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Materials. All reagents, including 2,3-butanedione, ammonium acetate, benzaldehyde, aniline, 

4-(diphenylamino)benzaldehyde and acetic acid were commercially available. Ethanol was 

dried by molecular sieves and distilled before use. 

Synthesis  

4,4'-(2,5-Diphenylpyrrolo[3,2-b]pyrrole-1,4-diyl)bis(N,N-diphenylaniline) (3). 

2,3-Butanedione (1.12 g, 13.0 mmol), NH4OAc (7.00 g, 91.0 mmol), benzaldehyde (1.38 g, 

13.00 mmol) and N’,N’-diphenylbenzene-1,4-diamine
 
(3.38 g,13.0 mmol)

1 
were placed in 

two-necked flask (500 mL) equipped with a magnetic stirring bar. Acetic acid (198.0 mL) 

were injected into the flask and the mixture was allowed to reflux at 120 °C for 3 hrs. The 

mixture was cooled and precipitated into water. The grey black precipitate was filtered, 

purified by chromatography on silica gel by using chloroform/hexane 2:1 as eluent, and 

recrystallized from CH2Cl2/CH3OH to get 1 as white solid (0.55 g, 15%).m.p. 249℃; 
1
H 

NMR (400 MHz, CDCl3) δ 6.41 (s, 2H), 6.99-7.05 (m, 9H), 7.10-7.19 (m, 15 H), 7.24-7.28 (m, 

14 H); 
13

C NMR (100 MHz, CDCl3) δ 94.35, 122.90, 124.04, 124.29, 126.02, 126.10, 128.08, 

128.17, 129.27, 131.53, 133.73, 134.58, 135.83, 145.43, 147.62. HRMS (ESI) calcd for 

C54H41N4 745.3326, obsd. 745.3317 (M
+
 + H). Anal. calcd for C54H40N4: C, 87.07; H, 5.41; N, 

7.52; found C, 86.86; H, 5.18; N, 7.59. 

 

1,2,4,5-Tetraphenyl-1,4-dihydropyrrolo[3,2-b]pyrrole (4). 2,3-Butanedione (1.12 g, 13.0 

mmol), NH4OAc (7.00 g,91.1 mmol), benzaldehyde (1.38 g, 13.0 mmol) and aniline (1.21 

g,13.0 mmol) were placed in two-necked flask (500 mL) equipped with a magnetic stirring 

bar. Acetic acid (198.0 mL) were injected and refluxed at 120 °C for 3 hrs. The mixture was 

cooled and precipitated into water. The yellow precipitate was filtered and recrystallized by 

dichloromethane/ hexane to get 12 as light yellow solid (0.55 g, 15%).m.p. 286℃; 
1
H NMR 
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(400 MHz, d6-DMSO) δ 6.44-6.45 (s, 2H), 7.16-7.19 (m, 6H), 7.23-7.30 (m, 10H), 7.40-7.44 

(t, J= 7.43 Hz, 2H); 
13

C NMR (100 MHz, CDCl3 ) δ 94.87, 125.07, 125.47, 126.02, 128.01, 

128.05, 128.92, 131.41, 133.50, 135.63, 139.87. HRMS (ESI) calcd for C30H22N2 410.1778 

(M
+
), obsd. 410.1770 Anal. calcd for C30H22N2 : C, 87.77; H, 5.40; N, 6.82; found C, 87.56; H, 

5.18; N, 6.88. 

 

4,4'-(1,4-diphenyl-1,4-dihydropyrrolo[3,2-b]pyrrole-2,5-diyl)bis(N,N-diphenylaniline) (1)  

Aniline (1.23 g, 13.2 mmole), 4-(diphenylamino)benzaldehyde (3.00 g, 11.0 mmole) and 

ethanol (30 mL) were added to a two-necked flask (100 mL) under nitrogen atmosphere and 

refluxed at 80 °C for 24 hours. After cooling, 2,3-butanedione (0.47g, 5.5 mmole) and acetic 

acid (15mL) were injected and allowed to react in ambient temperature for 72 hours. After the 

reaction was finished, the reaction mixture was neutralized with saturated aqueous NaOH in an 

ice bath. The product was extracted with CH2Cl2 twice. The combined extract was dried with 

anhydrous MgSO4, filtered, and concentrated under reduced pressure to give a crude product 

that was purified by liquid column chromatography on silica gel, using CH2Cl2/hexane (1:2) 

as the eluent, followed by recrystallized from toluene/ether to afford 1 (1.07 g, 26%) 
1
H NMR 

(400 MHz, d6-DMSO) δ 6.38 (s, 2H), 6.83 (d, J = 8.68 Hz, 4H), 6.97-7.04 (m, 10H), 7.08 (d, J 

= 8.68 Hz, 4H), 7.26-7.41 (m, 14H), 7.43 (t, J = 7.40 Hz, 4H);
 
MS (ESI) calcd for C54H40N4: 

744.92; found 744.32 (M
+
); Anal. calcd for C54H40N4: C, 87.07; H, 5.41; N, 7.52; found C, 

86.87; H, 5.62; N, 7.54. 
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4,4'-(1,4-diphenyl-1,4-dihydropyrrolo[3,2-b]pyrrole-2,5-diyl)bis(N,N-di-4-tolylaniline) (2). 

Similar procedure from N’,N’-di(p-tolyl)benzene-1,4-diamine 
2
 as described for 1 was carried 

to obtain 2 in 22% yields. 
1
H NMR (400 MHz, CD2Cl2) δ 2.30 (bs, 12H), 6.82 (d, J = 8.0 Hz, 

4H), 6.97-7.20 (broad peaks, 22H), 7.25 (t, J = 8 Hz, 2H), 7.25 (d, J = 8 Hz, 4H), 7.8 (t, J = 8 

Hz, 4H); MS (ESI) calcd for C58H48N4: 801.03; found 801.39 (M
+
); Anal. calcd for C58H48N4: 

C, 86.97; H, 6.04; N, 6.99 ; found C, 87.03; H, 6.37; N, 6.90. 
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Figure  S1 
1
H NMR spectrum of 3 

 

  



S7 
 

 

Figure S2
 13

C NMR spectrum of 3 
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Figure S3 
1
H NMR spectrum of 4 
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Figure S4
 13

C NMR spectrum of 4 
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Figure  S5 
1
H NMR spectrum of 1 
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Figure  S6 
1
H NMR spectrum of 2 
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X-ray crystallographic analysis.  

Preparation of single crystals: Single crystal of 1 obtained from slow evaporation of the 

organic solvents from a toluene-ether solution while crystals of 3 and 4 were prepared from 

CHCl3. The ORTEPs are shown in Figures S7 to S9. The atomic coordination data are listed 

below. The CIF files are attached in the SI.  

Structural Information. The average DHPP C-C bond length is 1.39 ± 0.02 Å. The small 

deviation of the C-C bond length indicates strong aromaticity in the DHPP core.
 
Although 

observation of the relatively short CaCb/Ca’Cb’ bond of 1.355 Å and long CbCc/Cb’Cc’ 

bond of 1.410 Å in 4 suggests that some degree of bond alternation in the DHPP core, bond 

alternation is reduced by introducing the (Ph)2NC6H4- moieties either to the N,N’-positions or 

2,5-positions in 1 and 3. 

 

 

 

  

Table S1.  Essential structural information (in Å) about the DHPP core of 1, 3, and 4 

DHPP NCa N’Ca’ CaCb Ca’Cb’ CbCc Cb’Cc’ Cc Cc’ NCc
 

N’Cc’ 

1 1.397 1.404 1.387 1.382 1.405 1.394 1.370 1.397 1.391 

3 1.401 1.386 1.387 1.388 1.391 1.404 1.398 1.377 1.400 

4 1.410 1.410 1.355 1.355 1.410 1.410 1.390 1.375 1.375 
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Figure S7. The ORTEP of 3 
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Table S2. Crystal data and Structure refinement for 3 (number ic16812) 
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Table S3. Atomic coordinates for 3 (number ic16812)  
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Table S4. Bond lengths and angles for 3 (number ic16812) 
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Table S5. Anisotropic displacement parameters for 3 (number ic16812) 
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Figure S8 The ORTEP of 4 
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Table S6. Crystal data and Structure refinement for 4 (number ic16830) 
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Table S7. Atomic coordinates for 4 (number ic16830) 
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Table S8. Bond lengths and angles for 4 (number ic16830)  
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Table S9. Anisotropic displacement parameters for 4 (number ic16830) 
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Figure S9 The ORTEP of 1 
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Table S10. Crystal data and Structure refinement for 1 (number 17293)  
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Table S11. Atomic coordinates for 1 (number ic17293)  
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Table S12. Bond lengths and angles for 1 (number ic17293) 

 



S32 
 

 

  



S33 
 

Table S13. Anisotropic displacement parameters for 1 (number ic17293) 
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Cyclic voltammetry and differential pulse voltammetry studies 1-4 and TPA 

To evaluate the electrochemical properties of 1-4, cyclic voltammetry (CV) and differential 

pulse voltammetry (DPV) were adopted as tool in this study. In these measurements, 

palladium disk electrode was employed as the working electrode, a silver/silver chloride 

couple was used reference electrode, and a platinum wire as the auxiliary electrode. In the 

electrochemical oxidation scans, dried methylene chloride was used as the solvent. 

Tetrabutylammonium perchlorate (TBAP), with concentration of 0.1
 
M, was used as the 

supporting electrolyte. Ferrocene was used as the internal reference for calibration of the 

applied electrical potential. The concentrations of 1-4 were kept at 1 x 10
-3

 M. For the anodic 

scans, the oxidation waves and E
ox 

were recorded with a scan rate of 100 mV/s. On the other 

hand, in the reduction potential (E
re

) measurements, the cathodic scans were performed in 

dimethylformamide (DMF), using TBAP (0.1 M) as the supporting electrolytes, and glassy 

carbon electrode as the working electrode. The scan rate was set at 100 mV/s. The 

concentrations of 1-4 were again kept at 1 x 10
-3

 M. To exclude oxygen from the system, the 

solution was purged with nitrogen to 10 minutes before each electrochemical measurement. 
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Figure S10 CV and DPV of TPA. 
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Figure S11 CV and DPV of 4. The DPV experiment clearly demonstrated that the second 

wave indeed contains many different oxidation processes. 

 

 

Figure S12 CV and DPV of 3. The earlier part of oxidation wave pattern of 3 is very similar to 

that of 4, indicating that the electronic coupling between the TPA units and the DHPP core is 

weak 
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Figure S13 CV and DPV of 1. The oxidation pattern is dramatically different from that of 3 

and 4. To reversible waves are shown at 0.3-0.7 V, indicating that oxidations at the DHPP core 

are strongly stabilized by the TPA units at the 2,5- positions. 

 

 

Figure S14 CV and DPV of 2. Nearly identical patterns with 1 are observed.  
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Table S14. Photophysical properties of DHPP 1-4 and Triphenylamine  

compound λmax
Abs

  

(nm) 

λmax
FL

  

(nm) 

λmax
LTFL

  

(nm) 

Stokes shift 

(nm) 

Q.Y.
a
 

1 380 (ε=72100 M
-1

cm
-1

) 448 436 68 0.63 

2 384 (ε=60800 M
-1

cm
-1

) 451 439 67 0.71 

3 343 (ε=71800 M
-1

cm
-1

) 407 400 64 0.57 

4 350 (ε=44900 M
-1

cm
-1

) 404 391 54 0.67 

TPA 295 (-) 360 358 65 - 

a. coumarin 1 ( Q.Y. = 0.85 )
 3,4 

 in 2-MeTHF is used as reference for fluorescence quantum 

yield measurements.  
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Preliminary studies of photochromic response of 1 in the presence of various 

halocarbons 

 

Preliminary photochromic responses of 1 (1 x 10
-5

) with additional halocarbons other than 

those reported in the article indeed have been tested. Their color changse are shown in the 

following picture (Figure S15). From left to right are CHCl3; Cl(CH2)3Cl; Br(CH2)3Br; 

I(CH2)3I in toluene, 1,4-C6H4I2 in toluene; CHBr3; n-hexBr; 1,2-C6H4Cl2, 1,2-BrC6H4NO2 in 

toluene; 1,4-ClC6H4NO2 in toluene; 1,4-FC6H4NO2 in toluene; C6H5NO2.
 
It is noteworthy to 

mention that most of the aromatic halides are less sensitive. Introducing nitro group onto the 

aromatic ring does not help to facilitate the photochromic response, which is reasonable. It is 

simply because the PET in these cases does not trigger any C-X bond dissociation. Reminded 

that in our mechanisms, , the PET process has to transfer an electron to the C-X
*
 antibonding 

orbital to trigger the C-X bond dissociation. The presence of a nitro substitutient provides a 

low lying LUMO. PET from 1 to the LUMO of the NO2 substituent does not lead to any 

fruitful photochromic results. 
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Figure S15. Photochromic responses of 1 (1 x 10
-5

 M) with additional halocarbons other than 

those reported in the article indeed have been tested. Their color changse are shown in the 

following picture. From left to right are CHCl3; Cl(CH2)3Cl; Br(CH2)3Br; I(CH2)3I in toluene, 

1,4-C6H4I2 in toluene; CHBr3; n-hexBr; 1,2-C6H4Cl2, 1,2-BrC6H4NO2 in toluene; 

1,4-ClC6H4NO2 in toluene; 1,4-FC6H4NO2 in toluene; C6H5NO2. 
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Time resolved photochromic studies.  

UV fluorescence lamp (366 nm), with the calibrated output intensity of 1 mw/cm
2
, was used 

as the light source for photo-excitation. The concentration of 1 is 5 x 10
-5

 M except otherwise 

noted. The test clearly demonstrated that no significant color change was observed in the 

non-halogenated solvents. However, in the presence of halocarbons, the photochromic change 

is pretty obvious. The photochromic change of 1 in a solution of halocarbon (1 M) in PhMe 

was followed by time resolved UV-Vis spectrometric method. The data from CH2Cl2, CHCl3, 

CCl4, Br(CH2)2Br; Br2CHCHBr2, CHBr3, and CH2I2 are summarized in Figures S16-S21. 

Since the efficiency of photochromic response in CH2Cl2 is low with only small absorbance 

change in the visible region (Figure S16), the kinetics will be interfered by other 

non-photochromic processes so that the time resolved data is hard to be conclusive . On the 

other hand, for CHCl3, CCl4, Br(CH2)2Br; Br2(CH)2Br2, CHBr3, the photochromic changes 

along with an isosbestic point are observed. Their data at 390 nm follow well the first order 

decay of  

t= -τ∙ln((A -A∞)/(Ao-A∞)) (1) 

Complicated by the absorption of CH2I2, the absorption decay at 390 nm cannot be used as an 

index to reflect the reactivity. On the other hand, the photochromic change at 626 nm clearly 

demonstrated that the color change is originated from a multi-step process, indicating that the 

photochromic mechanisms are more complicated in this case (Figure S21). 
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Figure S16. (a) Photochromic response of 1 in pure toluene. (b) Time resolved photochromic 

change of 1 in the presence of CH2Cl2 in Toluene (1 M). Due to the low reactivity of CH2Cl2. 

The photochromic change is similar to but slightly faster than the background change. 
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Figure S17. Time resolved photochromic change of 1 in the presence of CCl4 in toluene 
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. 

Figure S18. Time resolved photochromic change of 1 in the presence of Br(CH2)2Br  in 

toluene 
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Figure S19. Time resolved photochromic change of 1 in the presence of Br2CHCHBr2  in 

Toluene 
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Figure S20. Time resolved photochromic change of 1 in the presence of CHBr3 in Toluene 
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Figure S21. Time resolved photochromic change of 1 in the presence of CH2I2 in Toluene 
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Preliminary studies of the PET mechanisms. 

For more in-depth understanding the PET mechanisms, we have employed 

spectroelectrochemical methods as tool to assist our study. 

As shown in the following scheme, radical cation of 1 will be generated through PET with 

CHCl3.  

  

To obtain direct evidence to support our hypothesis of 1
(˖+)

 formation in the PET, we have 

generated 1
(˖+)

 by electrochemical method and obtained the absorption spectrum of 1
(˖+)

 for 

comparison. In the spectroelectrochemical analyses, a piece of platinum gauze was used as the 

working electrode and auxiliary electrode, and a silver/silver chloride couple was used as the 

reference electrode. Dry TBAP (0.1 M) in CH2Cl2  was used as the supporting electrolyte. 

The concentrations of 1 and 2 are about 5 x 10
-5

 M and 1 x 10
-5

 M. UV-Vis-NIR absorption 

spectra were collected for every voltage increment of 0.1 V. (Figure S22) 

 

Figure S22. Spectroelectrochemical analyses of 1
(˖+)

 (left) and 2
(˖+)

 (right) in CH2Cl2, using 

TBAP (0.1 M) as the supporting electrolyte. 
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The spectral absorptions peaked at 550 nm in the visible region and at 1100 nm in the NIR 

region began to appear at 0.3-0.4 V, indicating that these absorption is originated from the first 

oxidation. In addition, the presence of the NIR absorption is characteristic for the 

bis-triarylamine radical cation in literature, which is assigned to the intervalence charge 

transfer absorption.  

Once we had collected the spectral identity of 1
(˖+)

 at hand, we took steps forward to 

examine whether 1
(˖+)

 exists in the photochromic process. Since 1
(˖+)

 is only reactive 

intermediates during the photochromic process, the concentration should be low. Fortunately, 

the absorption of 1
(˖+) 

in the NIR region can still be observed, even though their absorbance is 

very low. At the early stage of the photochromic process, or under irradiation by fluorescent 

lamp, NIR absorption growth can be observed. The photochromic change is so sensitive that 

even simple fluorescence lamp can slowly induce color change. However, the NIR absorption 

gradually dropped and disappeared after prolonged illumination for 5 s. 
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Figure S23. Time resolved photochromic change of 1 in the presence of CHCl3 in Toluene.  

  

 

Although the radical cation intermediate 1
(.+)

 may be decompose quickly under normal 

conditions, we might be able to trap the 1
(.+)

 by using counter ion exchange to form 1
(.+)

/ClO4
-
, 

which prohibits it from further reaction with C-X
(.-)

. In these case, 1 and 2 (5×10
-5 

M) in 
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CHCl3 or in CH2Cl2 were irradiated in the presence of Bu4NClO4
 
(1 × 10

-3 
M), and a clear-cut 

additional NIR signal peaking at 1100 nm can be snap-shoot. In CHCl3 the photochromic 

sensitivity of 1 and 2 is so high that, as shown in Figure S24, the photochromic change occurs 

at 550 and 1100 nm even under fluorescence lamp illumination. This is almost identical with 

the characteristic absorption of 1
(.+)

 and 2 
(.+) 

generated in the spectroelectrochemical 

experiments. NIR absorption can also be observed with CH2Cl2 after UV (366 nm). All these 

suggest the existence of the PET process in the photochromic process. 

 

Figure S24. Photochromic change of 1 or 2 in CHCl3 and in CH2Cl2 in the presence of 

Bu4NClO4. 
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Quantitative Analysis of CHCl3 and CH2Cl2 Contents.  

To establish calibration curves for the CHCl3, sets of CHCl3 standards with various 

concentrations were analyzed by DHPP at 27.0 
o
C. The mother solution of DHPP was 

prepared in toluene (0.01 M). The concentration of CHCl3 in CH3CN spans the range from 

0.001 M to 0.1 M. In each analysis, one portion of the DHPP mother solution (0.1 mL) and 

one portion of CHCl3 solution (0.1 mL) were mixed and diluted to 1 mL with a mixed solvent 

of CH3CN and toluene (2:1). The detection limit of this method indeed can be extended to as 

low as 0.0001M 

A fluorescence quartz cell was adopted with the optical path width of 1 mm and optical path 

length of 1 cm for spectrometric detection. UV light (366 nm) was irradiated from the 

side-way to induce the photochromic change and the color change was observed along with 

the direction of spectrometric detection. (Figure S25). 

 

Figure S25. The cell for detection of the photochromatic change. 

 

The photochromic response was monitored against irradiation time. The UV irradiation source 

was chopped during the period of spectrometric data collection so as to avoid any optical 

interference. The corresponding spectral changes with various concentration of CHCl3 are 

shown in Fig S26. The reaction rate in each case of the photochromic process was obtained 

from their linear plot of the absorbance at 536 nm versus irradiation time. Since DHPP is 

photosensitive and may be oxidized under UV irradiation, photochromic change of the blank, 

which contains only DHPP in CH3CN/toluene, had also been monitored and corrected.  
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Figure S26. Photochromatic change of DHPP1 (0.001 M) in CH3CN/toluene (2:1) in the 

presence of CHCl3 with the sample concentration of: (a) blank, (b) 0.001 M, (c) 0.005 M, (d) 

0.01M, (e) 0.05 M, (f) 0.1M. Note that the samples were diluted by 10 times before 

measurement. 

 

As shown in Figure 8 in the manuscript, the initial rate is linearly proportional to the 

concentration of CHCl3. However, due to the limitation of Beer’s law, certain deviation from 

the linearity was clearly observed at the high absorbance region (A>1). Therefore, for purpose 

of quantitative analysis of CHCl3, the concentration should be adjusted so that the absorbance 

at 536 nm would fall into the range between 0.01-1.0. 
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Linear plots of the absorbance change against irradiation time in the presence of various 

concentrations of CHCl3 were first obtained. The slope of each line representing the rate of 

photochromic change was then obtained from the plot. Inset Figure 8 in the manuscript shows 

the plot of rate of photochromic change versus [CHCl3]. The observation of the linear 

behavior suggests a pseudo first order kinetics for [CHCl3]. 

To simplify the calibration process, a calibration curve from the absorbance data of 536 

nm at 135 s as shown in Figure 9 in the manuscript, with the corresponding [CHCl3] at 0.001, 

0.005, and 0.01 M, were established for analysis. After background correction, a linear 

calibration plot can be clearly observed. The method detection limit (> 2.6 from zero) can be 

as low as 100 ± 28 ppm. The error estimations are based on the average and standard 

deviations from several times of independent experiments. The experimental uncertainty 

in the absorbance (A) measurements is 0.02 and /A is about 27% of error. The uncertainty  

 of the slope  in Figure 9 is 6.2%. The error at 100 ppm is calculated as 28 ppm according 

to the equation of  

R = │R│ × [(/A)
2
 + (/

2
]

1/2
                (2) 

Similar error estimation was applied for CH2Cl2 analysis 
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Quantitative Analysis of CH2Cl2 Content:  

Due to the relatively low reactivity, dichloromethane can only be analyzed at a relatively high 

concentration (Figure S27). To secure that the results were not interfered by other higher 

halo-homologues, the purity of CH2Cl2 were further confirmed by 
1
H NMR. On the basis of 

our analysis, the amount of CHCl3 contaminant should be less than 1/10000 and the present 

photochromic change should arise from the photoelectron transfer reaction between 1 and 

CH2Cl2. The concentration of mother DHPP solution was 0.01 M in toluene. To a volumetric 

flask (2 mL) was added the mother solution of DHPP (0.2 mL), the corresponding amounts of 

CH2Cl2 (1 mL, 0.5 mL, and 0.25 mL) respectively and diluted to volume with CH3CN. The 

samples were irradiated as described before. The photochromic changes were recorded and 

shown in Figure S27.  
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Figure S27. Photochromatic change of DHPP1 (0.001 M) in CH3CN/toluene (2:1) in the 

presence of various amounts of CH2Cl2: (a) 12.5 V/V%; (b) 25 V/V%;’ (c) 50 V/V%. 

 

The initial reaction rate (Figure S28) in each case of the photochromic process was obtained 

from their linear plot of the absorbance at 560 nm versus irradiation time. Photochromic 

change of the blank, which contains only DHPP in CH3CN/toluene, had also been monitored 

and corrected. 
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Figure S28. Linear plots of the absorbance change against irradiation time in the presence of 

various concentrations of CH2Cl2. The slope of each line represents the rate of photochromic 

change. Inset is the plot of the plot of rate of photochromic change versus [CH2Cl2]. The 

observation of the linear behavior suggests a pseudo first order kinetics for [CH2Cl2]. 

 

As shown in the Figure 10 in the manuscript, a calibration curve from the absorbance 

data of 560 nm at 60 s, with the corresponding CH2Cl2 %(V/V) at 12.5%, 25.0% and 50.0%, 

was established for analysis. After background correction, a linear calibration plot can be 

clearly observed. 
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