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Highlights

e Imide-substituted naphthalene diimide (NDI) derivatives with increasing sidechain steric

bulk were synthesized and their photophysical properties were investigated.

e Photophysical properties of the NDI derivative were strongly modulated by solvation in
electron-rich aromatic solvents with broadening of their UV-vis absorption spectrum as

well as enhanced broad, red-shifted emission in some cases.

e When dispersed in polystyrene matrix, both chromophore-matrix association and
chromophore-chromophore aggregation contributed to the observed photophysical

properties.



e With the support of theoretical models, it was evident that variation in photophysical

properties was a result of explicit chromophore-media interactions.

KEYWORDS: Naphthalene diimide, Chromophore-media interactions, Fluorescence, Quantum

chemical models.

ABSTRACT

Naphthalene diimides (NDIs) are a common class of chromophores used in photon harvesting
applications due to their functional malleability through substitution of the NDI core. However,
some derivatives with substitution at the imide position of the NDI core only become emissive in
electron-rich aromatic solvents. This study examines this phenomenon from both an experimental
and theoretical perspective, in order to understand how NDIs interact with each other and the
surrounding medium upon photoexcitation. We report the photophysical properties of cyclohexyl
and several aromatic imide-substituted NDI derivatives, and show that fluorescence properties are
strongly influenced by solvation in more electron-rich aromatic solvents (e.g. toluene, xylene,
mesitylene). Theoretical modeling supports strong interactions, including ground state charge-
transfer complexation, with aromatic solvents. In solid poly(methyl methacrylate) (PMMA) and
poly(styrene) (PS) film media, both aggregation and complexation are shown to contribute to
absorption and emission properties. The results also demonstrate that aromatic imide substituents
not only act to provide steric bulk to the NDI chromophore but participate in interactions with the

surrounding medium that affect the overall photophysical properties.

|. INTRODUCTION



1,4,5,8-Naphthalene diimides (NDIs), also known as naphthalene bisimides or
carbodiimides, are well-known aromatic planar compounds, and have attracted significant
attention due to their intrinsic electronic and optical properties [1-3]. Typical NDIs have shown
high thermal and photochemical stability with high electron affinity and charge carrier ability.
These versatile properties make NDI derivatives candidates for application in organic electronic
devices [2-5]. The optical properties of NDIs can be easily tuned by substitution at the NDI core
and/or at the imide positions while maintaining photo and thermal stability [6, 7].

Studies have shown that NDIs functionalized through the imide position result in mostly
colorless compounds that exhibit structured absorption features in the UV region and weak mirror
image fluorescence spectra at around 400 nm — 450 nm [8, 9]. Significant broadening and a red-
shift in both the absorption and photoluminescence (PL) spectrum has been reported in aromatic
solvents such as toluene [10-13], resulting in a substantial enhancement of the PL intensity. The
observed spectral changes in various solvents have been attributed to dye-dye association [14],
dye-solvent interaction [9], or perhaps a combination of both.

In one study, broad featureless absorption and photoluminescence (PL) spectra (with an
emission maximum at 525 nm) were observed for an ethylene glycol tosylate imide-substituted
NDI in toluene (Figure 1a, structure I) [14]. The broadened spectra were attributed to NDI
aggregates in the form of n-stacked dimers. In another study, the behavior of L-leucine substituted
NDI (HoLeuNDI) (Figure 1a, structure II) was investigated in a wide range of solvents including
toluene, o-, m- and p-xylene, acetonitrile, and chloroform [15]. Broadened and red-shifted
absorption and PL spectra were observed in aromatic solvents compared to the spectra of samples
in non-aromatic solvents. This was attributed to ground-state association between H>LeuNDI and
the aromatic solvent molecules through face-to-face m-interactions. Solvent-dependent optical
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properties were also reported for an NDI derivative with cholesterol groups at the imide positions
(Figure 1a, structure III) [16]. Again, both absorption and PL spectra were broadened and red-
shifted in aromatic solvents including benzene, toluene, xylene and mesitylene. A trend was
observed whereby the spectral changes became more pronounced with increasing electron richness
of the solvent. This was explained by the stronger association of the more electron-rich aromatic
solvents with the electron-poor NDI. Similar effects were observed when aromatic monomers were
polymerized directly off the NDI core, with color-tuning emission controlled by the choice of
aromatic monomer and length of polymer chain [17]. Recently, the donor-emitter complexation of
pyromellitic diimide derivatives with electron rich aromatic solvents was reported. Co-
crystallization of the pyromellitic diimide with heavy-atom substituted and electron rich aromatic

solvents showed efficient charge transfer phosphorescence emission [18].
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Figure 1. a) structures of previously studied NDI compounds (I, I and III) b) structures of NDIs

in the current study.

Although the photophysical properties of imide-substituted NDIs have been well-studied
in solution, properties in the solid state are also of interest for applications in organic electronics
and light harvesting devices. Recently, an imide-substituted NDI with cyclohexyl groups (CyNDI,
Figure 1b) was used as a light harvesting material in a luminescent solar concentrator (LSC)
device [19]. While an essential criterion of LSC materials is high photoluminescence quantum
yield (@pr) [20-23], the @pr. of CyNDI was reported to be only 10% when mixed in a poly(methyl
methacrylate) (PMMA) matrix. Nevertheless, that study used CyNDI as an energy donor material
in combination with perylene diimide (PDI) energy acceptors, producing a light harvesting system

with good performance.



Previous work from our group focused on the use of molecularly insulated PDIs in thin
film LSC devices [24]. Molecular insulation was achieved by installing sterically bulky
substituents at the imide position of the PDI molecules. These bulky PDI compounds showed very
high @pL of up to 80% even at elevated concentrations (up to 120 mM or 15% w/w) in a PMMA
matrix as the bulky substituents suppressed aggregation-caused quenching (ACQ) effects.
Quantum chemical studies of these bulky PDI derivatives to investigate the ACQ tendencies of
each species have also been published [25]. Here, fabrication steps crucial to device stability were
mimicked using QM/MM methods to generate aggregate geometries for further quantum chemical
calculations. The evidence suggested that the fluorescence of those derivatives which were prone
to aggregate were quenched due to a low-lying charge transfer type state in close energetic
proximity to the emitting state. In addition, we have recently studied how different solvent models
affect the predicted photophysical properties of a solvent sensitive chromophore [26]. Using indole
as a case study, we were able to show that great care needs to be taken when choosing a solvent
model, as important phenomena, such as energetic level inversion, may not always occur when
using an implicit model.

In this study, we build on previous investigations of dye-media interactions by examining
the effect of sterically demanding sidechains and by extending our studies to include polymer
matrices. In particular, we investigated the effect of the bulky substituents on the photophysical
properties of four imide-substituted NDIs (Figure 1b) and elucidate the role of aggregation
between the chromophores as well as interactions with host media. Host media included a range
of solvents and two polymer matrices in a range of concentrations. These experimental findings
were then juxtaposed to quantum chemical models to understand the role of the host medium on

the emissive nature of NDIs.



Il. EXPERIMENTAL SECTION

A. Materials and general experimental methods

Full description of all the synthetic methods, structural, and optical characterization methods are

included in the Supporting Information.

B. Result and discussion

1. Synthesis and structural characterization

The structures of all the synthesized compounds are shown in Figure 1b. CyNDI was
synthesized using naphthalene dianhydride and cyclohexylamine according to previous reports
[27]. The three NDIs with aryl groups were synthesized from naphthalene dianhydride and
corresponding aniline derivatives in moderate to high yields. The detailed synthesis routes and
characterizations of bNDIs derivatives are described in the Supporting Information. In brief, both
bNDII and bNDI2 were synthesized by direct condensation of 1,4,5,8-naphthalenetetracarboxylic
acid dianhydride with corresponding aryl amines, with yields of 74% and 68% for bNDI1 and
bNDI2 respectively. Conversely, the synthesis of bNDI3 was carried out by a two steps reaction.
First, imidization of naphthalene dianhydride with 2,6-dibromo-4-butylphenylaniline resulted in
the dibromo NDI derivative, with a yield of 35%. The Suzuki coupling reaction of the dibromo
NDI derivative with phenylboronic acid pinacol ester gave bNDI3 in 55% yield. All the
compounds were purified by column chromatography and characterized by NMR spectroscopy

and ESI-MS analysis.



The molecular structures of the bNDIs were further confirmed in single crystal X-ray
crystallography measurements. All crystals were grown from chloroform/methanol mixtures.
Crystallographic data are listed in the Supporting Information, section 1.6. The crystal structure
illustrations of bNDI1, bNDI2 and bNDI3 are shown in Figure 2. In the crystal packing
illustrations, the imide substituents are omitted for clarity. It is apparent that the imide aryl groups
all adopt an orthogonal arrangement in respect to the plane of the NDI core. For bNDI1, close
contact between molecules is observed with two molecules in a slip stack arrangement with centre-
to-centre distance of 5.15 A. The shortest distance in the packing for the structure is around 3.56
A between the naphthalene core and the neighboring moieties. This indicates moderate m-m
stacking interactions in the crystal. For the crystal structure of bNDI2, no intermolecular n-w
stacking is observed due to the steric bulk of the isopropyl group. The shortest distance between
two neighboring cores being 8.34 A while the closest distance between the neighboring moiety is
5.80 A. The NDI molecules in the crystal structure of bNDI3 was also well separated. The NDI
cores were in a hexagonal arrangement with the shortest distance between two neighboring cores
being 9.28 A. The steric effect of the imide substituents on separating the NDI molecules is

apparent in these crystal structures.
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Figure 2. Molecular packing structure in the single crystal of a) bNDI1 b) bNDI2 and ¢) bNDI3,

(a)
%5\150 3.563
, I 5150\%
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A).
2. Photophysical properties of CyNDI in solution

The photophysical properties of CyNDI were investigated in range of solvents

(dichloromethane (DCM), tetrahydrofuran (THF), N, N-dimethylformamide (DMF), acetonitrile,



benzene, toluene, o-xylene, and mesitylene; all at 10° M). The UV-Vis absorption and

photoluminescence (PL) data are summarised in the Table 1.

Table 1. Solvent-dependent optical properties of CyNDI

CyNDI ADbS Amax € PL Amax DpL, Tave k: Knr
(nm)*  (mollem')®  (nm)? (%)° (ns)° (107 syt (107 sty
DCM 381 32000 391 - - - -
THF 378 28000 - - - - -
DMF 382 23000 - - - - -
Acetonitrile 379 26000 - - - - -
Benzene 383 20000 423 0.9 0.89 1.0 1.1
Toluene 383 18000 466 4.2 1.9 2.2 0.50
o-Xylene 382 14000 488 9.0 6.3 1.4 0.14
Mesitylene 380 13000 499 13.1 6.5 2.0 0.13

"Measured at 10° M concentration and PL using 350nm excitation wavelength. ® @®p. were
obtained using the absolute quantum yield measurement method. ¢ Measured by TCSPC at 10
M, excitation at 378 nm. ¢ Calculated by using kr = ®pL/Tave. ¢ Calculated using knr = (1- @pL)/ Tave.

The absorption spectrum of CyNDI in DCM exhibited three characteristic peaks in the
region of 340 nm, 360 nm and 380 nm (Figure 3). In other non-aromatic solvents (THF, DMF and
acetonitrile), CyNDI showed similar well-defined vibronic absorption bands to the sample in DCM
(Figure S3 and S4). In contrast, the absorption maxima of CyNDI in toluene were broadened and
red-shifted (~15 nm) compared to the non-aromatic solvents (Figure 3). This change in the
absorption spectrum can be attributed to ground state association between the electron-poor
CyNDI and the electron-rich toluene, as was reported previously for other NDI derivatives [16].

The CyNDI absorption spectrum continues to broaden with increasing electron richness of the host
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solvent, as seen with the aromatic solvents o-xylene and mesitylene (Figure 4a). This is strong
evidence for ground state association between CyNDI and the aromatic solvent molecules. In
addition, the excitation spectrum of CyNDI in the different aromatic solvents matches well with
the corresponding absorption spectrum (Figure S5), indicating the emission arises from ground

state solute/solvent complex formation.
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Figure 3. Absorption (solid line) and photoluminescence (dashed line) spectra of CyNDI at 10

M in neat DCM (black) and toluene (red).

The PL spectrum of CyNDI in DCM mirrored the shape of the absorption spectrum with
weak emission intensity (Figure 3). The fluorescence emission of CyNDI in DCM was also
examined in the 10 M to 10* M concentration range. Only weak emission attributed to monomeric
dye species was observed (Figure S3), suggesting that CyNDI was not showing significant
aggregation in this concentration range. In aromatic solvents, significant enhancement in emission
intensity was observed in dilute solution along with a red-shift and broadening (Figure 4). The
emission maximum is red-shifted ~60 nm going from benzene to mesitylene, with the bands
residing in the region of 400nm to 650nm (see normalized emission spectra in Figure S6). These

broad, red-shifted emission bands in aromatic solvents can be attributed to excitation and emission
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of ground state complexes between CyNDI and aromatic solvent molecules. While aggregates of
NDI molecules (such as NDI dimers) may also lead to broadened, red-shifted emission, such
spectral changes were not observed for samples in any of the non-aromatic solvents in the
concentration range studied (Figure S3 and S4). The @p. of CyNDI was too weak to be quantified
in DCM but @pL of 0.9% was measured in benzene increasing to 13.1% in mesitylene (Table 1).
This increase in @pr from benzene to more electron-rich mesitylene also supported the association
of CyNDI with the aromatic solvents. Similar behavior has been reported previously for other NDI
derivatives [14-16, 28].
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Figure 4. a) Absorption spectrum and b) photoluminescence spectrum (excitation 350 nm) of
CyNDI in different aromatic solvents at 10~ M. ¢) Photoluminescence spectra in neat DCM and
DCM:o-xylene solvent mixtures with increasing proportion of o-xylene. d) Photograph of quartz

cuvette containing CyNDI dissolved in DCM and o-xylene under 365 nm UV lamp irradiation.
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A series of PL spectra of CyNDI in mixtures of DCM and o-xylene were obtained to gain
further insight into the effect of aromatic solvents (Figure 4c). The broadened, red-shifted
emission band was clearly observed even at 5% o-xylene in DCM. This was again an indication
of association between the o-xylene solvent molecules and CyNDI. As more o-xylene was added,
the PL intensity increased in addition to a blue-shift in the emission peak. This latter observation
may be associated with the decreasing polarity of the overall solvent medium as o-xylene
progressively replaces DCM (note: the dielectric constant of o-xylene and DCM are 2.57 and 8.93
respectively).

Time-correlated single photon counting (TCSPC) measurements were used to determine the
excited state lifetime of CyNDI in the aromatic solvents. The average excited state lifetime of
CyNDI increases with respect to the electron donating strength of the solvents (Table 1). While
the decay data for CyNDI in toluene could be fitted using a single exponential function, a sum of
exponentials was required to fit the decay data in other aromatic solvents (Figure S10a). An
average decay time was calculated in these cases (full lifetime fitting data is provided in the
Supplementary Information). This latter observation could indicate heterogeneity of the emitting
CyNDI-solvent complexes in some aromatic solvents, but was not further investigated in this work.
Using the average lifetime (tave) and photoluminescence quantum yield @pr values, the radiative
(kr) and nonradiative (knr) decay rate constants were calculated and are reported in Table 1. The
higher fluorescence yields in aromatic solvents with increasing electron donating ability are mainly

due to a decrease in kur.

13



3. Photophysical properties of CyNDI in polymer matrices

The photophysical properties of CyNDI were also examined in poly(methyl methacrylate)
(PMMA) and poly(styrene) (PS) matrices at different dye concentrations (5, 20 and 50 mM). Films
of CyNDI in PMMA and PS were prepared by drop-casting chloroform solutions of
CyNDI/polymer mixtures on glass substrates (see Supporting Information for details).

In PMMA, CyNDI at different concentrations exhibited three vibronic absorption peaks at
341 nm, 360 nm and 381 nm (Figure 5a). At all the three dye concentrations, absorption spectral
bands closely matched each other. In addition, the observed absorption band of CyNDI in PMMA
at different dye concentrations resembled the spectrum in DCM at lower concentrations (Figure
Se). At 5 mM CyNDI in PMMA, the PL spectrum exhibited weak emission around 380 nm similar
to that observed for 0.01 mM CyNDI in DCM solution (Figure Sb and 5f). At 20 and 50 mM, the
PL spectrum showed an increasing red-shifted excimer-like emission with maximum at ~485 nm
which can be attributed to interactions between CyNDI molecules at those elevated concentrations.
These interactions are not reflected in absorption spectral changes over the concentration range
studied, possibly reflecting less stringent ground state association requirements for excimer

formation in the PMMA medium.
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Figure 5. UV-Vis absorption (a and c¢) and fluorescence (b and f) spectra of CyNDI in PMMA
and PS matrix at different concentrations. Spectra (e and f) represent the CyNDI in PS, PMMA

and DCM respectively.

The UV-Vis absorption spectrum of CyNDI at 5, 20 and 50 mM in PS films showed three
absorption peaks at 344, 363 and 384 nm, which were slightly red-shifted compared to the PMMA
spectra (Figure 5¢). At 5 mM in PS, the UV-vis spectrum profile in PS film closely matched the
spectrum in toluene (Figure 5e). As discussed previously regarding the role of aromatic solvents,

this observation strongly suggests a ground state interaction between CyNDI and the aromatic
15



phenyl side chains present in the PS matrix. At 20 and 50 mM in PS, a further shoulder appeared
in the 400 to 425 nm range. This is likely due to association of CyNDI molecules to form ground
state aggregates which emit around 465 nm. The structure of these aggregates appears distinct
from the interactions leading to excimer like emission at 485 nm observed in PMMA (see earlier
discussion). The PL spectrum of CyNDI in PS film showed broad, red-shifted emission (Figure
5d) which is slightly more red-shifted at higher concentration. Considering the spectral changes
in a range of solvents as well as in PMMA, the results in PS can be attributed to a combination of
dye-matrix and dye-dye interactions. The emission intensity of CyNDI in PS is significantly higher
than in PMMA film. The @pr of the film samples were obtained using the absolute quantum yield
measurement method using an integrating sphere (see SI for experimental details). The @pr values
for PS films were 4% (5 mM), 4.9% (20 mM) and 2.6% (50 mM) compared to that of PMMA
films of 0.3% at (5§ mM), 0.6% (20 mM) and 1.2% (50 mM). The @p. of CyNDI in PS films is in

a similar range to the ®@p values measured in aromatic solvents (Table 1).

4. Photophysical properties of bNDlIs in solution

Having gained insight to the photophysical properties of CyNDI, particularly in aromatic
media, we proceeded to examine the bNDIs series with various aryl substituents at the imide
positions. The properties of bulky N-substituted NDIs were investigated in various solvents and in
solid polymer films. The absorption spectrum in DCM (Figure S7) of all the bNDIs are similar to
that of CyNDI. There are three characteristic peaks at around 380 nm, 360 nm and 340 nm
corresponding to 0—0, 0—1, and 0—2 vibronic transitions, respectively. Concentration dependent
studies of bNDI1, bNDI2 and bNDI3 in DCM showed no changes from 10> Mto 10“* M (Figure

S8). These results indicate the bNDIs are well-dispersed in this concentration range in DCM.
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In aromatic solvents, the absorption spectra of bNDIs showed a distinct, red-shifted
absorption in the region of 400 to 450 nm as well as a blue-shift and broadening of the vibronic
spectral features (Figure 6). The changes became more prominent with the increasing electron
rich nature of the solvents. As with CyNDI, this is likely due to the formation of a ground state
complex between the bNDIs and the aromatic solvent molecules.

For PL measurements, the least hindered bNDI1 showed weak monomer-like emission in
benzene but was completely non-emissive in other aromatic solvents (Figure 6). In contrast, a
broad, red-shifted emission band was observed for bNDI2 and bNDI3 in o-xylene and mesitylene
with higher emission intensity recorded for mesitylene. The emission maximum for bNDI3 at 520
nm was more red-shifted than that of bNDI2 at 512 nm in mesitylene. With the bulky substituents
in this bNDI series, one may expect steric effects to play a role in dye-solvent interactions.
However, the observations here indicate that steric effects alone cannot provide a satisfactory
explanation. The other factor in play is the electronic effect of the imide substituents on the NDI
core chromophore. The clearest indication of this is in comparing the PL spectrum of CyNDI and
bNDI1 in toluene (Figure 3 and Figure 6d). At the same concentration (107) in toluene, CyNDI
showed a broad emission band while bNDI1 was essentially non-emissive. Molecular modeling
(see Section III) supports the hypothesis that the aryl imide substituents play a significant role in

modulating photophysical properties especially when solvent interactions are involved.
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Figure 6. (a-f) Normalized absorption and fluorescence spectra of bNDIs at 10 M in different

aromatic solvents, with excitation at 350 nm. (The small sharp peak at around 390 nm in the spectra

arises from solvent Raman scattering.)

The ®pr. values were determined for both bNDI2 and bNDI3 in mesitylene and o-xylene and
the values are given along with absorption and emission maxima in Table 2. The highest ®@pr was
found for bNDI3 in mesitylene (1.1%). The fluorescence decay curves again required a sum of

exponentials for adequate fitting, suggesting heterogeneity in emitting species is present (Figure
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S10). The average lifetimes measured for bNDI2 were longer than those of bNDI3 in the respective

solvents.

Table 2. Solvent-dependent optical properties of bNDI2 and bNDI3.

Compounds Aabs € Aemi DpL Tave
(nm)? (mol'em™)? (nm)? (%)° (ns)°
bNDI2 o-Xylene 378 16000 504 0.07 5.7
bNDI2 Mesitylene 376 15000 513 03 34
bNDI3 o-Xylene 379 19000 511 0.1 3.7
bNDI3 Mesitylene 376 15000 520 1.1 2.6

4 Measured at 10 M concentration with 350nm excitation wavelength. ® ®p. were measured with
respect to CyNDI (@pr. = 0.09) in o-xylene. ¢ Measured by TCSPC at 10° M, excitation at 378 nm
and 400 nm for bND2 and bNDI3, respectively.

The solid-state optical measurement of bNDIs were also carried out in both PMMA and
PS matrices at various dye concentrations as with CyNDI (provided in the SI section, Figure S11
and S12). In the UV-Vis absorption spectrum of bNDI in both films, three vibronic peaks were
observed, the peak in PS dispersion was ~25 nm red-shifted compared to the spectra in PMMA.
However, the bNDIs in PS film showed weak emission intensity with a broad red shifted spectrum
at higher dye concentrations. As with the bNDIs solution studies, a possible explanation is the
electronic effect of the imide substituent on the NDI core modulating the dye-matrix interaction as
opposed to the steric effects of the substituents playing a major role. On the other hand, PMMA

films were almost non-emissive.

I1l. MOLECULAR MODELING AND ANALYSIS
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Computational modeling considering solvents effects was performed to estimate the energy
levels and visualize the molecular orbitals of the synthesized CyNDI and the bNDIs derivatives.
This was undertaken to investigate the ground state interaction of the NDI derivatives with
aromatic solvents and how these interactions affect the optical properties. Two theoretical models
were used to describe the CyNDI and bNDI systems. The electronic effect of the imide substituent

1s also discussed.

A. Computational details

For CyNDI, we employed implicit and explicit solvent models in order to gain insight into
how the solvent itself affected the properties of the chromophore, using a similar methodology
adopted in Ref. 24. The procedure is described in the SI.

For bNDI1, a different methodology was required. Here, we instead opted for an ensemble
modeling method, whereby several molecular configurations were obtained from quantum
mechanical/molecular mechanical (QM/MM) techniques and were used to generate the optical
spectra, in order to understand the effect of the imide substituent on the photophysical properties
with respect to the solvent. The hydrocarbon chains at each end of the bNDI1 aryl imide substituent
were removed to simplify calculations. All related molecular dynamics (MD) and QM/MM
calculations were performed using the CP2K software package [29, 30]. The procedure is outlined
in the SI.

For bNDI3, we used a similar methodology as with CyNDI to show how the emissive
nature of bNDI derivatives change with respect to the solvent. Both implicit and explicit
geometries for the ground and first singlet excited state were computed using B3LYP/6-31G [31-

35] using the DFT-D3(BJ) dispersion correction [36] as implemented in Gaussian 16 [37].
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However, due to system size, the DFT/MRCI [38, 39] calculations were performed using the
Karlsruhe variant of the split valence with polarization functions on non-hydrogen atoms def2-

SV(P) basis set [40, 41]. Solvents were toluene, mesitylene, and in vacuum.

B. Results & discussion

1. CyNDI

Figure 7. Molecular orbitals of CyNDI calculated using an implicit solvent. Orbitals are identical

for both mesitylene and toluene solvents.

Examination of CyNDI using implicit solvent models showed very little difference
between solvent species. The highest occupied and lowest unoccupied molecular orbitals
(HOMO/LUMO) contributed to the excited states as follows: the first singlet excited state
wavefunction was of mixed HOMO-1 - LUMO and HOMO - LUMO+I type character, and
was dark, while the second singlet excited state was of bright HOMO - LUMO character, as per
Figure 7. As shown in Table 3, the absorption/emission properties for each excited state were
very similar regardless of solvent choice: both solvents yielded results with similar absorption
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energies within 0.01 eV of each other, adiabatic energies within 0.05 eV, very similar oscillator
strengths of the bright state, and the same state character contributions. The only noticeable
difference between the choice of solvents was the emission energies, where toluene was observed
to emit at a lower energy for the S; state and higher energy for the S, state. Comparison of these
results to those computed for gas phase CyNDI were not considerably different to those
corresponding to an implicit solvent. Here, absorption energies for the S; and S, states were
calculated to be nearly degenerate at 3.46 eV and 3.47 eV respectively. Further, emission energies
were 2.60 eV and 3.09 eV respectively. However, the adiabatic energies reversed the expected
ordering of states according to the DFT/MRCI results, which suggested that the bright state was
the S state, while the dark state was the S state. This was contrary to the experimental results as
well as the current literature. However, using the energies from the DFT results, we obtained the
correct ordering of 2.89 eV and 3.18 eV for the dark and bright state respectively. We also found
previously that DFT/MRCI incorrectly ordered the states that were sensitive to solvent in our past

work.[26] Therefore, for gas phase CyNDI we used the DFT results moving forward.
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Table 3. Energies (and oscillator strengths) of each energy manifold of bNDII calculated using

both implicit and explicit solvent models. 0-0 energies are computed as adiabatic energies.

Mesitylene Toluene
State
Absorption | Emission 0-0 Absorption | Emission 0-0
Implicit Solvent
322V | 2440V 323V | 2300V
S1 ©0.000) | 0000 | >V | 0000) | (0.000 | 318V
331eV | 2950V 331V | 3.19¢v
52 05400 | (0528 | 224V | (05400 | (0.494) | 328V
Explicit Solvent
2830V | 2250V 200eV | 232¢V
S1 ©.118) | 0014 | 278V | (0204) | (0.044) | 2BV

We then compared these results to those calculated using an explicit solvent method. We
observed that the S; state was bright and was of HOMO - LUMO character. Unlike the implicit
model, however, examination of the orbitals shown in Figure 8 highlighted some form of
complexation in the ground state, as previously hypothesized in the measured data. We observed
that the HOMO orbital for both CyNDI-solvent systems were delocalized across both the solute
and solvent, sharing part of the electron density with the solvent molecule itself, while the LUMO
was completely localized along the NDI core. Both Si absorption and emission energies were
observed to be smaller than those calculated by the implicit method, with absorption energies
smaller by 0.40 eV and 0.33 eV for mesitylene and toluene, respectively, and emission energies

smaller by 0.19 eV for mesitylene, and larger for toluene by 0.02 eV.
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Figure 8. Molecular orbitals of CyNDI for both mesitylene and toluene using an explicit solvent

method.

It is interesting to note that while the explicit model was vital in the description of CyNDI
photophysics, our calculations also presented some evidence of aggregation-caused quenching
(ACQ) manifesting here as a partial distribution of the Si oscillator strength. For the implicit
models, the oscillator strength of the L, state was a bright 0.5 in both solvents for both ground and
L. geometries. However, upon complexation, the ground state oscillator strength dropped to 0.12
and 0.20 for mesitylene and toluene, respectively. While the importance of this to the ground state
has already been noted, the excited state was shown to strongly couple to the L, and at least one
other state and distributed its oscillator strength. In the case of mesitylene, the oscillator strength

was distributed over the lowest three excited states as 0.014, 0.097, and 0.001, respectively, while
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for toluene this distribution was 0.044, 0.219, and 0.032, respectively. Conversely, this went
against our measured data, where we found a quite bright emission profile. Examination of the
ground and excited state geometries suggested a possible reason for this could be due to solvent
drift. Here we found that for the CyNDI-mesitylene complex, both solvent molecules rotated by
60° and 120° for mesitylene and toluene (the solvent molecules remained parallel, i.e., the rotation
axis was the top down axis through the three n-stacked faces). For mesitylene, this rotation was
not that much of a change due to the symmetry of the molecule, but the same cannot be said for
toluene. It would make sense that such a drastic change could affect the electronic density.
McCarthy and coworkers [42] noted a similar complexation, however their study involved a
heavy-metal complex, and thus may not be entirely applicable here. We found no work in the
literature discussing both the complexation of the NDI chromophore and photophysical effects of
solvent drift. However, we suspect this characteristic may be important in the full description of
the photophysics of some NDI derivatives and may warrant further study.

From the implicit solvent models, it was observed that the HOMO density of CyNDI was
distributed only on the NDI core and not at all on the cyclohexyl substituents both in toluene and
mesitylene. On the other hand, in the explicit solvent model the electron density was distributed
with the NDI core and the solvent molecules. The NDI core was located between two solvent
molecules in a sandwich-like arrangement. This observation is a clear indication of ground state
association of the solvents with the NDI core resulting in broad emission spectra. The LUMO
distribution for all cases were the same for both implicit and explicit models.

From the generated spectra using implicit and explicit methods (see SI Figures S17 and S18),
the calculated spectra do not match the measured spectra as well as would be expected. This is

primarily due to how the solvent is treated, as in the current implementation of this method, a fully
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dynamic solvent cannot be accounted for correctly.[26] Thus it may be worth exploring other

methods to model the absorption and emission spectra.

2. bNDI1

Figure 9 shows the absorption and corresponding emission spectra for bNDI1-solvent
systems calculated from the QM/MM sampling. In general, these results agree with measured
spectra in Figure 6. The primary peaks here at 3.60 eV and 3.50 eV are within ~0.15 eV of the
experimental peak locations of approximately 3.44 eV and 3.35 eV, which is a respectable error
margin for DFT type results. The absorption spectra here unfortunately do not capture the double
peak feature seen in experiment, but our measurements do not account for strong vibronic effects.
Unlike for CyNDI, the emission spectra were shifted to match the experimental emission and not
the adiabatic energy, as the latter resulted in an underestimated emission energy (see
Supplementary Information, Figure S20). This resulted in both solute-solvent systems emitting

from roughly the same 3.00 eV energy and in the spectra being overestimated by around 0.2 eV.
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Figure 9. Calculated absorption (solid line), and corresponding emission spectra (dashed line) for

bNDI1-toluene (red) and -mesitylene (blue) systems.
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In trying to understand how the solvent affects the photophysical properties of NDI
derivatives of this study, we also examined the transition dipole moment of the emitting state for
each configuration. However, the results of this investigation did not yield favorable results.
Looking at the statistics for each transition dipole moment for the bNDI1-mesitylene and -toluene
system, we found that the average moment was 2.53 £ 0.21 au and 2.66 + 0.21 au for mesitylene
and toluene, respectively. Based on the experimental data, we expected a much more significant
difference between the two complexes of at least double the size of the moment based on Figure
6d. Consequently, we decided to examine a larger derivative to attempt to explain this

phenomenon.

3. bNDI3

To facilitate the experimental analysis, further modeling using DFT/MRCI method was
performed for the most bulky substituted derivative bNDI3. Figure 10 lists the transition dipole
moments for bNDI3 in various solvents and their corresponding molecular orbitals and highlights
why more electron rich solvents result in stronger fluorescence for bNDI derivatives (Note: The
transition dipole values for bNDI3 are very different to that of bNDI1 discussed in the previous
section due to different method of calculation so they cannot be compared). Gas phase results
showed a dark state, as the chromophore is solvatochromic in nature. While the LUMO was
localized entirely on the NDI core, as has always been the case, we observed the delocalization of
the HOMO across the bulky scaffolding. The implementation of an implicit solvent stabilized the
system to some extent with the emitting state very bright in nature. However, the HOMO orbitals
were still delocalized along the side groups. This was minimized for one side of the chromophore,
but still quite strong on the other. However, upon implementation of an explicit solvent model, we

observed that the solvent molecules effectively “slide” into the gap between the two sides of the
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aromatic side group, above the core. Here, an electronic bridge of sorts was formed, resulting in a
complex. This effect was even stronger in the case of mesitylene, with most of the electron density
being found on the solvent molecule. It is important to note that we have only calculated an
effective snapshot of this process, and larger model systems are required to achieve better
simulation. This was seen explicitly in these results when we examined the transition dipole
moments themselves. In the implicit systems, the moment was nearly identical, while we expected
mesitylene systems to be significantly larger than toluene systems. However, when using an
explicit model and allowing for solute-solvent complexation, we observed that the moments begin
to diverge, and the mesitylene system showed a larger moment than the toluene system. Based on
the experimental data shown in Figure 6f, we expected a much larger difference. Nevertheless,

these calculations showed the importance of accounting for solute-solvent coupling.
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Figure 10. Transition dipole moments (1) in atomic units for each bNDI3 in various solvents,

and their respective molecular orbitals calculated using DFT/MRCI method.

In the implicit model, the electron density was distributed on the imide position only,

whereas in the explicit model the HOMO electron density was shared along with both solvents
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(toluene and mesitylene). In mesitylene, the density is much more profound, likely resulting in a
stronger transition dipole moment. The LUMO electron densities were the same for all cases. This
observation suggests that aryl imide substituents contribute to the electronic properties of the
whole molecule. Therefore, modification of the aryl imide substituents has a significant electronic

influence on photophysical properties.

V. CONCLUSION

A series of imide-substituted NDI derivatives were synthesized and their photophysical
properties investigated in a variety of solvents as well as two polymer matrices. In agreement with
previous reports,[9-13] an NDI derivative with cyclohexyl imide groups (CyNDI) showed
significant interaction with electron-rich aromatic solvents leading to shifts in UV-vis absorption
and photoluminescence spectra and enhanced photoluminescence quantum yield. Similar
photophysical behavior for CyNDI was observed in toluene solution and polystyrene matrix
showing the NDI molecules can interact with not only aromatic solvents but also polymers
containing aromatic substituents. For the series of NDI derivatives with aryl imide groups (bNDI1
to bNDI3), the use of electron-rich aromatic solvents also resulted in changes in the UV-vis
absorption and photoluminescence spectra but there was either no enhancement in emission
intensity or the enhancement was not as large as for CyNDI. The steric bulk of the aryl substituents
does not seem to correlate with the degree of interaction with the aromatic solvent suggesting that
electronics rather than sterics is the determining factor. The theoretical modeling of NDI
derivatives led to further insights into their photophysical properties. Both CyNDI and bNDI

derivatives have been shown to strongly couple to the solvent, which was evident upon
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examination of the molecular orbitals alone. From the measured data, it was hypothesized that it
was the ground state of NDI derivatives which strongly associates with the solvent, and this was
strongly supported by the calculations. For CyNDI, the aromatic solvent molecules are interacting
with the NDI core, which results in a stabilization of the properties. In the case of bNDI derivatives
the solvent molecules have significant electronic interaction with the aromatic imide groups, and
this affects the photophysical properties. Of particular note, the aromatic imide groups are not just
providing steric bulk, but also electronic stabilization. The spectral profiles corresponding to the
various models we generated further highlight the requirement to include explicit solvent effects;
where spectra calculated using the implicit model were unable to account for the expected level
inversion. Spectral features matched well with experimental results when using explicit models,
however the lack of accurate solvent drift effects leave room for improvement. Our improved
understanding of the photophysical properties of imide-substituted NDIs allows better design of

NDI-based optoelectronic materials.
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