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ABSTRACT

N,N -Disubstituted naphthalenediimides (NDIs), planar, electron-deficient building blocks, play an important role in materials and biological
sciences. Naphthalene core substituents control the HOMO and LUMO energies, whereas the N-alkyl or aryl substituents affect the solubility,
aggregation, and packing propensity in condensed phases. N,N'-Dihydroxynaphthalenediimide (DHNDI) allows expanding the chemical diversity
by O-alkylation, acylation, or sulfonylation; these derivatives also allow fine-tuning of the HOMO/LUMO levels. The synthesis, UV—uvis,
electrochemical, solid state, and computational prediction of the properties of such derivatives are presented.

N,N'-Disubstituted naphthalene[1,8:4,5]dicarboxyimides
(NDI) are an important class of molecular building blocks
employed in polymeric or self-assembled materials used in
both material and biological science applications, includ-
ing chemosensors, n-type organic semiconductors, redox
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modulators, and fluorescent dyes.' > Substitution in the
naphthalene core has a profound effect on the electronic
levels related to ionization potential (HOMO) and electron
affinity (LUMO).? Electron-releasing groups (e.g., alkoxy
or amino) raise both the HOMO and LUMO levels to an
uneven degree, resulting in a net narrowing of the band gap
and a red shift of the absorption maximum into the visible
region of the electromagnetic spectrum. On the other hand,
the nonsubstituted NDIs or those having electron-deficient

(3) Bhosale, S. V.; Jani, C. H.; Langford, S. J. Chem. Soc. Rev. 2008,
37,331-342.



substituents (fluoro- or cyano-) behave as excellent electron
acceptors as a consequence of lowering of both the HOMO
and LUMO levels. The N-substituents play a role in mod-
ulating the solubility and self-assembly propensity of these
highly aggregation-prone, planar aromatic compounds.* In
condensed phases, the macroscopic properties of the mate-
rial are affected by numerous cooperative weak interactions
among these side chains.’ As a consequence, such effects can
be strong yet nonlinear and unpredictable. For instance,
whereas N,N'-dihexyl-NDI exhibits modest electron mobi-
lity in vapor-deposited thin films (0.7 ecm® V~' s7"), the
corresponding N,N'-dicyclohexyl derivative shows one of
the highest mobilities (6.2 cm® V' s~ recorded for a small
molecule n-type semiconductor.® This has been rationalized
by the latter being highly organized in the solid state whereas
the former is disordered as a result of unfavorable side chain
packing as demonstrated by single crystal and X-ray dif-
fraction analysis. Synthetically, NDIs are only accessible
from primary alkyl and aryl amines.” This limits both the
chemical diversity and, as we will show, the electron affi-
nities attainable in the NDI scaffold.

The nitrogen atom in hydroxylamine is more electron-
deficient than in ammonia, reflected in the large pK,
difference between NH;OH" (pK, = 5.94) and NH,"
(pKa = 9.23). Hence, we reasoned thatincorporation of an
O-substituted hydroxylimide instead of an imide would
lead not only to a lowering of the LUMO but also opening
of a route to hitherto unexplored NDI derivatives by O-
alkylation, O-acylation, or O-sulfonylation (Figure 1). The
latter two types of derivatives are synthetically inaccessible
for NDIs. Notably, N,N'-dimethoxyNDI was shown as far
back as 1992 to have lower first (El/zlred, 0.39 vs 0.54) and
second (E; /22red, 0.86 vs 0.98) reduction potentials vs SCE
compared to the unsubstituted NDI (1).” Computa-
tional modeling of the unsubstituted DHNDI (2)
(M06%/DGTZVP? level of theory) further confirmed
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Figure 1. Potential chemical diversity of O-functionalized deri-
vatives of N,N’'-dihydroxynaphthalenediimide (DHNDI).
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Table 1. DFT (M06/DGTZVP) Characterization of O-Func-
tionalized DHNDI Derivatives®

4 3 O 0]
500
A=N N-A7 g
e
[¢] 6} 3-8

D1=1>2=3>4
D2=5+6+7>8

Dl, D2, sz, AG, keal

A B C deg deg B mol *
3a CH, CH, Me 180.0  180.0 6.1  0.00°
3b 179.8 62.6 5.8  0.55
3c —62.4 62.4 5.3  1.93
4a O CH, Me 180.0  180.0 5.2  0.00°
4b 178.7 67.3 47 151
4c —68.7 68.7 40  3.89
52 O C=0 Me 180.0 180.0 -10.2  0.00°
5b 180.0 0.0 108 6.44
5¢ 0.0 0.0 320 13.0
6a O C=0 CF, 1784 -1784 120  0.00°
6b 180.0 0.3 168  6.33
6¢c 0.0 0.0 19.0 134
7a O C=0 NMe, 1795 179.3 -182  0.00°
7b 179.8 35.0 2.3 121
7e 35.6 35.6 185  24.0
8a O SO, Me 1155 —115.6 0.2  0.00°
8b 115.8 115.8 04  0.17

“ An N,N'-dialkyl NDI derivative is shown for comparison ® Chosen
as the reference structure.

that N-hydroxylation leads to a substantial decrease of
LUMO energy relative to 1 (—3.97 vs —3.69 eV).
Functionalization at the hydroxy group is expected to
affect not only the frontier orbital energies but also the
side-chain conformation. We explored the conformational
preferences and the frontier orbitals of various O,0'-
disubstituted DHNDI derivatives (4-8) at M06/DGTZVP
level of theory in gas phase (Table 1) and in implicit
CH,Cl, (SMD;'° see Supporting Information (SI)). The
properties of N,N'-dipropyl NDI (3) were also evaluated
for comparison. The side chain in 3 has two potential
energy minima at the N—CH,—CH,—CH3; dihedral angle
(D2) values of ~60° and 180°. Therefore, taking into
account the symmetry of (DH)NDI, 3, side chain confor-
mations (3a—c) are possible. The 180/180 conformation
(32) (AG = 0.00 kcal mol ') was the most stable, followed
by 180/60 (3b) (AG = 0.55 kcal mol ") and 60/60 (AG =
1.93 kcal mol™!). The D2 angle for the N,N'-diethoxy
derivative 4 was similar. Energetically, however, the con-
formations are considerably further apart (AG = 0.00,
1.51, and 3.89 kcal mol ™" for 180/180, 180/70, and 70/70,
respectively). This implies that the percentage of the most
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Figure 2. Electrostatic potential-mapped total electronic densi-
ties (blue = positive, red = negative) contour maps for mini-
mum energy conformations of selected DHNDI derivatives.

stable 180/180 conformation is significantly increased for
the alkoxy vs the alkyl substituent, possibly having a bene-
ficial effect on crystal packing and m—sm-stacking in the
condensed state. The O,0'-dicarbonyl derivatives all show
two minimum energy D2 angles at 180° and 0°. Even small
carbonyl substituents favor a 180° conformation by a large
energetic margin: CH; (5a—c), AG = 0.00, 6.44, and
13.0 kcal mol ™" for 180/180, 180/0, and 0/0, respectively,
and CF5 (6a—c) AG = 0.00, 6.33, and 13.4 kcal mol ™!,
respectively. In contrast, the mesolate derivative has only
one minimum energy D2 angle of ~120°, resulting in two
conformations (8a, b) with almost equal energy. The
energies in implicit solvent (CH,Cl,), while slighly smaller,
follow the same trends. Also, the general decrease of the
quadrupole moment (Table 1) (with exception of 6) rela-
tive to N,N'-dipropyl NDI 3 for the minimum conforma-
tions despite the more electron-deficient naphthalene rings
(Figure 2) is noteworthy.

The published synthesis of DHNDI (2) by reaction of
dianhydride 9 with hydroxylamine in aqueous medium
affords 2 as a hydrate in low yield after recrystallization.’
We developed a new, large scale synthesis in DMF, which
allows pure 2 to be isolated water-free after simple filtra-
tion in 89% yield (Scheme 1). Acylation of 2 with
n-hexanoyl (10, 74%) or the bulky pivaloyl (11, 77%)
chlorides was straightforward, and Mitsunobu alkylation
(1-hexanol) was fast and clean to give 12 in 79% yield.

Scheme 1. Synthesis of O-Substituted DHNDI Derivatives

OR

RCOCI, BugN, CHCly, rt, 18 h.
0. % 0 cocl, uao,rc Cly,rt18h. 1"

n-CgH130H, PPhy, DEAD
OO DMF-toluene = 5:1, rt, 3 h. OO
0”7 xS0 0”"N"T0
9X=0 NH,OH-HCI, OR

] ?XSNCDQAE’ 10, R = n-CsH44CO, 74%
_ »1h, 11, R = (CH3);CCO, 77%

2X=N-OH ~— 89% 12)R = 1-CoHys, 79%

The UV spectra of 10—12 display similar characteristic
electronic Sy—S; absorption bands (Figure 3a). The known
N,N'-dioctyl NDI'! (13) displays the longest wavelength
absorption, and as expected from our computations, the
introduction of the O-alkyl group (12) and the most
electron-withdrawing O-acyl groups (10—11) results in a
systematic (O-acyl > O-alkyl > N-alkyl) hypsochromic
shift of the Sy—S; UV absortion transitions (Table 2).
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Figure 3. (a) UV spectra of NDI 13 and DHNDIs 10-12 in
CHCI; and (b) CVof NDI 13 and DHNDIs 10—12 in 0.1 M
TBAPF in CH,Cl, at sweep rate of 50 mV s L

The cyclic voltammograms of compounds 10—13 exhibit
two reversible reductions that are separated by about 450
mV (Figure 3b). All DHNDI derivatives display anodi-
cally shifted reduction waves compared to N,N'-dialkyl
NDI 13. The shift was more pronounced for O-acyl
derivatives (10—11) than the O-alkyl (12). The LUMO
energies relative to the vacuum were obtained by subtraction

Table 2. Optical and Electrochemical Properties of NDI and
DHNDI Compounds

Amaxa Egopt b E1/21redc E1/22redc LUMOdf HOMOef
(nm) (eV) V) V) (eV) (eV)
10 376 3.19 —-0.88 —1.34 —4.22(-3.42) —7.41(-7.46)
11 376 3.19 -0.87 —-1.32 —4.23 —7.42

12 379 316 096 —-1.41 -4.14(-3.32) —-7.30(-7.35)
13 382 314 -114 157 -3.96(-3.18) —7.10(-7.20)

@ Solution absorption spectra 3 x 107> M DCM. ? Optical energy gap
estimated from the UV absorption edge. “CV measurements in DCM
solution vs Fc/Fc™. “Estimated from LUMO = =51 — Elj‘zlred.
¢Estimated from HOMO = LUMO — E,°". /Theoretical (SMD/
MO06/DGTZVP in CH,Cl,) values for structures Sa, 4a, and 3a as
analogs of 10 and 11, 12, and 13, respectively, are shown in brackets.
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Figure 4. XRD intensity graphs and AFM height (left inset) and
phase (right inset) images of vacuum deposited films of 11 (a)
and 12 (b) on OTS-modifed Si/SiO, substrates.

of —5.1 eV for Fc/Fc™ from the first redox poten-
tials.'? Substitution of DHNDIS for the prototypical NDIs
results in a stronger electron affinity of the napthalene
core and a lowering (by ~0.2—0.3 eV) of the LUMO level
(Table 2). The frontier orbital energies for the lowest energy
conformer calculated at the SMD/M06/DGTZVP level of
theory in CH,Cl, were systematically shifted by +0.80 £ 0.02
eV for the LUMO and —0.05to —0.10 ¢V for the HOMO,
the trends confirming the validity of our computational
design. Usually, the FMO energies of NDI derivatives
are lowered by core substitution by an electron-deficient
substituent, most often fluoro or cyano.>'* The alter-
native strategy of side-chain modification to the same
end is often discounted because of the presence of a node
on the nitrogen atom in NDIs."? However, in this work
we demonstrate that the latter is a viable strategy, even
though the changes in FMO energies are less drastic.
Notably, the general shapes of the FMOs are preserved
going from NDI to DHNDI (see SI). A similar effect has
recently been observed for NDI di-N-substituted with
3,5-bis(trifluoromethyl)aniline vs aniline'* and N-acyl
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vs N-alkyl dithieno[3,2-5:2",3'-d]pyrroles demonstrating
the generality of this approach to LUMO lowering/fine-
tuning."”

The atomic force microscopic (AFM) image of a thin
film of 11 shows a densely packed polycrystalline film with
an average feature size of ~100 nm (Figure 4a inset). The
X-ray diffractogram (XRD) of this film showed strong and
narrow peaks up to the fourth order (Figure 4a). The close
correspondence between the molecular length of 11 (16.0
A, obtained from DFT) and interlayer regular d-spacing of
15.8 A in the XRD suggests that thin films of 11 grow with
the long axis of the molecule oriented out of the substrate
plane. In contrast, the AFM image of the thin film of 12
shows a more loosely packed polycrystalline film with a
significantly larger grain size (~500 nm) (Figure 4b inset).
However, the XRD of the thin film of 12 shows only one
diffraction peak (Figure 4b). Thin films of 12 could also be
prepared by spin coating CHCI; solutions onto OTS
modified Si/SiO, substrates. For these films, XRD was
virtually identical (see SI) while AFM showed substan-
tially larger grain sizes (~1 um).

In conclusion, we have demonstrated that computationally
designed 0,0’'-dialkyl or acyl N,N'-dihydroxynaphthalene-
[1,8:4,5]diimides have stronger electron affinities than the wi-
dely used N,N'-dialkylnaphthalene[1,8:4,5]diimides. Further
studies on the application of these novel building blocks for
the design of organic electronic materials are in progress.'®
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