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Table 1. Crystal data and structure refinement of the piperazine based perovskites.

¥ 1
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Empirical formula (pip):PbBre (pip)sPbeChis (lmpz)«Pb:Briz (2,5-mpz)esPbBrs 2((CH:):50)
Formula weight 862.96 214571 1782.02 66128
Temperature (K) 203(2) 203(2) 203Q2) 296(2)
Wavelength ( A) 0.700 0.700 0.700 0.700
Crystal system Orthorhombic Tngonal Monoclinic Monochinic
Space group Pnnm R3 P2m Phc
Unit cell dimensions
a A 26.499(5) 153272 9.6500(19) 13.5079(4)
b4 8.4920(17) 15.327Q2) 8.6450(17) 14.8779(4)
oA 9.805Q2) 33.107(7) 15.56203) 92038(3)
@, deg 20° 90° 90° 00°
B,deg % o0° 98.623)° 108.3922)°
v, deg 20° 120° 20° 90°
Volume( 4%) 2208.2(8) 6736Q2) 1283.6(5) 1772.36(9)
z 4 B 1 4
Density
° 2506 3174 2305 2478
(calculated){ Mg/m’)
Absorption
s sl 12.404 15777 10.673 16.507
F(000) 1568 5688 816 1216
Crystal size( mm’) 002x0.035x007 0032x0037x0.046  0.042x0066x0.080 0.033 x 0.042 x 0.054
Thetarangefordats | 319,33 6410 1.410 10 33.647° 2.006 10 33.662° 2.007 10 28.393°
collection
Index ranges 46 - h-46, -17<h< 16, -17<h <18,
-15<k<14, S4sk< 4, 16<k<19,
17< 26<1<26 €1n<1<12
Reflections colected 37410 22313 19782
Independent 6078 16722 6168 4414
reflections [Reint) = 0.1022 [R(ing) = 0.0737) [R(nt) = 0.0409] [R(int) = 0.0492]
Compleceness o et 100.0% 100.0 % 052% 00.0%
BaBasmant mathod Full-mamix lfast- Full-matix l?ast- Full-mamix lsast- Full-matrix lfm—
squares on F? squares on F? squares on F? squares on F*
Data/ restraints / A , 107 10/
s 6078 /0/100 167227397255 6168/0/98 4414/0/150
Goodness-of-fiton F°  1.462 1038 1119 0633
Final R indices R1=0.0730, R1=00776, R1=00810, R1=00437,
[ >2sigmaD)] wR2 =02521 WwR2 = 0.2468 WR2 =0.2505 WwR2=0.1255
. R1=0.1039, R1=0.0865, R1=00845, R1=00681,
e WR2 = 02687 WR2 = 02628 WR2 =0.2580 wR2=0.1552
Absolute structure
0.50(2
parameter o
Extinction coefficient  0.0011(3) 0.00202(12) 0.019(2)
“L""( e"_:;“ peakand g co) nd-3.160 7.034 and 2369 $.530 and 4.277 4039 and -1532
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X2

Table 2. Electron life time result of {pip):PbBrs, (pip)sPbsClis. (1mpz)sPbaBrya, and (2.5-dmpz)o sPuBrs

perovskites from the transient photoluminescence decay analysis.

Perovskites A T1/0S Aa T2/08 A T2/Is Tavg/S  Tamp/NS
{pip):PbBrs AT 10 Ok 4.92 2.80 0,07 55.00 11.00 6.33
{pip)PbsClis 7.50 0.90 0.06 24.00 1.30 3.50 447 1.45
{1mpz)sPbaBry» 4.10 8.60 0.28 T74.00 5.10 242 28.00 7.23
{2.5-mpz)o sPbBrs 398 T72.00 313 27.00 1.80 0.38 61.60 42.00

The emission decay was analyzed using the equation: I(t) = 4, exp(—t/1,) + A, exp({—t/1,) +
Az exp(—t/t3) + =, where ¥, 4;/(4; + 43 + A3 +) =1, the average lifetime, <1>, is defined by
(1) = ¥ vl /¥ A1y and Tamp is the amplitude of average lifetime.

[0101]
X 3
Table 3. The CIE coordinate (x.¥). CCT, color purity, full width at half maxinnm (FWHN) and the CRI
of the (piplaPbBrs, (pip):PbsClig. (lmpz)yPhoBris, and (2.5-dmpz)o sPbBr: perovskites.
CIE coordinate (x, v’ NVHDM
Perovskites & CCT (K) FL A, b CRI
x ¥ (um) (nm)
{pip):PbBrs 0.452 0.472 32476 S80 191.30 76.80
(pip)sPbsClis 0.340 0.371 5246.0 535 152.61 90.31
{1mpz)sPb:Bryz 0476 0.456 28104 GO0 187.62 80.36
2,5-dmpz o sPLB13 0.315 0.401 6076.5 524 170.73 74.62
[0102]
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X 4
Compound (2.5-dmpz) PhBra-tECHa)zSOsJ ‘
Empirical formula (CsN:2His) PbBrs+(CH:)2 80+
Formula weight 641 25+
Temperature 203(2) K+
Wavelength 1.54184 Av
Crystal system Orthorhombice
Space group Phead
Unit cell dimensions a=180362(1) A o= 90% .+«
b=8.7005(2) A B=190°+
c=10.8672(H A T=00%+

Volume

z

Density {calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Refinement method

Data | restraints / parameters
Goodness-of-fit on F2

Final R indices [[=2s1gmal(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

3273 21(12) Ade

8o

2,603 Mg/ms+

20,709 mm-le

2360«

0.192 « 0.034 = 0.021 mm3+
4451 to T4 405°

-23zh=21 -10<k=10, -12=1<244
16772+

3247 [R{int) =0.0785}~
00.0% «

Full-matrix least-squares on F2«
324770/ 149+

1.053+

R1=00610, wR2=0.1797+
R1=0.0631, wE2 =10.1826+«
n/a¢

5369 and -3.801 e Aw
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EH
EH]
Hﬁl NH, [ j E j/
% / D 5 @
N & N
H A Hy
CHj;
Piperazine 1-methylpiperazine Trans-2,5-dimethylpiperazine
(b) (pip) (1mpz) (2,5-dmpz)
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EH7
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