Electronic Supplementary Material (ESI) for Chemical Communications.
This journal is © The Royal Society of Chemistry 2014

Supporting Information

Tuning intramolecular electron and energy transfer processes

in novel conjugates of La,@Cgyand electron accepting
subphthalocyanines

Lai Feng,**® Marc Rudolf, Olga Trukhina,"* ZdenekSlanina,’ FilipUhlik,® Xing Lu,"Tomas Torres,*** Dirk M.
Guldi** and Takeshi Akasaka*"""

“College of Physics, Optoelectronics and Energy & Collaborative Innovation Center of Suzhou Nano Science and Technology, Soochow University,
215006 Suzhou, China; PLife Science Center of Tsukuba Advanced Research Alliance, University of Tsukuba, 305-8577 Tsukuba, Japan;
‘Department of Chemistry and Pharmacy & Interdisciplinary Center for Molecular Materials, Friedrich-Alexander-Universitit Erlangen-Niirnberg,
91058 Erlangen, Germany; dDepartment of Organic Chemistry, Autonoma University of Madrid, 28049 Madrid, Spain; “IMDEA Nanoscience, 9
Faraday, 28049 Madrid, Spain; fDepartment of Chemistry and Biochemistry, National Chung-Cheng University, 62117 Chia-Yi, Taiwan, ROC;
EDepartment of Physical and Macromolecular Chemistry, Charles University in Prague, 6 Albertov, 12843 Praha 2, Czech Republic; I1College of
Materials Science and Engineering, Huazhong University of Science and Technology, 430074 Wuhan, China; 'Foundation for Advancement of

International Science, 305-0821 Tsukuba, Japan; jDepartment of Chemistry, Tokyo Gakugei University, 184-8501 Koganei, Japan

*To whom correspondence may be addressed. E-mail:fenglai@suda.edu.cn, tomas.torres@uam.es, dirk.guldi@fau.de,

akasaka@tara.tsukuba.ac.jp



Contents

Page
1. General 2
2. Synthesis and characterizations 4
- Synthesis and characterization of 1a 4
- Synthesis and characterization of 1b 4
3. Computational methods 17
4. Optimized geometries for 1a 17

5. Time resolved absorptions.

1. General

Spectroscopy: NMR spectra of lawere recorded on a Bruker AV 500 spectrometer with a
CryoProbe system, locked on deuterated solvents and referenced to the TMS or solvent peaks.
The 'HNMR and 'H-'H COSY NMR were performed according to the standard experimental
procedures of the Bruker library. Absorption spectra of 1a, 1a’ were recorded in toluene on a
Shimadzu UV-3150 spectrophotometer, and those of 1b — on Jasco V-660 spectrophotometer,
using a 1 cm quartz cell in both cases. Matrix-assisted laser desorption-ionization time-of-flight
(MALDI-TOF) mass spectra of 1a, 1a’ were recorded with a Bruker BIFLEX-IIl mass spectrometer
using 1,1,4,4-tetraphenyl-1,3-butadiene (TPB) as the matrix and those of 1b — on Bruker Reflex I
spectrometer  using  trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile

(DCTB) as a matrix. The measurements were performed in both positive and negative ion modes.



Steady-state emission: The spectra were recorded on a FluoroMax 3 fluorometer (vis detection)
and on a Fluorolog spectrometer (NIR detection). Both spectrometers were built by HORIBA

JobinYvon. The measurements were carried out at room temperature.

Time Resolved Absorption: Femtosecond transient absorption studies were performed with 387,
530 and 568 nm laser pulses (1 kHz, 150 fs pulse width) from amplified Ti:Sapphire laser systems
(CPA-2101 and CPA-2110 from Clark- MXR, Inc.), the laser energy was 200 nJ. Nanosecond laser
flash photolysis experiments were performed with 355 and 532 nm laser pulses from a Quanta-

Ray CDR Nd:YAG system (6 ns pulse width) in a front face excitation geometry.

Time resolved emission: Fluorescence lifetimes were measured by using a Fluorolog (Horiba

JobinYvon).

Electrochemistry: Differential pulse voltammetry (DPV) and cyclic voltammetry (CV) were carried
out in 0-DCB using a BAS CW-50 instrument, a conventional three-electrode cell consisting of a
platinum working electrode, a platinum counter-electrode, and a saturated calomel reference
electrode. 0.05 M TBAPF¢ was used as the supporting electrolyte. All potentials were recorded
against a SCE reference electrode and corrected against Fc/Fc* redox couple. DPV and CV were

measured at a scan rate of 20 and 100 mVs™', respectively.

Materials: All chemicals were of reagent grade, purchased from Wako or Sigma Aldrich and
further used without additional purification. La,@I1,-Cgo(>99%) was prepared and purified
according to the previously reported procedure. HPLC were performed on semi preparative and
analytic scales using $10x250 mm Buckyprep column (Cosmosil), #10x250 mm Buckyprep M
column (Cosmosil) and 4.6x250 mm 5PYE column (Cosmosil), respectively. A mixture of toluene-
acetonitrile = 10:1, vol, at 3.5 mL/min flow ratewas used for the isolation of 1a and 1a’, whereas
for the separation of 1b a mixture of toluene-dichloromethane-acetonitrile = 84:15:1, vol %, at

5mL/min flow rate was employed.



- Compounds 2a,’ 2b,”> 3a®> and 3b**were prepared according to synthetic procedures

reported elsewhere.

References

(1) Gonzalez-Rodriguez, D.; Torres, T.; Guldi, D. M.; Rivera, J.;Herranz, M. A; Echegoyen, L. J. Am.
Chem. Soc., 2004, 126, 2631.

(2) Trukhina, O.; Ph.D. Thesis, Universidad Auténoma de Madrid, 2014.

(3) (a) Ince, M.; Medina, A.; Yum, J.-H.; Yella, A.; Claessens, C. G.; Martinez-Diaz, M. V.; Graetzel,
M.; Nazeeruddin, M. K.; Torres, T. Chem. Eur. J.2014, 20, 2016. (b) Claessens, C. G.; Gonzalez-
Rodriguez, D.; del Rey, B.; Torres, T.; Mark, G.; Schuchmann, H.-P.; von Sonntag, C.; MacDonald, J.
G.; Nohr, R. S. Eur. J. Org. Chem. 2003, 2547.

(4) SubPc-aldehyde 3b was prepared according to previously reported procedures for the axial
substitution of sulfonylated subphthalocyanines.Gonzalez-Rodriguez, D.; Torres, T.; Olmstead,M.
M.; Rivera, J.; Herranz, M. A.; Echegoyen, L.; Castellanos, C. A.; Guldi, D. M. J. Am. Chem. Soc.,
2006, 128, 10680.



2. Synthesis

- Synthesis of F1,SubPc-La,@Cgla:

A mixture of La,@Cg (2 mg, 1.6 pumol), F;,SubPc-aldehyde 3a (2.8 mg, 3.8 umol) and N-
methylglycine (5 mg, 56 umol) in 30 ml toluene was refluxed for 85 min under argon atmosphere.
Then, the mixture was separated by a two-step HPLC procedure, yielding 35% of 1a (based on

consumed La,@Cg).

1H NMR (500 MHz, o-DCB-d,): 1a(major conformer)é= 6.17 (s (br), 1H; H-2), 6.08 (d (br),2J= 7.6
Hz,1H; H-6), 4.41 (d, ’) =9.4Hz, 1H, H-8), 3.65 (s (br), 1H; H-7), 3.14 (d (br),%J= 8.9 Hz,1H; H-8), 2.82
(s (br), 1H; H-9); the phenyl protons H-4, H-5 are not identifiable in the'H NMR spectrum because
of the overlap with the proton signals of o-DCB. However, the chemical shift of H-5 was
determined as 6=7.05 ppm according to the COSY spectrum; 1a’ (minor conformer)é= 5.98 (s (br),
1H; H-2), 5.81 (d (br),’J= 8.0 Hz,1H; H-6"), 4.10 (d, ) =9.2Hz, 1H; H-8’), 3.50 (s (br), 1H; H-7’), 2.90
(d (br), )= 8.9 Hz,1H; H-8’), 2.39 (s (br), 1H; H-9’); the phenyl protons H-4’, H-5' are not
identifiable in the'H NMR spectrum because of the overlap with the proton signals of o-DCB.
However, the chemical shift of H-5 was determined as 6=7.30 ppm according to the COSY

spectrum.

MALDI-TOF MS (negative mode, TPB): found: 1997 m/z, calcd for La,Cy13F1,H10N;0B, [M]™: 1996.9;

UV-vis (toluene): Ao (log €) =300 (4.7), 574 (4.7).

- SyntheSiS of (502C5H11)GSUbPC'Laz@C801b:

A mixture of La,@Cgo (2 mg, 1.6 umol), (SO,CsH11)¢SubPc-aldehyde3b (30.0 mg, 30.8 umol) and N-
methylglycine (5 mg, 56 umol) in 15 ml of 0-DCB was stirred at 115°C for 15 min under argon
atmosphere. Then, 1b was isolated by one-step HPLC in a yield of 0.2% (based on consumed

La,@Cso).



MALDI-TOF MS (negative mode, TPB): found: 2585.1 m/z, calcd for La,Ci143S¢Hg:BN;O13, [M]™:
2585.3; UV-vis (toluene): Anmwx=300, 530, 580 nm (study of the extinction coefficient of 1b was

hampered by negligible amounts of isolated compound and its poor stability).
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Figure S1. HPLC profiles of the reaction mixture of La,@Csy, N-methyl glycine and F;,SubPc-
aldehyde 3a (p4.6x250 mm 5PYE column, Cosmosil, toluene-acetonitrile = 10:1, vol, 1 mL/min

flow rate), showing the formation of conjugate 1a as a mixture of [5,6]-adduct and isomeric [6,6]-

adduct).
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Figure S2. Preparative HPLC profiles of the second stage of separation of the reaction mixture of
la. Stage | (top): fractions A and B were roughly separated from unreacted La,@Cgy and
byproducts (¢10x250 mmBuckyprep column, Cosmosil, toluene-acetonitrile = 10:1, vol, 3.5
mL/min flow rate). Stage Il (bottom): fractions A and B were further separated using Buckyprep M
column (910x250 mm, Cosmosil, toluene-acetonitrile = 10:1, vol, 3.5 mL/min flow rate) to get

pure 1a [5,6]-adduct and its isomeric 1a’ [6,6]-adduct, respectively.
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Figure S3. HPLC profiles of the isolated 1a [5,6]-adduct and isomeric 1a’ [6,6]-adduct on 5PYE

column (¢4.6x250 mm, Cosmosil, toluene-acetonitrile = 10:1, vol, 1 mL/min flow rate).
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Figure S4. HPLC profiles of the reaction mixture of La,@Cg, N-methyl glycine and
(SO,CsH11)sSubPc-aldehyde 3b  (94.6x250 mmBuckyprep column, Cosmosil, toluene-
dichloromethane-acetonitrile = 84:15:1, vol %, 1 mL/min), showing the formation of conjugate

1bas a mixture of [5,6]-adduct and isomeric [6,6]-adduct).
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Figure S5. MALDI-TOF mass spectrum of 1a (negative mode, TPB).
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Figure S6. MALDI-TOF mass spectrum of 1a’ (negative mode, TPB).
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Figure S7. MALDI-TOF mass spectrum of 1b (negative mode, DCTB).
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Figure $8."H NMR (500 MHz, o-DCB-d,) spectra of 1a in the range from 6.5 to 2 ppm. Signals

marked by orange circles and blue circles are attributed to the protons of major [5,6]- and minor

[6,6]-conformer, respectively.
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Figure S10. UV-vis-NIR spectra of F1,SubPc-La,@Cgo1a and 1a’ in toluene, feature absorptions of

1a: Ao (log €) =300 (4.7), 574 (4.7)

Note: 1a’ shows a broad absorption at 695 nm, which is absent for 1a but consistent with that of

previously reported [6,6]-pyrrolidine adducts of La,@ Cgo.”
Reference

(5) Takano, Y.; Obuchi, S.; Mizorogi, N.; Garcia, R.; Herranz, M. A.; Rudolf, M.; Guldi, D. M.; Martin,

N.; Nagase, S.; Akasaka, T.J. Am. Chem. S0c.2012, 134, 19401.
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Figure S11. UV-vis-NIR spectrum of (SO,CsHi;)¢SubPc-La,@Cg 1b in toluene (study of the
extinction coefficient of 1b was hampered by negligible amounts of isolated compound and its

poor stability).
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Figure S12.CV (red) and DPV(grey) recorded on a Pt electrode (1 mm)of o-dichlorobenzene containing

0.05mol L' TBAPFg as supporting electrolyte andla(~10”mol L"), at 100 and 20 mVs'scan rates,

respectively.
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3. Computational methods

The calculations were carried out using the hybrid density functional theory (DFT) at the M06-2X
level as implemented in the Gaussian 09 software package. The SDD basis set with the relativistic
effective core potential was employed for La, 3-21G or 6-31G* basis set for B, C, H, O, N, (MO06-

2X/3-21G~SDD or M06-2X/6-31G*~SDD).

4. Optimized geometries

Conformer-I Conformer-l|

s ?

Figure S13.Schematic representation of the addition patterns and DFT-optimized conformers of
1a.
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Figure S14.DFT-calculated distribution of molecular orbitals in 1a.

Table S1. Relative energies (AE in kcal/mol) of the four different conformers of 1a.

Conformer Conformerll Conformerlll ConformerlV
AFE? 0.0 3.355 6.400 9.725
AE° 0.0 2.288 5.358 8.382

calculated at the level of M06-2X/3-21G~sdd;

®calculated at the level of MO06-2X/6-31G*~sdd.
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5. Time resolved absorption
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Figure S15.Differential absorption spectra (visible and near infrared) obtained upon
electrochemical reduction of 3a (top) and 3b (bottom) at an applied bias of -0.5 and -0.3

V in argon-saturated toluene/acetonitrile mixtures (4/1 v/v) at room temperature.

20



0.02 - g 0
* - 10
:-_:\k o 15
0.00 = - 20
- 25
- 38
'0.02_ ® 70
o 11
5 -0.04 s 20
3 . 50
~ <100
S 0.06- 200
425
925
~0i08% - 1600
2700
0104 4000
7500
T T T T T T T y
400 600 800 1000 1200
A/ nm
0.010 * ool
e 706 nm
0.005
5
©
p:
0.000
-0.005 T 7 T T T v T v T ' T v T y T ¥ 1
0 1000 2000 3000 4000 5000 6000 7000 8000
t/ ps

Figure S16.(top) Differential absorption spectra (visible and near-infrared) obtained upon
femtosecond flash photolysis (530 nm) of 3a (10~ M) in argon-saturated THF with several time
delays between 0 and 7500 ps at room temperature. (bottom) Time-absorption profiles of the

spectra shown at the top at 630 and 706 nm monitoring the intersystem crossing.
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Figure S17.(top) Differential absorption spectra (visible and near-infrared) obtained upon
femtosecond flash photolysis (530 nm) of 3b (10 M) in argon-saturated toluene with several
time delays between 0 and 7500 ps at room temperature. (bottom) Time-absorption profiles of

the spectra shown at the top at 585 and 625 nm monitoring the intersystem crossing.

22



0.015+ = 0
- 10
. 15
0.010- % 90
. 25
. 38
0.005 - el
_ . 70
-
> 0.000- - 90
kic -1
g . 13
-0.005 - 15
20
25
-0.010- . 35
50
-0.015 . . , | _ 70
400 600 800 1000 100
Al nm
0.010 e 580nm
e 615nm
0.005
0.000 o < v 1
o B, A d
= -0.005
-0.010
-0.015
-0.020 : : . . : : - . - .
0 50 100 150 200 250

t/ps

Figure S18.(top) Differential absorption spectra (visible and near-infrared) obtained upon
femtosecond flash photolysis (568 nm) of 1b (10> M) in argon-saturated benzonitrile with several
time delays between 0 and 100 ps at room temperature. (bottom) Time-absorption profiles of the
spectra shown at the top at 580 and 615 nm monitoring the charge separation and the charge

recombination.
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Figure S19. Differential absorption spectra (visible and near-infrared) obtained upon femtosecond
flash photolysis (530 nm) of 2a (10 M) in argon-saturated THF with several time delays between
0.1 and 7500 ps at room temperature. Insert — time-absorption profiles of the spectra shown at

the top at 545, 635, and 1025 nm monitoring the energy transfer.
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Figure S20.(top) Differential absorption spectra (visible and near-infrared) obtained upon
femtosecond flash photolysis (530 nm) of 2b (10 M) in argon-saturated toluene with several

time delays between 0 and 7500 ps at room temperature. (bottom) Time-absorption profiles of

the spectra shown at the top at 465 and 911 nm monitoring the energy transfer.
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Figure S21. Differential absorption spectra (visible and near-infrared) obtained upon femtosecond
flash photolysis (530 nm) of 2a (10 M) in argon-saturated THF with several time delays between

0 and 1400 ps at room temperature.
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