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Strategy towards large two-photon absorption cross-sections for
diketopyrrolopyrroles
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S1. Stability of the compounds in various solvents.

Stability of the compounds in three different solvents (chloroform (CLF), DCM, and THF) was checked under air saturated
condition at Room temperature (23 °C) by UV-vis absorption spectral measurements (Fig. S1.1). Considerable spectral
change was found for 4 in spectroscopic grade CLF after 1 day stored in dirk. The first one-photon absorption (OPA) peak
(@625 nm) was reduced and a new peak appeared red-side (670 nm). The similar change was also observed for 4 in THF

and 5 in CLF but less significant even after 3 days. For other solutions, negligible change was observed.
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Fig. S1.1. Spectral change of the sample solutions after preparation in various solvents. From left to right, compound 4, 5,
and 9,

S2. TPA measurements
S2.1. Open-aperture Z-scan traces

The open-aperture Z-scan measurements were performed with the irradiation power of 0.3 mW or less with siring the sample
solution (see section S2.3) by changing the incident wavelength. CH,Cl, was selected because its solutions are the most
stable among the tested (section S1). Typical open-aperture Z-scan traces with theoretical fitting curves are shown in Figs.
S2.1-S2.4. Normal open-aperture signals (i.e., a symmetrical dip to the focal point) were observed for all samples and
wavelengths (as in Figs. S2.1-S2.4), except the cases of solution of 4 at short wavelengths. The data were well reproduced by
the theoretical equation of transmittance through a two-photon absorptive media for the spatially and temporally Gaussian
pulsed with correction for the linear absorption if it is not negligible.[1] The data shown in Fig. S2.4 corresponds to the data
poit that gives the large TPA cross section of 19,000 GM for 9 as in the text. For the solution of 4 at wavelengths shorter
than 740 nm, a bump was observed which is a characteristic feature of saturable absorption (SA) as shown in Fig. S2.4. Such
data were analyzed with theoretical equation considering both TPA and SA [2] by curve fitting (also shown in Fig. S2.4).
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Fig. S2.1. Open-aperture Z-scan traces of 4 in CH,Cl, with various incident powers (circles) with the best fit of the
theoretical curves (left) and the corresponding plot of two-photon absorbance g versus the incident power (right). At 762 nm
with concentration of 0.53 mM (top row) and at 860 nm with 2.0 mM (bottom row).
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Fig. S2.2. Open-aperture Z-scan traces of 5 in CH,Cl, with various incident powers (circles) with the best fit of the
theoretical curves (left) and the corresponding plot of two-photon absorbance g versus the incident power (right). At 762 nm
with concentration of 1.9 mM (top row) and at 860 nm with 2.1 mM (bottom row).

Normalized Transmittance

Normalized Transmittance

1.057

1.00 ¢z

0.95
0.90
0.857
0.80
0.757

0.70

Yo

Yo

0.5

0.4

0.3

0.2

T
0.10

Power (mW)

T
0.15

0.20

0.8

0.6

0.4

0.2
*

0.0
0.00

T
0.05

T T
0.10  0.15

Power (mW)

0.20

0.25

Fig. S2.3. Open-aperture Z-scan traces of 9 in CH,Cl, with various incident powers (circles) with the best fit of the
theoretical curves (left) and the corresponding plot of ¢y versus the incident power (right). At 860 nm with concentration of

0.5 mM (top row) and at 944 nm with 2.0 mM (bottom row).
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Fig. S2.4. Open-aperture Z-scan traces of 9 in CH,Cl, with various incident powers (circles) with the best fit of the
theoretical curves (left) and the corresponding plot of g, versus the incident power (right). The data were measured at 721 nm
with concentration of 2.0 mM. In the open-aperture Z-scan traces, vertical axis is shown in transmittance (not normalized)
to show the magnitude of linear absorption. The drift of the baseline due to the linear absorption was included in the curve
fitting analysis.
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Fig. S2.5. Open-aperture Z-scan traces of 4 in CH,Cl, (2.0 m) with various incident powers (circles) at 699 nm (left) and at
739 nm (right). The gray lines are the best fit by the theoretical curves considering both TPA and SA.



S2.2. TPA spectrum of compounds

TPA spectrum of the solution of compound 4, 5, and 9 in CH,Cl,, obtained from the data repeatedly measured by changing
the incident wavelength as mentioned in section S2.1, was show in Fig. S2.6 for whole the spectral range measured.
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Fig. S2.6. TPA spectrum of compounds 4, 5, and 9 in CH,Cl, (filled circle) with OPA spectrum of the same sample (gray
area, against the bottom wavelength scale; the full scale of vertical axis is 1.0 in absorbance). Compound 4 showed saturable
absorption (SA) at the three shortest wavelengths. These data were analyzed by taking also SA into account (see section
S2.1) and is plotted with open circles. The OPA spectra of diluted solutions are also shown by solid curve against the top
wavelength scale, which is the half of the bottom scale so that the transition energies matches between the TPA and OPA

spectra.



S2.3. Stirring the sample solution during the Z-scan measurement

Normally, open-aperture Z-scan signal is symmetric against the focal point irrespective of the scanning directions. However,
deformed traces (with asymmetric and wider dip, or square or double-well shapes for significant cases) were observed for 4
and 9. The deformation can originates from saturation of TPA and/or generation of photo-induced product. When the
direction of scan was changed, it was found that the asymmetric shape was reversed according to the scanning directions
(Fig. S2.7 left). This suggests that TPA excitation generate new species that absorb the incident light more because the dip
always has tails after crossing the focal point. To remove the accumulated product from the volume monitored, the sample
solution was stirred during the measurements by putting a micro stirring bar into the cuvette (ISIS Co. Ltd., remote and micro
magnetic stirrer HP40107). Stirring significantly reduced the asymmetric deformation (Fig. S2.7 right). Thus, the sample
solution was stirred during the measurement for all compounds presented in the TPA spectra.
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Fig. S2.7. Example of the Z-scan traces by changing the scanning directions (shown by arrows) at 890 nm with incident
power of 0.34 mW. Sample solution (9 in CH,Cl,, 2.0 mM) was not stirred (left) and stirred (right) during the measurement.

S2.4. Spectral change before and after Z-scan measurements

OPA (UV-vis) spectrum of the samples was measured both before and after the laser experiments for every time. No spectral
change was observed (less than 0.004 in absorbance for 2-mm cubette) for all samples in DCM. However, the solution of 9
showed spectral change after the Z-scan measurements at 720—760 nm, where the laser light strongly absorbed by OPA. The
difference spectra between before and after the measurements are shown in Fig. S2.8.
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Fig. S2.8. Difference UV-vis-NIR spectrum of the solution of 9 before and after the Z-scan measurements at the
wavelengths of 720-760 nm, where the laser light absorpbed strongly by OPA.



S3 Quantum chemical calculation of model molecules

Quantum chemical calculations were performed for the model molecules as follows:
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The geometry optimization and TD-DFT calculation were performed at the level of CAM-B3LYP//6-31+G(d) for
all molecules in gas phase by using Gaussian 09 package.[3] The first four excited states of 5-m is summarized in

Table S3.1 and the map of the related molecular orbital is shown in Fig. S3.1.

==== Optimized coodinate for 4-m ====

C -0.6962230000 3.4980840000 -0.7865390000
N -0.4489750000 2.0736300000 -0.7748370000
C -1.3885060000 1.0493810000 -0.7015410000
C -2.7957100000 1.3044820000 -0.7561280000
C -3.5738940000 2.2684730000 -1.3408640000
C -4.9263870000 1.9163350000 -1.1241080000
C -4.8945980000 0.7537520000 -0.3846160000
N -5.9105950000 0.0182410000 0.1698010000
C =7.2237910000 0.5885210000 0.1002000000
C -7.5300570000 1.7366610000 0.8274550000
C -8.8081770000 2.2813700000 0.7554190000
C -9.7840640000 1.6751140000 -0.0320030000
C -9.4761510000 0.5234200000 -0.7519140000
C -8.1960730000 -0.0176800000 -0.6918490000
C -5.7556470000 -1.2829400000 0.7378680000
C -6.5950690000 -1.6539840000 1.7930260000
C -6.4925970000 -2.9205920000 2.3549900000
C -5.5438060000 -3.8250670000 1.8858520000
C -4.7033540000 -3.4462270000 0.8440360000
C -4.8091120000 -2.1887250000 0.2595670000
o] -3.6256500000 0.3716100000 -0.1629930000
C -0.7018880000 -0.1397260000 -0.5885650000
C 0.7018910000 0.1397150000 -0.5885680000
C 1.3885090000 -1.0493920000 -0.7015270000
C 2.7957140000 -1.3044920000 -0.7561130000
C 3.5738990000 -2.2684810000 -1.3408510000
C 4.9263910000 -1.9163400000 -1.1240990000
C 4.8946000000 -0.7537560000 -0.3846070000
N 5.9105960000 -0.0182410000 0.1698070000
C 7.2237940000 -0.5885160000 0.1002070000
C 7.5300650000 -1.7366520000 0.8274660000
C 8.8081860000 -2.2813570000 0.7554300000
C 9.7840690000 -1.6751020000 -0.0319970000
C 9.4761520000 -0.5234130000 -0.7519120000
C 8.1960720000 0.0176840000 -0.6918470000
C 5.7556420000 1.2829440000 0.7378640000
C 6.5950700000 1.6540040000 1.7930120000
C 6.4925910000 2.9206160000 2.3549660000
C 5.5437870000 3.8250780000 1.8858290000
C 4.7033300000 3.4462220000 0.8440240000
C 4.8090950000 2.1887160000 0.2595640000
o] 3.6256530000 -0.3716180000 -0.1629800000
N 0.4489800000 -2.0736400000 -0.7748420000
C 0.6962300000 -3.4980930000 -0.7865760000
C -0.8804360000 -1.5683210000 -0.7275580000
0] -1.8622010000 -2.2940200000 -0.8077380000
C 0.8804400000 1.5683080000 -0.7275830000
0] 1.8622060000 2.2940100000 -0.8077240000
H -1.4686130000 3.7603170000 -0.0594120000
H -0.9969480000 3.8506810000 -1.7788660000
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.2423950000
.2187320000
.8064180000
.7643470000
.0441930000
.7827650000
.2326260000
.9433720000
.3295420000
.1536100000
.4583980000
.9460510000
.1217860000
.2187370000
.8064240000
.7643560000
.0442050000
.7827710000
.2326240000
.9433680000
.3295520000
.1536080000
.4583740000
.9460170000
.1217640000
.4686340000
.9969370000
.2423830000

3
3
2
2
3
2
0
-0
-0
-3
-4
-4
-1
-3
-2
-2
-3
-2
-0
0

SN WO

=

-3
-3
-3

.9866090000
.1199350000
.4444220000
.1956320000
.1757590000
.0982190000
.0468580000
.9144550000
.9519420000
.1941340000
.8114510000
.1268560000
.9240140000
.1199440000
.4444240000
.1956220000
.1757430000
.0982050000
.0468510000
.9144560000
.9519720000
.1941710000
.8114650000
.1268410000
.9239910000
.7603360000
.8506740000
.9866240000

==== End of Optimized coodinate for 4-m ====

==== Optimized coodinate for 5-m
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-5.
-6.
-5.
.3364110000
-4.
-5.
-3.
-0.
.6845980000
.2891550000
.6797160000
.3789740000
.7578300000
.8143890000
.8915710000
.1401640000
.3002140000
.5214620000
.5838290000
.4133860000
.1945060000
.8539270000
.7611350000

5055390000
3455730000
3403080000
7406600000
5197970000
8728250000
8312080000
8117290000
9926780000
9283450000
0858020000
3283180000
3927360000

6629440000
0028030000
8474680000

9907560000
1599940000
5559690000
7297310000

3
2
1
1
2
2
0
0
0
1
2
1
0
0
-1
-2
-3
-4
-3
-1
0
0
0
-1
-1
-2
-2
-0
-0
-0
-1
-2
-2
-1
-0
1
1

.5589940000
.1619590000
.2401050000
.5460440000
.5588750000
.1944350000
.9896890000
.1548080000
.7133850000
.8459060000
.3934120000
.8107740000
.6742480000
.1340350000
.2546340000
.0940030000
.4644800000
.0093340000
.1666260000
.7970410000
.5951050000
.0494990000
.2197290000
.0061140000
.3577410000
.4824080000
.1705180000
.8678100000
.0827480000
.7603240000
.6713410000
.3311590000
.0699100000
.1516880000
.5027150000
.3329710000
.9708440000

.5217340000
.9018810000
.4550500000
.4452800000
.3243070000
.0827090000
.3681220000
.2489700000
.1727640000
.1723340000
.3317430000
.4675940000
.5324350000
.9018680000
.4550430000
.4452940000
.3243220000
.0827030000
.3681240000
.2489720000
.1727500000
.1723030000
.3317130000
.4675830000
.5324290000
.0594670000
.7789140000
.5217610000

.5582100000
.2209740000
.9141220000
.9504840000
.4505870000
.2226050000
.5747770000
.0702930000
.4757070000
.2941470000
.8219500000
.5501190000
.7383250000
.2009060000
.2076390000
.8549560000
.7336300000
.4490910000
.5079020000
.3892210000
.3949200000
.5960530000
.7042230000
.5298850000
.5454330000
.8897930000
.7937710000
.3628510000
.0072230000
.1622280000
.2002130000
.3549630000
.4836840000
.5446680000
.7123560000
.0951110000
.9510290000
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.7635420000
.8469330000
.9343410000
.9428070000
.5772630000
.2926400000
.4534430000
.0042370000
.0273670000
.9479050000
.9708470000
.1084360000
.9588270000
.4946250000
.1784480000
.7595980000
.9663740000
.0300760000
.3545780000
.2921960000
.3772170000
.1042570000
.1584890000
.5881990000
.8870760000
.9585630000
.5938710000
.4805560000
.6860790000
.5288720000
10.
.0540590000
.4641060000
.4683380000
.8401800000
.2044090000
.2015860000
.2330050000
.6949200000
.5028390000
.5270050000
.4936060000
.0163300000
.8369360000
.8189680000

2321950000

3.3504740000
4.1179710000
3.4780530000
2.0989210000
-0.3634650000
-1.9491050000
-3.3474400000
-1.3536310000
-1.9943230000
1.5773160000
2.1928900000
4.0769430000
3.6853960000
3.9932240000
3.4474540000
2.7429980000
2.2922070000
3.2683730000
0.2229500000
-0.7407360000
-1.6688120000
-4.1172520000
-5.4283170000
-3.5876250000
-1.1444640000
-3.4215680000
-2.8186810000
-1.8671730000
-3.2771370000
-2.5848810000
-0.9458140000
0.2116220000
1.3864310000
3.8365510000
5.5471740000
4.0545250000
1.6424930000
-3.4748780000
-3.9521340000
-3.6901670000
2.3754010000
2.8319910000
-6.5727080000
6.7002890000
-4.0404770000

==== End of Optimized coodinate for 5-m ====

==== QOptimized coodinate for 9-m ====

-0

=7

-3

1

Qoo zoa000000zaa

-0.
.5361690000
-1.
-2.
-3.
-5.
-6.
=7.
.2125930000
-8.
-8.
-9.
-5.
-4.
.5532740000
-0.

0.
.4278160000
2.

8338690000

4278170000
8549360000
7153260000
0366430000
3471730000
4046350000

3008400000
0818090000
6337080000
9034780000
8697000000

6946100000
6946100000

8549360000

3.4778810000
2.0646510000
1.0003980000
1.1570120000
2.2215840000
1.6747400000
2.1723370000
1.2863550000
-0.1281910000
-0.9797990000
-2.4038340000
-0.4600060000
-0.6342130000
0.2856260000
-0.0276760000
-0.1662190000
0.1662210000
-1.0003960000
-1.1570110000

.0672490000
.3415120000
.5010150000
.6346000000
.2132210000
.3188970000
.0192730000
.3451060000
.1785650000
.1307840000
.3971570000
.8072910000
.5466430000
.5792810000
.9578580000
.5032720000
.5208560000
.4608740000
.5191900000
.4373280000
.7799630000
.5610240000
.5710370000
.4225740000
.2114900000
.2164410000
.0051010000
.8830410000
.4247570000
.6175890000
.2262560000
.5174080000
.5335150000
.7334650000
.4686600000
.0583980000
.2750020000
.7741430000
.8607690000
.4164670000
.1007890000
.5443690000
.6707840000
.5712670000
.2836670000

.0297130000
.0166530000
.0020260000
.0123900000
.0118240000
.0265890000
.0274460000
.0410370000
.0604060000
.0996750000
.0484540000
.1295700000
.0456930000
.0351880000
.0260190000
.0076910000
.0076120000
.0019730000
.0123630000



C 3.7153250000 .2215840000 0.0118200000
C 5.0366420000 .6747400000 0.0266010000
C 6.3471710000 .1723370000 0.0274850000
C 7.4046340000 .2863560000 0.0410860000
C 7.2125920000 .1281900000 0.0604390000
N 8.3008380000 .9797970000 0.0997150000
C 8.0818120000 .4038340000 -0.0484050000
C 9.6337150000 .4599990000 -0.1294610000
C 5.9034780000 .6342140000 0.0457010000
C 4.8696990000 .2856260000 0.0351860000
0] 3.5532730000 .0276770000 0.0259930000
N 0.5361690000 .0646490000 -0.0167030000
C 0.8338680000 .4778800000 -0.0297290000
C -0.8191120000 .6143930000 -0.0238910000
0] -1.7632550000 .3845230000 -0.0402560000
C 0.8191120000 .6143950000 0.0237940000
0] 1.7632550000 .3845250000 0.0401970000
H 1.3837760000 .7783820000 -0.8674280000
H .1269560000 .9942620000 0.0459270000
H .4030950000 .7575550000 0.9214920000
H .4531870000 .2671940000 -0.0024960000
H .5394000000 .2411630000 -0.0144710000
H .4095700000 .6873750000 -0.0394270000
H .4268590000 .7830710000 -0.7430690000
H .0366920000 .9236590000 -0.0365160000
H .6307460000 .6616510000 1.0188280000
H .9141370000 .2696740000 -0.6376480000
H .7369950000 .0185560000 1.1150550000
H .3483480000 .2817550000 0.0738350000
H .6772520000 .6912970000 -0.0429140000
H .4531850000 .2671930000 0.0024960000
H 6.5393980000 .2411640000 0.0145230000
H 8.4095690000 .6873760000 0.0394960000
H 7.6307440000 .6616560000 -1.0187750000
H 9.0366980000 .9236540000 0.0365610000
H 7.4268680000 .7830700000 0.7431240000
H 9.9141170000 .2696530000 0.6377940000
H 10.3483520000 .2817500000 -0.0737320000
H 9.7370390000 .0186000000 -1.1149240000
H 5.6772530000 .6912970000 0.0429110000
H 1.3837540000 .7783640000 0.8674320000
H 1.4031150000 .7575700000 -0.9214890000
H -0.1269560000 .9942610000 -0.0459560000

==== End of Optimized coodinate for 9-m ====

Table S3.1. Symmetry (approximate), orbital contribution, transition energy, and oscillator strength of the model molecules
of 5-m.

State Symmetry nature, Major orbital component Transition energy (wavelength), Oscillator strength

Si Au-like, HOMO(g)—LUMO(x) 2.4860 ¢V (498.72 nm ) £=0.7005

S, Ag-like, HOMO-1 (1)—(HOMO(g))—LUMO(x) 3.5695 eV (347.34 nm) £=0.0225
S;  Ag-like, HOMO-3 (1)—(HOMO(g))—LUMO() 3.7016 €V (334.95 nm) £=0.0260

S;  Au-like, HOMO-2(2)—LUMO(1) 3.8092 eV (325.48 nm) £=0.6585



‘ LUMO(u) HOMO(g)
E HOMO-1(1) HOMO-2(g)
HOMO-3(1)

Fig. S3.1. Map of the molecular orbitals related to the lowest four excited states (Table S3.1) of 5-m. The symmetry
assignments (g and u) are approximate ones determined form the orbital patterns.



S4. Optical properties in THF and DCM
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Fig. S4.1 Absorption (solid lines) and fluorescence (dotted lines) 4 in THF.
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Fig. S4.2 Absorption (solid lines) and fluorescence (dotted lines) 4 in DCM.
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Fig. S4.3 Absorption (solid lines) and fluorescence (dotted lines) 5 in THF.
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Fig. S4.4 Absorption (solid lines) and fluorescence (dotted lines) 5 in DCM.
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Fig. S4.5 Absorption (solid lines) and fluorescence (dotted lines) 9 in THF.
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Fig. S4.6 Absorption (solid lines) and fluorescence (dotted lines) 9 in DCM.
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SS5. Spectra 1H and 13C NMR for dyes synthesized
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