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Density functional theory (DFT) calculations were carried out to describe the molecular structures,
molecular orbitals, atomic charges, UV-vis absorption and IR spectra of 1,7-disubstituted-perylene-
3,4;9,10-tetracarboxylic diimide (1,7-disubstituted PDI) with different substituents, namely unsubstitut-
ed PDI (PDI-0), 1,7-dimethylthio PDI (S-a), 1,7-dithiophenyl PDI (S-b), 1,7-dimethoxy PDI (O-a),
1,7-diphenoxy PDI (O-b), 1,7-dimethylamino PDI (N-a), 1-methoxy-7-methylthio PDI (OS-a), 1-phen-
oxy-7-thiophenyl PDI (0S-b), and 1-methoxy-7-methylamino PDI (ON-a). Good consistency was found
between the calculated results and experimental data. The substitutional effects of the side groups on
both the structure twisting and the electronic absorption spectra depend mainly on the linking atoms
rather than the side groups as a whole. The charge distribution, the ionization energy (IE) and electronic
affinity (EA) are found to be varied significantly along with the change of the electron donating abilities of
the side groups. The effects of the side groups on the vibration spectra of these compounds are also
discussed based on both the simulated and experimental results. The present work, representing the first
systemic DFT study on the PDI derivatives, sheds further light on clearly understanding structure and
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1. Introduction

Perylene tetracarboxylic diimides (PDI) and their derivatives
have attracted more and more attentions in the past decade due
to not only their outstanding thermal and photochemical stabili-
ties [1,2], but also their large application potential in organic opto-
electronic or electronic devices [3-11], such as field effect
transistors, solar cells [12-20], light-harvesting arrays [21-25],
and light emitting diodes [25-30]. Furthermore, molecular modifi-
cation of PDIs can be achieved easily by introducing different
groups at imide nitrogens or the bay positions (1,6,7,12), which
can in turn tune the physical properties or endow these com-
pounds with liquid crystal properties, controllable nano- and mes-
oscopic supramolecular structures [31-46].

In recent years, along with the development of computer indus-
try and calculation method, calculations and simulations on large
molecular and even supramolecular systems at more accurate level
become possible. Density functional theory (DFT) methods, at the
B3LYP level, have proved suitable for the energy-minimized struc-
ture and property calculations for polycyclic aromatic compounds
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recently [47]. The ground state properties of a series of polycyclic
aromatic compounds namely naphthalene, pyrene, benzopyrene,
perylene, terrrylene, and their derivatives have been calculated
using density functional theory at the B3LYP level [47-50]. At the
same time, the efficiency of time-dependent density functional
theory (TDDFT) on calculating electronic absorption spectra was
also well demonstrated [51-53]. The properties of PDI molecules
in vacuum [47,52-55] and the properties of some PDI derivatives
on the surface of Si, Au and Ag [56,57] have been calculated using
DFT method. More recently, the interaction of alkali azide with
perylene derivatives are discussed using vibrational spectroscopy
method [58,59]. The influence of substituents at the imide nitrogen
atoms on the frontier orbital are reported by F. Pichierri et al. [54].
However, the detailed effects of various substituents at the bay
positions on the properties of the PDI are still not clear. The sys-
tematically studies of a series of 1,7-substituted PDI derivatives
with different substituents is necessary to illustrate the effects of
substituents on the physical properties of PDI more amply.

In the present work, nine 1,7-disubstituted PDI compounds
were calculated using DFT method at the B3LYP/6-31G(d) level.
The effects of side groups at 1,7-positions with different electronic
properties on the structure parameters, atomic charges, molecular
orbitals, IR, and electronic absorption spectra of these PDI deriva-
tives are systematically discussed. The IR and electronic absorption
spectra are assigned and identified in detail by comparing with the
experimental results.
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2. Experiments

PDI and their derivatives, namely 1,7-didodecylthio PDI,
1,7-dithiophenyl PDI, 1,7-didodecyloxy PDI, 1,7-diphenoxy
PDI, 1-dodecyloxy-7-dodecylthio PDI, 1-phenoxy-7-thiophenyl
PDI, 1,7-didodecylamino PDI, and 1-dodecylamino-7-dodecyloxy
PDI, were prepared and purified according to the literature
[42,46,60] in our lab. IR spectrum was recorded from KBr disks using
a VERTEX-70 spectrometer in the range of 4000-400 cm ™! with a res-
olution of2 cm™!. Electronic absorption spectra were recorded at room
temperature on a Hitachi U-4100 spectrophotometer in chloroform.

2.1. Computational details

The structures of these nine PDIs are simplified during the DFT
calculation as shown in Fig. 1. The hybrid density function B3LYP
(Becke-Lee-Young-Parr composite of exchange-correction func-
tional) method [48,49,61,62] and the standard 6-31G(d) basis set
[55,64] were used for both structure optimization and the property
calculations, which has been proved to be more accurate in simu-
lating vibrational spectra compared with the Hartree-Fock method
[47]. On the basis of the optimized structures, IR frequency calcu-
lations were carried out using the same method and basis set as
the optimization step. No imaginary frequency is predicted, indi-
cating that the optimized structures are true energy-minimums.
DFT calculations is found to overestimate the vibrational frequen-
cies often compared with the experimental data due to the neglect
of anharmonicity effect and the incomplete incorporation of elec-
tron correction in the theoretical treatment [59], which, however,
is uniform for a range of frequencies and thus can be corrected
with generic frequency scaling factors. As a result, the calculated
frequencies with 6-31G(d) basis set in this work are scaled down
using a scaling factor of 0.9613 [62,63]. Based on the energy-min-
imized structure generated in the last step, charge population cal-
culations were carried out with a full natural bond orbital analysis
(NBO) population method [64] and the molecular orbital distribu-
tion are discussed according to the NBO results. Electronic absorp-
tion calculations were performed using TDDFT method at B3LYP/6-
31G(d) level, which allowed us to provide a detailed assignment of
the excited-states and vertical excitation energy involved in the
absorption process. With the help of the SWIZARD software [65],
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the calculated electronic absorption data of all these compounds
were simulated to sequential absorption spectrum, which can be
compared directly with the experimental absorption spectrum.
Ionization energy (IE) and electronic affinities (EA) were also calcu-
lated through the energy differences between anions or cations
and the neutral molecule. All the calculations were performed
using the Gaussian 03 program [66] in the IBM P690 system at
the Shandong Province High Performance Computing Centre.

3. Results and discussion
3.1. Minimized molecular structures

The optimized structure of unsubstituted PDI-0 is C,, symmetry
while compounds N-a, O-a, O-b, S-a, and S-b are C; symmetry. But
compounds 0S-a, 0S-b, and ON-a, which are substituted with dif-
ferent groups at 1,7 positions are C; symmetry. Table 1 compares
our calculated structure parameters of PDI-0 with X-ray crystallog-
raphy data. As can been seen from Table 1, the calculated results
agrees very well with the experimental ones. The largest difference
on bond length presented by C;3-Cy4 is only 0.02 A while the larg-
est difference on tilting angle is as small as 1°, which indicates that
our calculation method is reliable for simulating PDI compounds.

Table 2 summarized the bond length of PDI core and twist an-
gles of the two naphthalene rings for PDI-0, O-a, O-b, S-a, S-b,
0S-3a, 0S-b, N-a, and ON-a. It can be seen that, PDI-0 has a planar
structure with the twisting angle between the two naphthalene
rings close to 0°. However, when substituents are introduced at
the bay positions, the planar structure is disturbed with a signifi-
cant twisting angle between the naphthalene rings due to the ste-
ric hindrance [2]. The twisting angles between the two
naphthalene rings in the substituted PDIs varied in the range of
13.7-21.7° depending on the substituents at the 1,7-positions.
The linking atoms between the substituents and the perylene ring
play a dominating role on determine the twisting angles between
the naphthalene rings as revealed by the results in Table 2. For
example, the twisting angles between the naphthalene rings of
0-a is 13.8°, which is significantly smaller than that of S-a (21.1°)
due to the smaller atomic radii of O than S [67]. Same results can
also be drawn from the comparison of the twisting angles between
S-b and O-b (21.7 vs. 13.7°) as well as the different twisting angles

Ri=R2=H PDI-0
Ri1=R2= methylthio S-a
R1= R2= thiophenyl S-b
Ri=R2= methoxy O-a
R1=Ra2= phenoxy 0-b
Ri1 = R2= methylamino N-a

R1=methoxy, R2=methylthio 0OS-a
Ri1=phenoxy, R2=thiophenyl OS-b
Ri1=methoxy , R2= methylamino ON-a

Fig. 1. Top view (a) and side view (b) of the minimized structure of S-a and the molecular structure of 1,7-disubstituted PDIs (c).
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Table 1
The calculated and experimental structure parameters of PDI-0 (A for bond length and degree for bond angle)
Parameter® -G -G C3-Cy3 Ci3-Cig Ci3-C4 C4-Cs Cs—Ce Ce—Cis Ci6-Cis Ci14-Cys Ci4—Cis o
Cal. 1.399 1.384 1.416 1.429 1.416 1.384 1.399 1.396 1.471 1.431 1.431 —0.008
Exp.” 1.396 1.365 1.422 1.409 1.422 1.365 1.396 1.383 1.457 1.423 1.423 ~1.188
2 See Fig. 1 for atomic label.
b Exp. data taken from Ref. [69].
Table 2
The calculated bond lengths (A) and twisting angles o (°) of 1,7-disubstituted PDIs
Parameter® PDI-0 S-a S-b 0S-b 0-b 0S-a 0-a ON-a N-a
G-G 1.399 1.410 1411 1.405 1.404 1.405 1.404 1.403 1.415
C-GC3 1.384 1.379 1.378 1.378 1377 1.380 1.379 1.381 1.377
C5-Cy3 1.416 1.412 1414 1414 1.415 1.410 1411 1.410 1.413
Ci3-Cia 1.429 1.425 1.425 1.427 1.430 1.429 1.431 1.430 1.427
Ci3-C4 1.416 1.415 1414 1.416 1.415 1.416 1416 1.417 1414
Cy4—Cs 1.384 1.383 1.384 1.383 1.382 1.382 1.382 1.383 1.385
Cs—Cs 1.399 1.400 1.400 1.400 1.398 1.400 1.398 1.398 1.398
Cs—Ci6 1.396 1.399 1.399 1.399 1.402 1.398 1.402 1.404 1.405
Ci6-Cis 1471 1.465 1.465 1.464 1.470 1.464 1.469 1.464 1.465
Ci5-C 1.396 1.419 1.415 1.415 1411 1.419 1.419 1.426 1.426
C;-Cg 1.399 1.410 1.411 1.411 1.404 1.409 1.404 1.416 1.415
Cs—Cy 1.384 1.379 1.378 1377 1.377 1.378 1.379 1.376 1.377
Co—Cyo 1.416 1.412 1414 1.415 1.415 1.413 1411 1.415 1.413
C30-Cy9 1.429 1.425 1.425 1.427 1.415 1.427 1.431 1.428 1.427
G 1.416 1.415 1.414 1.413 1.415 1414 1.416 1412 1414
Ci0-Ci1 1.384 1.383 1.384 1.384 1.382 1.383 1.382 1.384 1.385
Ci1-Cy2 1.399 1.400 1.400 1.398 1.398 1.398 1.398 1.397 1.398
Ci2-Cy7 1.040 1.399 1.399 1.402 1.402 1.402 1.402 1.403 1.405
Ci7-Cy5 1.471 1.465 1.465 1.469 1.470 1.469 1.469 1.469 1.465
Ci-Cis 1.396 1.419 1.415 1.410 1.411 1.418 1.419 1.419 1.426
Ci4—Cy5 1.431 1.433 1.435 1.434 1.436 1.430 1.433 1.432 1.430
C14—Ci 1.431 1.436 1.435 1.434 1.437 1.436 1.440 1.439 1.438
Ci9-Cy7 1.431 1.436 1.435 1.437 1.437 1.439 1.440 1.438 1.438
Ci9-Cis 1.431 1.433 1.435 1.436 1.436 1.435 1.433 1.431 1.430
o 0.003 21.416 21.660 14.857 13.685 14.685 13.802 15.033 21.073
oy 0.003 21.416 21.660 21.170 13.685 21.104 13.802 20.655 21.073

@ See Fig. 1 for atomic labels.

between the two sides with different substituents in both OS-a and
0S-b (21.2° and 21.1° vs. 14.9° and 14.7°, respectively). It is inter-
esting that the difference of the twisting angles between S-a and
S-b are neglectable (21.7 vs. 21.1°), indicating that the groups
linked at S do not contribute to the twisting angles a lot. This result
is also supported by the similar twisting angles between O-a and
0-b. The atomic radius of nitrogen is similar with that of oxygen
and much smaller than that of sulfur [68]. However, the twisting
angle of N-a (21.1°) is much larger than that of O-a and close to
that of S-a. This is because two atoms (H and C) were connected di-
rectly to nitrogen atom while only one atom was connected with
sulfur or oxygen atoms. The former brings large repulsions
between the hydrogen atoms at 6 and/ or 12 positions of perylene
ring with the substituents at 1,7 positions.

In addition to the twisting angle, the introduction of the substit-
uents also induces the change of bond length for the perylene
rings. As listed in Table 2, the bonds which close to the 1, 7 posi-
tions of the perylene ring, including C;-C;, C;-Cys, C3-C3, C3-C;3,
Cs-Cy6, C7-Cg, C13-C7, Cg—Cq, Cg—Ca0, and C;»-Cy7 are all elongated
a little bit when the side groups are introduced at 1,7 positions. The
bonds C;-Cy5 and C;3-C; were mostly impacted probably because
of their adjacency with the substituents. The bond length of C;-C;5
and C;5-C5 in PDI-0 is 1.396 A, which increased to 1.419 A in 0-a
and S-a and 1.426 in N-a. This result suggested that the radius of
the linking atom do not affected the bond length of C;-C;5s and
C15-C7 obviously. The extra large bond length of C;-Cy5 and Cig—
C7 in N-a can be ascribed to either the large steric hindrance intro-
duced by the two atoms connected at nitrogen atoms or the partic-
ipation of the lone pair of nitrogen atom to the conjugation of

perylene ring. The bond length of C;3-C; and C;-C;s5 in S-b is
1.415 A, which is larger than that of O-b, suggesting that thio-
phenyl groups present stronger effect than phenoxy groups on
the bond length of C;3-C; and C;-C;s. This is also supported by
the fact that the C;3-C; bond in OS-b is longer than C;-C;5 bond,
1.415 vs. 1.410 A. The bond length of C;3-C; and C;-C;5 in S-b is
larger than that in S-a while the bond length of the same bonds
in O-b is smaller than those in O-a. This controversial result indi-
cates that the effects of methoxy and phenoxy groups on the bond
length of C;3-C; and C;-C;5 can not be simply attributed to the ste-
ric hindrance, other effects, such as electronic effect, need to be ta-
ken into account.

The bonds C;-C, and C;-Cg are also strongly affected by the
substituents. The largest bond length of C;-C, and C;-Cg was pre-
sented by compound N-a, which is significantly larger than that in
compound O-a and S-a. This can be attributed to both the larger
steric hindrance as well as the electronic effects as mentioned
above. Different from bonds C;3-C; and C;-C;s5, bonds C;-C, and
C;-Cg were significantly affected by the radius of the linking
atoms. For example, length of bonds C;-C, and C;-Cg in O-a is
1.404 A, which is smaller than that of S-a (1.411 A). Similar results
can be found from the comparison of the bond length of C;-C, and
C;-Cg in compound O-b and S-b.

3.2. Molecular orbitals
The energies of the molecular orbitals from HOMO-5 to

LUMO + 5 and energy gaps between LUMO and HOMO are shown
in Fig. 2. It should be mentioned that the absolute values of the
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Fig. 2. The calculated energy levels from HOMO-5 to LUMO + 5 and the energy gaps
between LUMO and HOMO of the 1,7-disubstituted PDIs.

molecular orbital energies have no practical meanings due to the
fact that DFT method significantly underestimates orbital gaps be-
cause of the incorrect standard exchange function. However, the
calculated results are still useful and reasonable in comparing mol-
ecules with similar structures if the same method and basis set are
used. As shown in Fig. 2, the HOMO and LUMO levels of PDI-0 are
—0.600 and —3.464 eV, respectively, with the HOMO-LUMO en-
ergy gap of 2.536 eV. When electron-donating groups are intro-
duced to the 1,7-position of the perylene ring, the energy levels
of both HOMO and LUMO are increased a little bit but the increase
of HOMO energy is larger than that of LUMO. As a consequence, the
HOMO-LUMO energy gap decreases along with the introduction of
electron-donating substituents.

Furthermore, the increase in the energy level of the frontier
orbital is found to depend on the properties of the substituents
at 1,7-positions of PDI ring too. As shown in Fig. 2, both the HOMO
and LUMO energies increase in the order of S-a < 0-a < N-a, with
the HOMO orbital energy level increased from —5.679 eV of S-a,
through —5.492 eV of O-a, to —5.184 eV of N-a, while the LUMO
energy level increase from —3.307 eV for S-a, through —3.146 eV
for O-a, to —3.053 eV of N-a. As a result, the HOMO-LUMO energy
gap decreases in the same order, from 2.372 eV for S-a, through
2.347 eV for O-a, to 2.131 eV for N-a. As expected, the HOMO
and LUMO energy of OS-a and ON-a is found to lie between S-a
and O-a and between 0-a and N-a, respectively.

N-a has the highest HOMO and LUMO energy levels and small-
est HOMO-LUMO energy gap among these series compounds, indi-
cating the largest influence of methylamino group on the
molecular orbital of PDIs. The effects of methylamino groups can
not be attributed simply to the steric hindrance of methylamino
groups, the electronic effects of the lone pair on the nitrogen atom
must be taken into account. This is in line with the simulated elec-
tronic absorption spectra for these series compounds as detailed
below.

The HOMO and LUMO energy of phenyl-including PDIs increase
in the order of S-b < OS-b < O-b, which is same as that of methyl
containing PDIs (O-a, S-a and N-a). However, the HOMO-LUMO En-
ergy gap of phenyl-including PDIs increases following the same or-
der: S-b<0S-b < 0O-b, which is contrary to the observation of
methyl containing PDIs as mentioned above. The probable reason
is the electronic interactions between the phenyl group and the
linking atom has reduced the contribution of linking atom to the
HOMO and LUMO while the methyl group does not electronically
interact with the linking atom significantly.

To explain the effects of the side groups on the frontier
molecular orbital energy level and the HOMO/LUMO energy gap

Table 3
Contribution of the side groups to HOMO and LUMO of 1,7-disubstituted PDIs

S-a S-b 0S-b  O-b 0S-a O-a ON-a N-a

HOMO 0282 0.266 0202 0.130 0.201 0.124 0.215 0.272
LUMO 0.109 0.079 0.063 0.096 0.056 0.047 0.060 0.069
LUMO/HOMO 0.387 0297 0.312 0.738 0279 0379 0.279 0254

more directly, we have calculated the contributions of the side
groups to the HOMO and LUMO in these series of compounds,
and the results are summarized in Table 3. It can be found that
the contribution of side groups to HOMO is significantly larger than
that to LUMO, therefore the increase of the energy level of HOMO
due to the introduction of side groups at 1, 7 positions are larger
than that of LUMO. However, the detailed analysis revealed that
the contribution magnitude of the side groups to the HOMO or
LUMO do not corresponding well with the energy levels of the
HOMO and LUMO. This indicates that beside the electronic
interactions, other effects, such as steric hindrance, play a role in
determining the HOMO and LUMO energy levels as well.

It is worth noting that most of the contribution of side groups
at 1,7 positions to the HOMO orbital comes from the linking
atoms of substitutents according to our calculated NBO orbital
distributions. However, this contribution is affected by the methyl
or phenyl groups connected. The contribution proportion of sulfur
atoms to the orbital segment on substituents of the HOMO is
0.655 in S-a while the proportion decreased to 0.612 in S-b. Sim-
ilar effects have also been found in the comparison of the contri-
bution of oxygen to the HOMO in compound 0-a (0.598) and O-b
(0.464). These results suggest that the phenyl groups reduce the
contribution of linking atoms to the HOMO of PDIs relative to
the methyl groups.

3.3. Atomic charge

The charge population was calculated at B3LYP/6-31G(d) level
using a full natural bond orbital analysis method based on the en-
ergy-minimized structure optimized at the same level and the re-
sults were organized in Table 4. For PDI-0, the charge distributed
on C, and Cg are both —0.158 e, while that on C;, Cg, and C; are
—0.200 e. The charges on Cq,, Cy5 and Cqg are very small, —0.009
e. When electron-rich groups are introduced to the 1,7 positions
of the PDI core, the charge distributed on perylene ring is strongly
impacted. The negative charge distributed on C,, Cg, C;5 and C;g all
decrease with different degrees. The most remarkable change of
the charge distribution happened on C; and C5. In S-a, the negative
charge distributed at C; and C; is —0.167 e, which decreased for
—0.033 e relative to that in PDI-0. But in O-a and N-a, the value
changed from negative to positive, resulting in 0.352, and 0.206
e, respectively for C; and C;, indicating the much stronger elec-
tronic attractive abilities of oxygen and nitrogen atoms relative
to sulfur atoms. This is also supported by the fact that the charge
on C; in compound O-b is 0.337 e while that in compound S-b is
—0.164 e. It is worth noting that the charge on C, directly reflects
the polarities of C;-0, C;-N and C;-S bonds, which determined
dominantly by the electronic affinities of the O, N, and S atoms.
The charge distributed on C;5 and C;g was also significantly in-
creased due to the introduction of side groups at 1,7 positions.
The charge on C;5 and C;g are almost zero in PDI-0, —0.009 e, but
in the substituted PDIs, the charge is increased significantly. The
increase of the charge densities on these two atoms is resulted
from the conjugation of linking atoms with the perylene ring and
reflects directly the electron donating abilities of the side groups.
The largest charge density increase presented by N-a indicates that
methylamino group is the most powerful electron donating group
comparing with methoxy or methylthio groups.
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Table 4

Charge population (e) of 1,7-disubstituted PDIs calculated at the B3LYP/6-31G(d) level using NBO method

Atomic label® PDI-0 S-a S-b 0S-b 0-b 0S-a 0-a ON-a N-a

1 -0.1997 -0.1672 -0.1639 0.3376 0.3369 0.3541 0.3519 0.3466 0.2057
2 —0.1581 —0.1836 -0.1718 —0.2138 —0.2140 —0.2426 —0.2425 —0.2401 -0.2113
3 —0.1222 -0.1131 -0.1165 —-0.1121 -0.1119 —0.1054 —0.1063 -0.1121 —0.1085
4 —0.1221 —0.1243 —0.1236 -0.1233 —0.1256 —0.1230 -0.1271 —0.1344 -0.1297
5 —0.1588 —0.1603 -0.1613 -0.1614 —0.1643 —0.1621 —0.1656 —0.1620 —0.1694
6 —0.1995 —0.2095 —0.2086 —0.2080 —-0.2010 —0.2089 —0.2022 —-0.2534 -0.2474
7 —0.1995 -0.1672 -0.1639 —0.1648 0.3369 —0.1691 0.3519 0.2110 0.2057
8 —0.1588 —0.1836 -0.1718 —-0.1717 —0.2140 —0.1841 —0.2425 -0.2129 -0.2113
9 -0.1221 -0.1131 -0.1165 -0.1167 -0.1119 -0.1142 —0.1063 —0.1031 —0.1085
10 —0.1222 —0.1243 —0.1236 —-0.1256 —0.1256 —0.1281 -0.1271 -0.1224 -0.1297
11 —0.1581 —0.1603 -0.1613 —0.1641 —0.1643 —0.1638 —0.1656 —0.1743 —0.1694
12 —0.1997 —0.2095 —0.2086 —0.2006 —0.2010 —0.2019 —0.2022 -0.1974 —0.2474
13 —0.0073 -0.0174 —0.0166 —0.0220 -0.0219 —0.0253 —0.0249 0.0022 —0.0283
14 —0.0149 —0.0012 —0.0022 —0.0012 —0.0023 —0.0001 —0.0016 —0.0037 0.0003
15 —0.0095 —0.0219 —0.0247 —0.0521 —0.0533 —0.0540 —0.0546 —0.0491 —0.0576
16 —0.0099 -0.0117 -0.0126 —0.0125 -0.0167 —-0.0126 —-0.0149 —0.0077 —0.0146
17 —0.0095 -0.0117 -0.0126 —0.0165 -0.0167 —-0.0132 —0.0149 —0.0215 —0.0146
18 —0.0099 —0.0219 —0.0247 —0.0247 —0.0533 —0.0209 —0.0546 —0.0625 —0.0576
19 —-0.0149 —-0.0012 —-0.0022 —0.0036 —0.0023 —0.0029 —-0.0016 —-0.0216 0.0003
20 —0.0073 -0.0174 —0.0166 —0.0165 -0.0219 -0.0172 —0.0249 —0.0317 —0.0283

@ See Fig. 1 for atomic labels.

3.4. Absorption spectra

The calculations of electronic absorption spectra are carried out
using time-dependent DFT method at the B3LYP/6-31G(d) level. On
the basis of the calculated vertical excited energies and their corre-
sponding oscillator strengths (Table 5), the continuous absorption
spectra were simulated with the help of SWIZARD software with
the width at half-height of 2500 cm™!. The data of the simulated
absorption spectra compared with that of the experimental
absorption spectra for all the PDIs are summarized in Table 5.
Fig. 3 compares the simulated and experimental recorded absorp-
tion spectra of S-a as representative. The spectra of other com-
pounds are shown in supporting information. Good consistency
between the simulated and experimental absorption spectra for
most of the calculated PDIs is achieved, indicating the good effi-
ciency of TDDFT method in calculating electronic absorption spec-
tra of PDIs. However, it is worth noting that the maximum
absorption wavelength of most compounds shows blue shift rang-
ing from 4 to 63 nm relative to the corresponding experimental re-
sult. Compounds N-a and ON-a present the largest discrepancies
between the simulated and experimental spectra in this series of
compounds. But when the solvent effect is taken into account in
calculating using IEF PCM method, the discrepancies for N-a and
ON-a will both be reduced to less than 5 nm, suggesting that the
solvents effect on the absorption spectra of these two compounds
are extremely large. However, the first vertical excited energies of
other compounds were seriously under estimated when the sol-
vent effects are taken into account. The “inaccuracy” of TDDFT cal-
culated electronic absorption spectra can be attributed to either
the intrinsic shortcomings of this method which brings systematic
error to some extent or the simplified molecular models used dur-
ing the calculation and the solvent effects of chloroform during the
experimental spectroscopy recording.

Moreover, the experimental absorption spectra of O-a and O-b
present two peaks in the range of 450-550 nm while the simulated
spectra give one peak only. This discrepancy might be the results of
the avoidless very small amount of dimer due to the strong m-m
interactions in solution, which causes blue shifted absorption
peaks in this region [52].

Three or more absorption bands are observed in the simulated
absorption spectra of these compounds. The maximum absorption
band in the visible region, corresponding to the transition with the
smallest excitation energy, is found always above 500 nm. Intro-

ducing of methylthio, methoxy or phenoxy groups at the bay posi-
tions of perylene ring induce significant red shift of this absorption
peak. For example, compound PDI-0 show the absorption at
526 nm, which shift to 549 nm for O-a, 566 nm for S-a, and 612
nm for N-a. These absorption peaks at the longest wavelength
are assigned to the electronic transition from HOMO to LUMO
according to the calculation. The small peaks corresponding to
the second smallest energy transition appear in the range of
300-450 nm, mainly due to the electronic transition from
HOMO-1 or HOMO-2 to LUMO. Detailed assignments of other
peaks are comparatively listed in Table 5.

The red-shift of the maximum absorption band in visible region
due to the introducing of electron donating groups is affected by
the side groups too. As can be seen in Fig. 4, the red shift of the
maximum absorption peak of O-a, S-a, and N-a relative to PDI-0 in-
crease following the order of O-a < S-a < N-a, which is somewhat
different from the order of HOMO-LUMO energy gap (S-a<O-
a < N-a) despite that these absorptions are mainly due to electronic
transition from HOMO to LUMO according to the TDDFT calcula-
tion. The probable reason is the small contributions from the extra
essential electronic transitions to the absorption which have
shifted the peak wavelength of the maximum absorption in O-a
or S-a. Same order reverse has also been observed between the
shift of peak wavelength of the maximum absorption and the mag-
nitude of HOMO-LUMO energy gaps of O-b and S-b. The peak
wavelength of the maximum absorption in visible region of other
compounds corresponds well with their HOMO-LUMO energy
gaps.

In addition, the energy levels of both triplet states and singlet
states of these series compounds were estimated by calculating
the vertical excited energy of the transition from ground state to
the first triplet states or first singlet state with TDDFT. The results
are listed in Table 6. As expected the excited energy of triplet state
is significantly smaller than that of the first singlet excited energy.
The substitution at the bay positions reduces the energy of the first
singlet state significantly compared with PDI-0 as shown by the
calculated results. However, the effects of substitution on the en-
ergy levels of triplet states are more complicated. The methyl-sub-
stitution (CH30 or CH5S) reduced the triplet excited energy relative
to PDI-0 with the order of N-a < 0-a <S-a while the phenoxyl or
thiophenyl groups increase the energy levels of triplet states. This
result suggests that phenyl groups contributed to the triplet states
efficiently. The energy of the first triplet excited energy increased
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Table 5
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The vertical excited energies, oscillatory strengths (f), experimental and calculated absorption wavelengths, and assignments of the electronic absorption spectra of 1,7-
disubstituted PDIs

Compounds Calculated Experimental® (nm) Assignment
E (eV) Wavelength (nm) f
PDI-0 2.4 508 0.6684 526 H-0 — L+ 0(+75%)
3.8 328 0.0827 459 H-7 - L +0(+80%) H-0 — L +4(11%)
5.7 218 0.6498 262 H-3 - L+3(+51%)
S-a 2.2 566 0.4486 572 H-0 —» L+ 0(+77%)
3.0 418 0.1974 430 H-2 —» L+ 0(+86%)
44 280 0.1974 280 H-0 — L +4(+45%) H-12 — L + 0(24%)
5.4 229 0.8296 H-5 — L + 2(+56%)
S-b 23 552 0.5227 556 H-0 — L+ 0(+77%)
2.9 435 0.2117 442 H-1 — L+ 0(+87%)
4.4 279 02192 282 H-0 - L+ 5(+36%) H-16 — L+ 0(34%)
53 233 0.4382 H-6 — L+ 2(+39%) H-8 — L + 2(+20%)
0S-b 23 541 0.5613 H-0 —» L+ 0(+76%)
2.8 439 0.1209 H-1 —» L+ 0(+87%)
4.5 275 0.2307 H-0 — L + 5(+45%)
5.4 231 03181 H-9 - L +2(+17%) H-2 — L + 7(13%)
0O-b 23 529 0.6316 546 H-0 — L+ 0(+76%)
3.0 413 0.1616 404 H-1 - L+0(+92%)
39 323 0.0384 H-10 — L+ 0(+86%)
46 271 0.1458 H-0 — L+ 4(+40%) H-2 — L+ 2(+34%)
54 229 0.3321 H-9 - L+2(+32%)
0S-a 2.2 556 0.5142 568 H-0 —» L+ 0(+75%)
2.8 429 0.0943 452 H-1 - L+ 0(+88%)
3.2 383 0.0532 408 H-2 - L+0(+72%)
4.5 276 0.1774 276 H-0 —» L +4(+41%)
54 230 0.4677 H-5 - L +2(+26%)
0-a 23 550 0.613 572 H-0 — L+ 0(+74%)
33 375 0.0652 394 H-2 - L+ 0(+60%) H-4 — L + 0(+27%)
3.9 322 0.0526 H-6 — L+ 0(+90%)
47 266 0.1134 274 H-1 > L +2(+66%) H-5 — L + 1(15%)
5.4 230 0.0724 H-10 — L+ 1(+66%)
ON-a 2.1 588 0.4972 644 H — L(+73%)
28 423 0.0728 448 H-1 — L+ 0(+84%)
33 382 0.0018 404 H — L+ 2(+90%)
4.5 279 0.0911 276 H-0 — L +4(25%)
5.6 223 0.0147 H-0 — L+ 7(+28%) H-7 — L+ 2(21%)
N-a 2.0 621 0.4541 684 H-0 — L +0(+73%)
3.2 386 0.1468 420 H-2 — L+ 0(+84%) H-0 — L + 4(+8%)
43 287 02154 286 H-1 - L+ 2(+52%) H-0 — L + 4(24%)
2 Exp. data taken from [42].
3.5. Infrared spectra
T E;(rgig:;edmal The simulated IR spectrum of PDI-0 is compared with the exper-
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Fig.3. Simulated (solid) and experimental (dash)electronic absorption spectra of S-a.

from 1.2636 eV of O-b, through 1.2762 eV of 0S-b, to 1.2863 eV of
S-b, indicating a larger impact of thiophenyl groups than that of

phenoxyl groups on the energy of triplet excited states.

imental spectrum in Fig. 5. As can be seen, the simulated spectrum
corresponds well to the experimental one. A plot of the experimen-
tal peak positions (vexp) Vs the calculated ones (vca), Fig. 6, reveals
the intuitional relationship of calculated and experimental data by
fitting them to a linear function. The slope of line is 0.9545, which
shows good consistency between the calculated and experimental
data, indicating the good efficiency of the DFT method at the
B3LYP/6-31G(d) level in calculating IR spectrum.

The simulated IR spectra of these compounds are shown in Fig.
7. The peak at 2970 cm™~! for unsubstituted PDI-0 is assigned as the
symmetric NC-H stretching vibration of methyl group linked to the
imide nitrogen while the peak at 3028 cm™! is assigned as the
asymmetric stretching vibration of the same bond. The peaks at
3093 and 3118 cm™! are the symmetric and asymmetric stretching
vibration of C-H at position 1, 2, 5, 6, 7, 8, 11 and 12 of perylene
ring.

When methyl containing groups (CH30-, CH3N- and CH3S-) are
introduced to the 1,7 positions of PDI, the peak at 2970 cm™', cor-
responding to the symmetric stretching of C-H of the methyl group
attached at imide nitrogen, are intensified by the side groups fol-
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Fig. 4. The simulated electronic absorption spectra of 1,7-disubstituted PDIs.

lowing the order of CHsS — CH30 — CH3N-, while the peaks at
3093 and 3118 cm™! are weakened significantly or even more
completely disappeared. The newly appeared peaks at 2952 cm™!
for S-a, 2926 cm™! for 0-a and 2902 cm~! for N-a are assigned to
the symmetric XC-H (X=S, O, N) stretching of the introduced
methylthio, methoxy and methylamino groups respectively. The
peaks at 2993 and 3044 cm™! in the IR spectra of O-a, which do
not shown in the spectra of other compounds, are assigned to
the symmetric and asymmetric OC-H stretching vibration of meth-
oxy groups. Same vibration of methylamino groups in N-a ap-
peared at 2979 and 3448 cm~!. Four peaks at 2926, 2952 2993
and 3044 cm™! in the spectra of 0S-a, which were not shown by
the spectra of PDI-0, were assigned to the OC-H or SC-H stretching
vibrations. Six peaks at 2905, 2925, 2990, 2979, 3042 and
3448 cm~! were found in the IR spectra of N-a, which are assigned
similarly to the symmetrical or asymmetrical stretching vibration
of NC-H of methylamino groups. For compounds S-b, OS-b and
O-b, the peaks corresponding to the stretching vibration of C-H
on the perylene ring appeared at 2970 and 3028 cm™'. A large
new peak near 3088 cm~! was assigned to the C-H stretching
vibration of benzene in thiophenyl or phenoxy groups.

The asymmetric and symmetric C=0 stretching vibrations of
PDI-0 appeared at 1706 and 1674 cm™ !, respectively. The introduc-
tion of side groups at 1,7 positions of perylene ring do not affect
these two vibrations and the peaks keep unchanged in the spectra

of other compounds. The peak at 1581 cm™! in the spectrum of

PDI-0 corresponds to the wag vibration of C-H on the perylene
ring, which are also unaffected by the side groups as revealed by
the spectra of other compounds.

In the range of 1570-1450 cm™!, a group of small peaks were
found in the spectrum of PDI-0, which are assigned to the in-
plane C-H wag andfor C=C stretching of the perylene ring.
These peaks were found to be affected by the side groups. The
small shoulder at 1567 cm™! in the spectrum of PDI-O shifts to
a lower wave number when side groups are introduced. For
example, it is observed at 1547 cm~' for O-a and 1533 cm™!
for S-a. The small peaks at 1497 and 1468 cm~' for PDI-0
shifted to 1504 and 1472 cm™! for 0O-a with obviously increased
intensity. The same peaks were shifted to 1493 and 1446 cm™!
in the spectrum of S-a and 1485 and 1455 cm™! in the spectrum
of N-a. The results suggest that the substitution of side groups
at bay positions affect the vibrations of C=C stretching in the
perylene ring.

The peaks in the region of 1000-1420 cm™' are assigned to
the vibration of deformation of perylene ring and the imide
ring. The introduction of side groups brings large changes on
both the position and intensity of the peaks in this region. Be-
cause the symmetry of the molecule were reduced by the intro-
duction of side groups at 1,7 positions, which brings more
vibration models for the molecules, and thus results in more
peaks in this region. It is worth noting that the IR spectra of
0S-a comprise most of the feather peaks of both O-a and S-a
while the IR spectra of ON-a comprise the most feather peaks
of N-a and O-a.

3.6. Ionization and affinity

The ionization energy (IE) and electronic affinity (EA) of these
compounds were calculated at the B3LYP/6-31G(d) level. The cal-
culated results and experimental data are comparatively summa-
rized in Table 7. The calculated first adiabatic ionization energy

Simulated

LU

Experimental

"

1 1 1 1 1
3200 2800 2400 2000 1600 1200 800
Wavenumber (cm™)

Fig. 5. Comparison between the calculated and experimental IR spectra of PDI-0.

Table 6

The estimated first vertical singlet (S;,) and triplet (T;,) excitation energy of 1,7-disubstituted PDIs (in eV) with TDDFT calculation

Ex. state PDI-0 S-b 0S-b 0-b S-a 0S-a 0-a ON-a N-a
Siv 2.4448 2.2475 2.2916 2.3434 2.1906 2.2263 2.2621 2.1026 1.9962
Tiv 1.2445 1.2863 1.2762 1.2636 1.2181 1.1853 1.1447 1.0824 1.0206
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Fig. 6. Consistency of the wavenumbers of the calculated and experimental IR
spectra main peaks of PDI-0 (correction coefficient: R = 0.99961 standard deviation:
SD =18.69172).
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Fig. 7. The normalized and simulated IR spectra of 1,7-substituted PDIs.

of S-a is 6.74 eV, while the vertical ionization energy is 6.88 eV. We
use the vertical ionization energy instead of the adiabatic ioniza-
tion energy in the following discussion. It is necessary to mention
that the experimental data are oxidation and reduction potentials
relative to normal hydrogen electrode (NHE), while the calculated
absolute values are relative to vacuum. Compared to the unsubsti-
tuted PDI-0, the ionization energy of the substituted compounds

are reduced due to the introduction of the electron donating
groups, and agree well with the decrease of the experimental first
oxidation potentials. For example, the IE reduced from 7.28 eV for
PDI-0 to 6.88, 6.47 and 6.42 eV for S-a, O-a and N-a, respectively, in
line with the decrease on first oxidation potentials determined
experimentally following the same order. This suggests that the
electron donating ability of the side groups decrease following
the order of CH3NH > CH30 > CH5S. As expected, the IE of 0S-a lied
between that of S-a and O-a and the IE of ON-a lied between that of
N-a and O-a, which agree well with the experimental findings that
the first oxidation potential of ON-a, 0.91 eV, lied between 1.31 and
0.72 eV for O-a and N-a, respectively, and that of 0S-a, 1.33 eV, lied
between 1.37 eV for S-a and 1.31 eV for O-a.

Similarly, the EA of the substituted compounds are depressed
due to the electron donating property of the side groups. The EA
value increased following the order of S-a<0S-a<0-a<ON-
a < N-a, corresponding well with the order of reduction potentials
recorded. It is also noted that the calculated EAs for these series
compounds corresponds well with the calculated energy levels of
LUMOs too.

4. Conclusion

The planar structure of PDI ring is twisted by the substitution at
1,7 positions and the twisting angles were mainly determined by
the linking atoms between the side groups and perylene ring due
to the steric hindrence. The energy levels calculated based on
TDDFT method of HOMO and LUMO and the HOMO-LUMO energy
gaps are all reduced by the substitution of electron donating
groups at the bay positions. Methylamino groups present larger ef-
fects on the HOMO/LUMO energy gap relative to methoxy and
methylthio groups because of its strong electron donating abilities.
The comparison between the simulated and the experimental
absorption spectra of these compounds revealed the different
solvation effects of the PDIs with different side groups. The calcu-
lated ionization energy (IE) and electronic affinity (EA) of these
compounds are well supported by the experimental redox
potentials. The electron donating abilities of the side groups, deter-
mined almost exclusively by the conjugation of linking atoms with
the perylene ring, which decrease following the order of
CH3NH > CH30 > CHsS. The results of these work revealed that
the introducing of side groups at bay positions is an efficient way
to modify the physical properties of PDI compounds.
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Table 7

The calculated and experimental ionization energy (IE) and electronic affinity (EA) of 1,7-disubstituted PDIs (in eV)

Compounds PDI-0 S-a S-b 0S-b 0O-b 0S-a 0-a ON-a N-a

IEY Calcd. 7.28 6.88 6.80 6.81 6.80 6.82 6.74 6.57 6.42
Exp.? 1.62 1.37 1.45 . 1.44 1.33 1.31 0.91 0.72

EA, Calcd. -2.19 —2.11 -2.10 -1.92 —2.06 -2.01 -1.92 -1.88 -1.84
Exp.? -0.58 -0.62 -0.55 .. -0.85 -0.68 -0.76 -0.78 -0.82

2 Exp. data taken from [42].
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