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duced electron transfer in face-
to-face charge-transfer p-complexes of planar
porphyrins and hexaazatriphenylene derivatives†

Toru Aoki,a Hayato Sakai,a Kei Ohkubo,b Tomo Sakanoue,c Taishi Takenobu,*c

Shunichi Fukuzumi*b and Taku Hasobe*a

Charge-transfer (CT) p-complexes are formed between planar porphyrins and 1,4,5,8,9,12-

hexaazatriphenylene (HAT) derivatives with large formation constants (e.g., 104 M�1), exhibiting broad CT

absorption bands. The unusually large formation constants result from close face-to-face contact

between two planar p-planes of porphyrins and HAT derivatives. The redox potentials of porphyrins and

HAT derivatives measured by cyclic voltammetry indicate that porphyrins and HAT derivatives act as

electron donors and acceptors, respectively. The formation of 1 : 1 CT complexes between porphyrins

and HAT derivatives was examined by UV-vis, fluorescence and 1H NMR measurements in nonpolar

solvents. The occurrence of unprecedented ultrafast photoinduced electron transfer from the porphyrin

unit to the HAT unit in the CT p-complex was observed by femtosecond laser flash photolysis

measurements. A highly linear aggregate composed of a planar porphyrin and an HAT derivative was

observed by transmission electron microscopy (TEM) and atomic force microscopy (AFM).
Introduction

Extensive efforts have been devoted to the construction of
covalently linked electron donor–acceptor (D–A) ensembles to
mimic the efficient photoinduced electron-transfer processes in
the photosynthetic reaction center, which is essential to realize
articial photosynthesis.1–9 Non-covalent interactions have also
been utilized to construct more sophisticated D–A ensembles
with highly ordered nanoarchitectures.10–19 The use of non-
covalent interactions has great advantage over the step-by-step
synthesis of many covalent bonds due to the self-assembling
features of supramolecules with non-covalent interactions.
However, supramolecular D–A ensembles have a disadvantage
in terms of weak interactions between electron donors and
acceptors, which prohibit ultrafast photoinduced electron
transfer through space.10–19
ience and Technology, Keio University,
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In order to surmount this disadvantage of supramolecular
D–A ensembles, the non-covalent interactions should be
strengthened by the close contact of two large planar p-planes
of electron donors and acceptors. Porphyrins which have a large
planar p-plane have been used as good electron donors as well
as chromophores absorbing visible light in D–A ensembles (e.g.,
electrostatic host–guest assemblies with C60).2–5,14–20 On the
other hand, there are many examples of supramolecular
assemblies of porphyrins, in which efficient energy transfer
occurred.20–22 Thus, porphyrins act as electron donors or energy
acceptors but not electron acceptors due to the low one-electron
reduction potentials. Although a variety of supramolecular D–A
ensembles have been reported so far, there has been no
example of a supramolecular D–A ensemble composed of
porphyrins utilizing the simple close face-to-face contact for the
occurrence of ultrafast photoinduced electron transfer.

Disc-like polycyclic aromatic hydrocarbon (PAH) derivatives
such as triphenylene (TPh) functionalized with alkyl groups,
which self-assemble into supramolecular columnar structures
with hexagonal and nematic phases because of the stacking p–

p interactions,23–26 may be good candidates for use as electron
acceptors to construct face-to-face complexes with planar
porphyrins. In this context, 1,4,5,8,9,12-hexaazatriphenylene
(HAT) derivatives have merited special attention, because these
molecules possess electron decient pyrazine units, acting as
good electron acceptors.27,28 Moreover, hexaazatriphenylene
hexacarbonitrile (HAT-CN) and hexaazatriphenylene-hex-
acarboxy triimide (HAT-TIm) have a quite low-lying energy of
the lowest unoccupied molecular orbital (LUMO) compared to
This journal is © The Royal Society of Chemistry 2015
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the pristine HAT because of the introduction of strong electron
withdrawing groups such as nitrile and imide groups. The
reported LUMO level of HAT-CN (�4.4 eV)29 and the rst
reduction potential of HAT-TIm (�0.35 V vs. SCE)30 indicate
efficient electron accepting properties, which are even better
than C60 (�0.44 V vs. SCE).31 Disc shaped charge-transfer (CT)
complexes of HAT-TImwith triphenylene (TPh: electron donors)
have been reported recently.32 Thus, a combination of HAT-TIm
and porphyrin seems to be ideal for fullling an enhanced light-
harvesting efficiency of chromophores throughout the solar
spectrum and efficient photoinduced electron transfer.
However, the photoinduced electron transfer of D–A supramo-
lecular complexes with close contact of two large planar p-
planes has yet to be examined.

We report herein ultrafast photoinduced electron transfer in
supramolecular CT p-complexes formed between alkyl-
substituted porphyrins and N-alkyl-substituted HAT-TIm with
face-to-face close contact of two planar p-planes. First we
examine and compare the electrochemical and photophysical
properties of HAT and TPh derivatives (Chart 1). Then, the
formation of strong HAT-TIm–porphyrin complexes and the
ultrafast photoinduced electron transfer in the complexes
including alkyl chain dependencies are discussed in detail.
Results and discussion
Synthesis

The HAT-TIm derivatives were synthesized according to the
reported method by Kanakarajan and coworkers (Scheme 1).33,34

First, compound 2 was synthesized from compound 1 under
acidic conditions. Next, the dehydration condensation of
Chart 1 Chemical structures of TPh, HAT and porphyrin derivatives
used in this study.

This journal is © The Royal Society of Chemistry 2015
compound 2 and 2,3-diaminomaleonitrile was carried out to
prepare the HAT skeleton. Then, compound 4 was synthesized
by acidic hydrolysis of compound 3. To synthesize compound 5,
an HAT derivative 4 was reacted with TFA, NaNO2 and AcOH,
which was followed by the reaction under basic conditions.
Then, compound 6 was obtained by the reaction of compound 5
with 6 N HCl at 90 �C. Compound 6 was then reacted with Ac2O
at 115 �C, which was followed by reaction with each alkyl amine.
Finally, the HAT-triimide derivatives were obtained by a reac-
tion of the crude material and thionyl chloride. HAT(COOMe)6
was obtained by a reaction of compound 6 with MeOH and
H2SO4 according to the reported method.34 The details of
C3HAT-TIm (1H, 13C NMR and MALDI-TOF mass spectra) are
shown in Fig. S1–S3 (ESI†). H2P was synthesized by the reported
literature35 as shown in Scheme S1 (ESI†). Then, the synthesis of
ZnP was achieved through the insertion of zinc into the
porphyrin center.

Steady-state spectroscopic measurements

Absorption spectra were measured to evaluate the electronic
structures of the HAT and TPh derivatives. Fig. 1 shows the
absorption spectra of TPh (spectrum a), TPhOAc (spectrum b),
HAT(COOMe)6 (spectrum c) and C3HAT-TIm (spectrum d) in
CH2Cl2. The spectrum of C8HAT (spectrum e) is also shown for
comparison although the 3 value was not calculated.36 The
spectra of TPh and TPhOAc have characteristic strong peaks at
around 250–270 nm, whereas the peaks of HAT(COOMe)6,
C3HAT-TIm and C8HAT have become broadened and red-shif-
ted. According to the electrochemical measurements and DFT
calculations (Table 2), the red-shi trend may result from the
relatively low levels of the LUMO states by introducing electron-
withdrawing groups compared to those of the HOMO states,
which leads to a decrease of the HOMO–LUMO gap.37,38

The uorescence spectra of TPh and TPhOAc (Fig. 2) show a
uorescence peak at ca. 355 nm, whereas the spectra of
HAT(COOMe)6 and C3HAT-TIm exhibit extremely small inten-
sities. Consequently, we observed the corresponding phospho-
rescence spectra at 77 K as shown in Fig. 3. The energies of the
triplet excited states of HAT(COOMe)6 and C3HAT-TIm were
determined from the phosphorescence maxima, 474 nm and
492 nm, to be 2.61 eV and 2.52 eV, respectively. Additionally, the
phosphorescence lifetimes of HAT(COOMe)6 and C3HAT-TIm
(77 K) were determined to be 320 ms and 280 ms, respectively
(Table 1). This suggests that intersystem crossing occurs effi-
ciently in both compounds. The absorption and emission
spectra of C6HAT-TIm and C12HAT-TIm are also very similar to
those of C3HAT-TIm.

Fluorescence quantum yields

To evaluate the detailed light-emitting properties, we measured
the absolute uorescence quantum yields (FF) of these deriva-
tives and the FF values are listed in Table 1. The FF value of
TPhOAc (FF ¼ 0.13) is slightly larger than that of TPh (FF ¼
0.07), whereas the FF values of HAT(COOMe)6 and C3HAT-TIm
are extremely low (FF � 0). The low FF values of HAT(COOMe)6
and C3HAT-TIm are consistent with the intensities of the
Chem. Sci., 2015, 6, 1498–1509 | 1499

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c4sc02787f


Scheme 1 Synthetic schemes of C3HAT-TIm.
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phosphorescence spectra in Fig. 3. This is attributable to the
enhancement of the intersystem crossing based on spin–orbit
coupling because of the introduction of carbonyl groups.38 The
low FF values and the phosphorescence spectra of C6HAT-TIm
and C12HAT-TIm were also similarly observed.

To further investigate and compare the uorescence prop-
erties of TPh and TPhOAc, uorescence lifetime measurements
of these derivatives were performed. The uorescence decays
were examined in CH2Cl2 using a pulsed 404 nm laser light,
which excited these moieties. The uorescence lifetimes (sFL)
were evaluated from a monoexponential tting for the respec-
tive compounds and the sFL values are listed in Table 1. The sFL
value of TPhOAc (9.4 ns) is much shorter than that of TPh (37
ns). To discuss the excited dynamics carefully, the net rate
constants of the above two processes, uorescence emission (kF)
and other processes (kOther), were determined, as shown in
Table 2. The kF value of TPhOAc is greater than that of TPh by
1500 | Chem. Sci., 2015, 6, 1498–1509
one order of magnitude. Additionally, in both freebase and zinc
porphyrins (e.g., tetraphenylporphyrin), the quantum yields of
intersystem crossing (FISC: ca. 0.8–0.9) are much larger than
those of the uorescence pathways (FF: ca. 0.05–0.10).39b Based
on these results, we can conclude that the introduction of
substituents successfully contributes to the improvement of the
light-emitting property of TPh derivatives.

Electrochemical studies and DFT calculations

The electrochemical behaviors of TPh and HAT derivatives were
investigated by cyclic voltammetry to examine the substituent
effects on the reduction and oxidation potentials. The repre-
sentative voltammograms of HAT(COOMe)6 and C6HAT-TIm in
DMF or CH2Cl2 containing 0.10 M tetra-n-butylammonium
hexauorophosphate (n-Bu4NPF6) are shown in Fig. 4. The
measured half-wave potentials of these compounds together
with reference TPh and HAT are listed in Table 1. The rst
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Absorption spectra of (a) TPh (black), (b) TPhOAc (yellow), (c)
HAT(COOMe)6 (blue) and (d) C6HAT-TIm (red) in 10 mM CH2Cl2. (e)
Normalized absorption spectrum of C8HAT (green) for comparison.36

Fig. 2 Fluorescence spectra of (a) TPh (1.0 mM) (black) and (b) TPhOAc
(1.0 mM) (red) in CH2Cl2. Excitation wavelengths are (a) 275 nm and (b)
300 nm, respectively.

Fig. 3 Phosphorescence spectra of (a) HAT(COOMe)6 (10 mM) and (b)
C3HAT-TIm (50 mM) in MeCN. The excitation wavelength is 330 nm.
The measurements were performed at 77 K.

Table 1 Emission parameters of TPh and HAT derivativesa

Compound FF FOther

sFL,
ns

sPL,
ms

kF �
10�6, s�1

kOther �
10�7, s�1

TPh 0.07b 0.93 37b — 1.8 2.5
TPhOAc 0.13 0.87 9.4 — 14 9.3
HAT(COOMe)6 <0.01 >0.99 — 320 — —
C3HAT-TIm <0.01 >0.99 — 280 — —

a sFL: uorescence lifetime. sPL: phosphorescence lifetime (77 K). FF:
uorescence emission quantum yield. FOther: nonradiative quantum
yield; FOther ¼ 1 � FF, kF ¼ FF sFL

�1, kOther ¼ FOther sFL
�1. b Reported

values.39
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reduction (Ered1) and oxidation (Eox) potentials of TPh were
reported to be �2.42 V and +1.64 V against a saturated calomel
electrode (SCE).40,41 Similarly, we determined the rst reduction
potentials of TPhOAc (Ered1 ¼ �2.19 V), C12TPh-TIm (Ered1 ¼
�1.21 V),42 HAT (Ered1 ¼ �1.42 V),43 HAT(COOMe)6 (Ered1 ¼
�0.59 V) and C6HAT-TIm (Ered1 ¼ �0.39 V). However, no cor-
responding oxidation potentials of the HAT derivatives could be
determined because of the higher oxidation potentials than the
solvent. The Ered1 value of C6HAT-TIm is quite similar to those
of C3HAT-TIm (Ered1 ¼�0.39 V) and C12HAT-TIm (Ered1 ¼�0.40
V) as shown in the ESI (Fig. S4†). With increasing the number of
Table 2 Redox potentials and HOMO–LUMO energies of TPh and HAT

Compound Ered1
a Ered2

a Ered3
a

TPh �2.42b — —
TPhOAc �2.19d — —
C12TPh-TIm �1.21e — —
HAT �1.42f �1.72f —
HAT(COOMe)6 �0.59 �1.08 —
C6HAT-TIm �0.39 �0.85 �1.21

a V vs. SCE in CH2Cl2.
b Reported value in dimethylamine/THF.40 c Reporte

e Reported value in CH2Cl2.42
f Reported value in MeCN.43 g Calculated by

This journal is © The Royal Society of Chemistry 2015
electron-withdrawing groups such as pyrazine, COOMe, OAc
and imide units, successive positive shis of the reduction
potentials were observed. In particular, the Ered1 value of HAT-
TIm is quite comparable to that of C60 (�0.44 V vs. SCE),31 which
indicates that HAT-TIm is a good electron acceptor.

Moreover, the cyclic voltammogram of C6HAT-TIm exhibits
the further reduction up to trianions, C6HAT-TIm3�. The
HOMO and LUMO levels calculated by the DFT method (Fig. S5
derivatives

Eox
a HOMOg, eV LUMOg, eV gap, eV

1.64c �5.89 �0.92 4.97
1.63e �6.20 �1.54 4.66
— �7.31 �3.25 4.06
— �6.89 �2.16 4.73
— �7.58 �3.43 4.15
— �7.54 �3.63 3.91

d value.41 d Determined by differential pulse voltammetry (DPV) in THF.
B3LYP/6-31+G(d) level.

Chem. Sci., 2015, 6, 1498–1509 | 1501
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Fig. 4 Cyclic voltammograms of (a) HAT(COOMe)6 in DMF and (b)
C6HAT-TIm in CH2Cl2 with 0.10 M n-Bu4NPF6 as the supporting
electrolyte. Reference electrode: standard calomel electrode. Scan
rate: 0.10 V s�1.

Fig. 5 The UV-vis spectral changes observed in the photoinduced
electron-transfer reduction of C3HAT-TIm (300 mM) with (BNA)2 (150
mM) in deaerated CH2Cl2 at 298 K under photoirradiation with a xenon
lamp.
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and S6†) also support the above trends observed in the elec-
trochemical data in Table 2. Namely, these shis of the HOMO
and LUMO levels are largely dependent on the electron-with-
drawing nature and the number of substituents. Additionally,
the LUMO of HAT-TIm is energetically low lying and doubly
degenerate, and thus capable of accepting three electrons upon
reduction (Fig. 4).

With regard to the porphyrin derivatives such as H2P and
ZnP, the rst oxidation potentials of H2P and ZnP were deter-
mined to be +0.78 V and +0.68 V, respectively (Fig. S7 in the
ESI†). The energy level of the charge-separated state of the HAT-
TIm and porphyrin (e.g., ZnP) composites (i.e., the HAT-TIm
radical anion and the ZnP radical cation) was determined from
the difference between the Eox of ZnP and the Ered1 of HAT-TIm
(�0.39 V vs. SCE) to be 1.07 eV. This value is smaller than the
excited energies of each chromophore: �2.1 eV and �1.5 eV for
the singlet and triplet excited states of ZnP,44 respectively, and
�3.7 eV and 2.52 eV for the singlet and triplet excited states of
HAT-TIm, respectively. Thus, the photoinduced electron trans-
fers from the excited state of ZnP to HAT-TIm and/or ZnP to the
excited state of HAT-TIm are energetically favorable because the
free energy changes of photoinduced electron transfer are always
negative. In such a case, the combination of porphyrin and
HAT-TIm units is expected to perform efficient photoinduced
electron transfer to form the charge-separated state (vide infra).
Spectroscopic characterization of the reduced C3HAT-TIm

When the dimeric 1-benzyl-1,4-dihydronicotinamide [(BNA)2]
was used as an electron donor,45,46 irradiation of a CH2Cl2
solution containing (BNA)2 and C3HAT-TIm with visible light
resulted in the photoinduced one-electron reduction of C3HAT-
TIm to produce C3HAT-TImc�. Fig. 5 shows the absorption
spectral change in the photoinduced electron-transfer reduc-
tion of C3HAT-TIm to C3HAT-TImc�. In this case, a new
absorption band at lmax ¼ 482 nm with a broad near-IR
1502 | Chem. Sci., 2015, 6, 1498–1509
absorption band at 800 nm appeared, corresponding to the
radical anion species. The molar absorption coefficient of
C3HAT-TImc� was determined to be 6.2 � 103 M�1 cm�1 at
482 nm.
Formation constants of CT complexes between HAT-TIm and
porphyrins

The CT complex formation between HAT-TIm and H2P was
examined by the absorption spectral changes (Fig. 6). The
absorption of the original Soret band of H2P at 418 nm
decreased and a strong absorption peak newly appeared at
around 440 nm due to the complexation of C3HAT-TIm with
H2P in CH2Cl2 as shown in Fig. 6A, where the inserted gure
clearly indicates formation of the typical CT p-complex between
H2P and C3HAT-TIm. The CT complex absorption extends up to
�800 nm (ESI Fig. S8†). The Job's plot in Fig. 7 exhibits a
triangle-like shape with a maximum value of 0.48, which indi-
cates that a 1 : 1 complex (theoretical maximum: 0.50) is formed
between H2P and C3HAT-TIm (eqn (1)).

H2Pþ C3HAT-TIm%
K

H2P/C3HAT-TIm (1)

(a�1 � 1)�1 ¼ K([C3HAT-TIm] � a[H2P]0) (2)

a ¼ (A � A0)/(AN � A0) (3)

The formation constant (K) was determined by a linear corre-
lation between (a�1 � 1)�1 and ([C3HAT-TIm] � a[H2P]0) in eqn
(2) and (3), where A0 and A are the absorbance of H2P at 424 nm
in the absence and presence of C3HAT-TIm, and [H2P]0 is the
initial concentration of H2P. From the linear plot in the inset of
Fig. 6B, the formation constant (K) of the H2P–C3HAT-TIm
complex was determined to be 1.4 � 104 M�1 in CH2Cl2
(Fig. 6B). As H2P forms the CT complex with HAT-TIm, the
uorescence emission of H2P was quenched by intramolecular
electron transfer from the singlet excited state of H2P to C3HAT-
TIm in the complex (Fig. 8A).
This journal is © The Royal Society of Chemistry 2015
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Fig. 6 (A) Absorption spectral changes of H2P ([H2P] ¼ 10 mM) upon
addition of C3HAT-TIm (0–100 mM) in CH2Cl2. The inserted expanded
figure indicates a broad CT absorption of the H2P–C3HAT-TIm
complex. (B) Absorption profile at 440 nm. Inset: plot of (a�1 � 1) �1 vs.
[C3HAT-TIm] � a[H2P]0.

Fig. 7 The Job's plot obtained by the absorption change at 440 nm for
the complex formation between H2P and C3HAT-TIm. The symmetric
plot with maxima at 0.5 mole fraction indicates formation of the 1 : 1
complex in the present system.

Fig. 8 (A) The fluorescence spectral changes of H2P ([H2P] ¼ 10 mM)
upon addition of increasing equivalents of C3HAT-TIm (0–250 mM) in
CH2Cl2. Excitation wavelength: 550 nm. (B) Plot of the fluorescence
intensity vs. [C3HAT-TIm] at 663 nm. Inset: plot of (a�1 � 1)�1 vs.
[C3HAT-TIm] � a[H2P]0 according to eqn (2) and (3).

This journal is © The Royal Society of Chemistry 2015
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The formation constant K of the H2P–C3HAT-TIm complex
was determined from the changes in the uorescence intensi-
ties at 663 nm (Fig. 8B) to be 1.3 � 104 M�1, which agrees with
the value determined from the absorption spectral changes in
Fig. 6B.47 The formation constants K between the porphyrins
(i.e., H2P and ZnP) and the HAT-TIm derivatives are summa-
rized in Table 3. The largest value of formation constant K was
obtained for H2P–C6HAT-TIm as 2.1� 104 M�1. The longer alkyl
chain unit may enhance the CTp-complex formation because of
the additional van der Waals interaction. This is similar to that
obtained for H2P–C12HAT (Fig. S9 and S10 in ESI†). When H2P
was replaced by ZnP, the formation constants became smaller
(Table 3 and Fig. S11–S13 in ESI†).
Table 3 Formation constants determined by fluorescence titration of
H2P/ZnP and the HAT-TIm derivatives in CH2Cl2

HAT-TIm K (H2P), M
�1 K (ZnP), M�1

C3HAT-TIm 1.3 � 104 3.0 � 103

C6HAT-TIm 2.1 � 104 6.5 � 103

C12HAT-TIm 1.8 � 104 5.2 � 103

Chem. Sci., 2015, 6, 1498–1509 | 1503
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1H NMR titration

The 1H NMR signals of H2P exhibit upeld shis of b protons
upon complexation with HAT-TIm as shown in Fig. 9. This is
ascribed to the inuence of the large porphyrin aromatic ring
current. This result indicates that the two-dimensional
p-structure of HAT-TIm interacts with that of H2P.

The signals of the free H2P and the complexed H2P always
coalesce into a single signal. This indicates that the complexa-
tion and exchange occur at a faster rate than the NMR time
scale. The formation constant between H2P and HAT-TIm was
determined from the peak shis of the b protons in the H2P
moiety using the following eqn (4):48

Dd ¼ Ddmax

�R0

2
4½s0�

2
þ S

2

2
41�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ½s0�2 � 2½s0�J

S2

s 3
5
3
5

S ¼ ½R0� þ 1

Ka

J ¼ ½R0� � 1

Ka

(4)
Fig. 9 (A) 1H NMR titration of H2P ([H2P] ¼ 500 mM) upon addition of
C3HAT-TIm (0–500 mM) in CDCl3. (B)

1H NMR titration curve obtained
from the chemical shift changes of the b proton of H2P by adding
C3HAT-TIm.

1504 | Chem. Sci., 2015, 6, 1498–1509
where Dd is the observed change in chemical shi, Ddmax is the
saturation value, and S0 and R0 are the total concentrations of
guest and receptor, respectively.

A sample titration curve can be seen in the case of C3HAT-
TIm as the guest (Fig. 9B), and the formation constant was
determined to be 5.1 � 103 M�1. Similarly, the formation
constant of H2P–C6HAT-TIm was determined to be 8.9 � 103

M�1 (Fig. S14 in the ESI†). The formation constants between
the porphyrins and the HAT-TIm derivatives in CDCl3
increase with increasing alkyl chain lengths as observed in
the spectroscopic measurements in CH2Cl2. The K values in
CDCl3 are somewhat smaller than those in CH2Cl2 due to the
less stabilization of CT complexes in the less polar solvent
(CDCl3).

DFT computational studies of supramolecular CT
p-complexes

DFT calculations also support the CT p-complex formation
between the porphyrin and HAT-TIm units. Fig. 10A and B
show the face-to-face planar structure of the CT complex
composed of ZnP and C3HAT-TIm. The distance between the
porphyrin and HAT units is found to be 3.8 Å. The calculated
Fig. 10 B3LYP/6-31G(d) optimized structure of ZnP and C3HAT-TIm
(A and B). The HOMO and LUMO of the p-complex are shown in top
view (C and D) and side view (E and F), respectively. In ZnP, the 11-
carbon alkyl chains were replaced with 3-carbon chains to save
computing time.

This journal is © The Royal Society of Chemistry 2015
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HOMO and LUMO orbitals of the CT p-complex are localized
on the porphyrin and HAT-TIm units, respectively
(Fig. 10C–F).49 A similar trend was observed in the case of ZnP
and C3HAT-TIm. A TD-DFT calculation for ZnP–C3HAT-TIm
was carried out using the TD-B3LYP/6-31G(d)//B3LYP/6-
31G(d) basis set to assign the absorption band at the NIR
region (lmax ¼ 800 nm, Fig. 6A and Fig. S8†).50 The calculated
absorption band was obtained at 815 nm with an oscillator
strength of f ¼ 0.172, ascribable to charge transfer from the
ZnP moiety to the C3HAT-TIm moiety. The calculated results
are shown in S15 (ESI†). We also carried out TD-DFT calcu-
lations for ZnP and C3HAT-TIm as references, indicating that
no absorption band was obtained at the NIR region (S15–S17
in the ESI†).
Ultrafast photoinduced electron transfer in CT p-complexes
between porphyrins and HAT-TIm

The occurrence of ultrafast electron transfer from the singlet
excited states of the porphyrins to HAT-TIm in the complexes
was further conrmed by femtosecond laser-induced transient
absorption measurements. The transient absorption spectra
of pristine H2P in toluene using a 430 nm laser pulse, which
selectively excited only the porphyrin units, show the singlet–
singlet transient absorption and uorescence bleaching bands
(ca. 660 nm) of H2P (Fig. 11A). In the case of H2P–C3HAT-TIm,
we employed a large excess concentration of C3HAT-TIm
(8 mM) relative to that of H2P to make sure that all of the H2P
molecules formed the CT complex with C3HAT-TIm (>99%) in
Fig. 11B. The transient absorption spectra of H2P–C3HAT-TIm
exhibit a broad absorption in the ca. 600–700 nm region within
1 ps aer laser pulse excitation due to H2Pc

+,44,51 without
Fig. 11 Femtosecond laser-induced transient absorption spectra and
corresponding time profiles of (A) H2P and (B) H2P–C3HAT-TIm
obtained at 1.0 ps (black), 100 ps (red) and 3000 ps (blue) after laser
pulse in toluene. The time profiles were detected at 500 and 630 nm,
respectively. The concentrations of H2P and C3HAT-TIm were 10 mM
and 8.0 mM, respectively. Excitation wavelength was 430 nm.

This journal is © The Royal Society of Chemistry 2015
uorescence bleaching at ca. 660 nm (Fig. 11B). The radical
anion species of C3HAT-TIm can also be seen at around
500 nm by comparing the absorption spectrum of the reduced
C3HAT-TIm (Fig. 5).

This indicates that photoinduced charge separation occurs
immediately within 1 ps upon photoexcitation of the charge-
transfer without showing the singlet–singlet transient absorp-
tion due to 1H2P*. Such ultrafast charge separation is unprec-
edented for supramolecular electron donor–acceptor
complexes,12,17–22,52–54 resulting from a strong interaction
between H2P and a HAT-TIm derivative in the face-to-face
planar structure in the CT p-complex (Fig. 10B).

The charge-recombination dynamics were monitored from
the decay of the transient absorption at 630 nm due to H2Pc

+ as
shown in Fig. 11B. The rate constant of the charge recombina-
tion (kCR) was determined to be 2.0 � 1010 s�1. A similar kCR
value (2.2 � 1010 s�1) was obtained for the H2P–C6HAT-TIm
complex as shown in Fig. S18 (ESI†). Additionally, the transient
spectra of ZnP and ZnP–C3HAT-TIm are shown in the ESI
Fig. S19.† However, photoinduced charge separation of ZnP–
C3HAT-TIm was not conrmed under our experimental set-up.
This is probably attributable to the smaller formation constant
(K¼ 3.0 � 103 M�1) than that of H2P–C3HAT-TIm (K¼ 1.3� 104

M�1) as shown in Table 3.
High-order organization of the H2P–C3HAT-TIm complex
observed by TEM and AFM

Evaporation of the solvent from a CH2Cl2 solution of the H2P–
C3HAT-TIm complex resulted in high-order supramolecular
organization, which was observed by TEM and AFM. The
supramolecular organization patterns composed of C3HAT-
TIm and H2P were obtained by the following method.55 First,
we optimized the experimental conditions (10 mM CH2Cl2
solution of C3HAT-TIm and H2P) by examining the concen-
tration effect (5–50 mM) on the aggregate structures. Then, the
solution (the optimized concentration: 10 mM) was simply cast
onto the carbon-coated copper lm (TEM grid) and dried in
air. In the solvent evaporation process, the linear molecular
pattern was effectively formed. The assemblies of the C3HAT-
TIm reference system were also prepared in the same manner.
TEM measurements of the C3HAT-TIm reference system
without porphyrins showed many spherical assemblies
(Fig. 12A), whereas aligned brous patterns (linear aggregates)
were observed for the H2P–C3HAT-TIm complex (Fig. 12B).
The approximate average width of the H2P–C3HAT-TIm
assemblies was estimated to be �200 nm. AFMmeasurements
including the cross-sectional height information were also
performed as shown in Fig. 12C. In the AFM image, we could
see the surface patterning, which is very similar to the corre-
sponding TEM images (Fig. 12B). The cross-sectional data
showed the average height: 10.1 nm. Considering the chem-
ical structure of H2P (approximate molecular size: �33 Å
estimated by DFT) in Fig. 12D, the average height approxi-
mately corresponds to a few layers of the H2P–C3HAT-TIm
composite units.
Chem. Sci., 2015, 6, 1498–1509 | 1505
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Fig. 12 TEM images of (A) the C3HAT-TIm assembly and (B) the H2P–
C3HAT-TIm assembly. The images were taken by drop cast of the
CH2Cl2 solution of the components onto the grid. (C) AFM image of
the H2P–C3HAT-TIm composites. (D) Schematic illustration of the
proposed supramolecular structures between H2P (pink/purple) and
C3HAT-TIm (blue/green).
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Conclusions

The present study has demonstrated the formation of face-to-
face 1 : 1 CT p-complexes between 1,4,5,8,9,12-hexaaza-
triphenylene (HAT) derivatives and porphyrins, which undergo
ultrafast photoinduced electron transfer in which HAT deriva-
tives with electron-withdrawing groups act as good electron
acceptors. Unprecedented ultrafast charge-separated states
were successfully formed by CT p-complexes. The CT p-
complexes also contribute to the highly ordered patterning on
the solid-state lm. This simple method for molecular organi-
zation provides a new perspective for the construction and
development of efficient molecular electronic and energy
conversion systems.
Experimental section
General information

Triphenylene and hexaacetoxytriphenylene were purchased
from Tokyo Chemical Industry (TCI). They were used aer
1506 | Chem. Sci., 2015, 6, 1498–1509
reprecipitation from dichloromethane and hexane for the
spectroscopic and electrochemical measurements. All solvents
and reagents of the best grade available were purchased from
commercial suppliers and were used without further purica-
tion. Column ash chromatography was performed on silica gel
(Kanto Chemical Silica gel 60N, 40–50 mm or 100–210 mm). We
used an LC-9204 apparatus equipped with a pump (JAI PI-60,
ow rate 2.5 mL min�1), a UV detector (JAI UV-3740) and two
columns (JAIGEL 2H and 1H, 40 � 600 mm for each). All
experiments except single crystal X-ray diffraction measure-
ments were performed at room temperature. 1H NMR and 13C
NMR spectra were recorded on a 400 MHz spectrometer JEOL
JNM-A400, JNM-Al400, or JNM-ECX 400, using the solvent peak
as the reference standard, with chemical shis given in parts
per million. CDCl3 was used as a solvent for NMR measure-
ments. MALDI-TOF mass spectra were recorded on a Bruker
Ultraex.

Electrochemical measurements

Cyclic voltammograms were recorded on an Iviumstat 20 V/2.5 A
potentiostat using a three electrode system. A platinum elec-
trode was used as the working electrode. A platinum wire served
as the counter electrode, and a saturated calomel electrode was
used as the reference electrode. A ferrocene/ferrocenium redox
couple was used as the internal standard. All the solutions were
purged using nitrogen gas prior to the electrochemical and
spectral measurements.

Spectroscopic measurements

UV/Vis absorption spectra were recorded on a PerkinElmer
(Lambda 750) UV-VIS-NIR spectrophotometer. Fluorescence
and phosphorescence emission spectra were recorded on a
PerkinElmer (LS-55) spectrouorophotometer. Fluorescence
lifetimes were measured on a HORIBA Scientic time-correlated
single-photon counting system (FluoroCube) with the laser light
(DeltaDiode, laser diode head, 404 nm, pulse width: 100 ps) as
the excitation source. Phosphorescence lifetimes were
measured on a JASCO FP-8500. The absolute uorescence
quantum yields were determined by a Hamamatsu Photonics
C9920-02 system equipped with an integrating sphere and a red-
sensitive multichannel photodetector (PMA-12): excitation
wavelength ¼ 300 nm.

Laser ash photolysis measurements

Femtosecond laser-induced transient absorption measure-
ments were conducted using an ultrafast source: Integra-C
(Quantronix Corp.) and a commercially available optical detec-
tion system: Helios provided by Ultrafast Systems LLC. The
detailed instrumentations are given in the ESI.†

Synthesis of C3HAT-TIm

HAT 6 (0.52 mol, 0.26 g) was dissolved in acetic anhydride
(15 mL), and the solution was stirred for 15 min at 115 �C. Aer
evaporation of the solvent, the resulting solid was dissolved in
acetonitrile (20 mL). Then, n-propylamine (12.2 mol, 1 mL) was
This journal is © The Royal Society of Chemistry 2015
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injected into the mixture solution with a syringe and precipi-
tation immediately arose. The resulting solid was collected by
ltration. The solid was dissolved in thionyl chloride (10 mL),
and the solution was stirred for 12 h at room temperature. Aer
the evaporation of thionyl chloride, ash column chromatog-
raphy on silica gel with chloroform/methanol (1 : 1 v/v) as the
eluent afforded C3HAT-TIm. Yield: 0.23 g (77.4%). 1H NMR (400
MHz, CDCl3): d¼ 3.83 (t, J¼ 7.1 Hz, 2H, NCH2), 1.78 (dd, J¼ 7.3
Hz, 7.6 Hz, 2H, CH2), 1.02 (t, J¼ 7.6 Hz, 3H, CH3);

13C NMR (98.5
MHz, CDCl3): d ¼ 164.1 (CAr), 149.0 (CAr), 143.8 (CAr), 40.1 (CAl),
21.3 (CAl), 11.4 (CAl); MALDI-TOF MS: calcd for C27H21N9O6:
567.16, found 567.18 [M]. 1H NMR, 13C NMR and MALDI-TOF
mass spectra are shown in the ESI Fig. S1–S3.†
Theoretical calculations

Density functional theory (DFT) calculations of ZnP–C3HAT-
TIm, ZnP and C3HAT-TIm were performed with Gaussian 09
(Revision A.02, Gaussian, Inc.). The calculations were per-
formed on a 32-processor QuantumCube™ at the B3LYP/6-
31G(d) level of theory.56 Graphical outputs of the computational
results were generated with the GaussView soware program
(ver. 3.09) developed by Semichem, Inc.57 Electronic excitation
energies and intensities were computed by the time-dependent
(TD)-DFT calculation at the B3LYP/6-31G(d) level. The size of the
integration grid used for all calculations was 4. In each case, 30
excited states were calculated by including all one-electron
excitations within an energy window of�3 hartrees with respect
to the HOMO–LUMO energies.
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