrum of the luminophore in the host material.

21.  The luminescent solar concentrator device according to Claim 20, wherein

the luminescent solar concentrator device is visibly transparent.

22.  The luminescent solar concentrator device according to Claim 20, wherein

the luminescent solar concentrator device is visibly opaque.

40



WO 2019/217583 PCT/US2019/031371

23.  The luminescent solar concentrator device according to Claim 20, wherein
the luminescent solar concentrator device has an average visible transmittance of

greater than or equal to about 75%.

24.  The luminescent solar concentrator device according to Claim 20, wherein
the luminescent solar concentrator device is visibly transparent and an has a quantum

yield of greater than or equal to about 20%.

25.  The luminescent solar concentrator device according to Claim 20, wherein
the modified luminophore also has a Stokes shift of greater than or equal to about 50

nm to less than or equal to about 250 nm.

26. A luminescent solar concentrator device comprising:
a modified organic luminophore having a Stokes shift of greater than or equal to

about 50 nm to less than or equal to about 250 nm.

27.  The luminescent solar concentrator device according to Claim 26, wherein

the modified organic luminophore is fluorescent.

28.  The luminescent solar concentrator device according to Claim 27, wherein
the modified organic luminophore has an overlap integral (O/) of less than or equal to
about 26, and an absolute absorption of greater than or equal to about 50% in

absorption spectra.

29.  The luminescent solar concentrator device according to Claim 27, wherein

the luminescent solar concentrator device is visibly transparent.

30. The luminescent solar concentrator device according to Claim 29, wherein
the luminescent solar concentrator device has an average visible transmittance of

greater than or equal to about 75%.
31.  The luminescent solar concentrator device according to Claim 27, wherein

the luminescent solar concentrator device has a quantum yield of greater than or equal
to about 20%.
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32. A method of adjusting a Stokes shift of a luminescent polymethine
molecule, the method comprising:
obtaining a luminophore having a polymethine component comprising a plurality

of methine groups (=CH-)
H

.

H

where n is an odd integer greater than 1 and the luminophore has a first Stokes
shift;

replacing a hydrogen (H) atom of one of the plurality of methine groups with a
halogen atom to form a halogenated intermediate; and

replacing the halogen atom of the halogenated intermediate with one of
Ry Ry
NS

-
to form a modified luminophore, where:

A is selected from nitrogen (N), phosphorus (P), arsenic (As) and antimony (Sb)
and D is selected from oxygen (O), sulfur (S), selenium (Se), and tellurium (Te),

R1 and Rz are independently selected from H, aliphatic groups, and aromatic
groups bound to A through a carbon atom, or R1 and Rz together form an alicyclic ring
containing A, and

Rs is selected from H, aliphatic groups, aromatic groups, and alicyclic groups
bound to D through a carbon atom,

wherein the modified luminophore has a second Stokes shift that is different from
the first Stokes shift.
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