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Study on Synthesis and Identification of Sparingly Soluble
Addition Compounds of Lead lodide (Pbly) with Lewis Bases
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[Bl(concentration of B remaining in the reaction solution)
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x/z(mole ratio of B/A in the whole system)

y(mole ratio of B/A in the solid phase)

1. A typical phase diagram for a ternary system when the

mole ratio method is applied to a solid-liquid reaction,

where two insoluble addition compounds, A.-mB and A{m+n)B,

form:

, concentration curve;-----; composition curve.
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x/z( mole ratio of py/Pbl, in the whole system)
Fig. 2. A phase diagram for the PbI,- pyridine(py) - ethanol
system treated at 25 °C by the mole ratio method:z= 1.00
3

mmol, V= 10 cm™.

—@—, concentration curve ;-----, composition curve.
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Powdered PbIZ Liquid pyridine

Fig. 4. A U-tube for the gas-solid reaction
of PbI2 with vapor pyridine.
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Fig. 5. A phase diagram for the PbI,- ethylenediamine(en) -

ethanol system treated at 15 °C by the mole ratio method;
z = 2.17 mmol, V = 10 cm3;—-.—-, concentration curve;--Q-
composition curve. Low [en]’s are plotted in logarithm

to express clearly changes of its concentration.
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Fig. 6. A phase diagram for the PbIz- diethylenetriamine(dien)-
ethanol system treated at 20 °C by the mole ratio method;
z=1.08 mmol, V=10 cm3; —@—, concentration curve; -----,

composition curve.
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[Bl(concentration of B remaining in the reaction solution)

Fig.
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x{ amount of B taken at the reaction)

8. A typical phase diagram for a ternary system when the
continuous variation method is applied to a solid-liquid
reaction, where two insoluble addition compounds, A.mB
and A.(m+n)B, form. The values of the slope on the
concentration curve equal 1/V, (1+m)/V, and (1+m+n)/V in
the monovariant regions of 1, 3, and 5, respectively,

where V is the volume of reaction solution.
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9. A typical phase diagram for a ternary system where
both [B]l and [B]2 in the invariant regions are very low,
when the continuous variation method is applied to a
solid~liquid reaction. Since the widths of two
monovariant regions 1 and 3 are narrow, the concentration

curve ascends sharply at Xy and Xo-
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10. Relation between the point of phase boundary and
the sum(D) of A and B by application of the continuous
variation method to a solid-liquid reaction where both
[B]1 and [B]2 in the invariant regions are very low:

m is the composition of the addition compound.
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Fig. 11. A phase diagram for the PbI,- pyridine(py) - ethanol
system treated at 25 °C by the continuous variation method;

D=3.0 mmol, V=10 cm3.
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Fig. 12. A phase diagram for the ethylenediamine(en)- Psz(X=
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continuous variation method; V=10 cm ;—.HWPbIZ, D=2 mmol;
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Table 1. Composition of insoluble addition compounds identified

by the heterogeneous mole ratio method

Acid Base Composition(acid:base)a) Solventb>
Pb12 pyridine 1:1c> 1:20) M, E
PbI, |2-methylpyridine 1:1 1:27 M
PbI, |3-methylpyridine 1:1 1:2% M
PbI2 4-methylpyridine 1:1 1:2 M
PbI, |3,4-dimethylpyridine 1:1 M
PbI2 3,5-dimethylpyridine 3:2 1:2 M
PbI2 dimethylsulfoxide 1:1 1:2*’C) W
PbI2 dimethylacetamide 1:1*’C>
PbI2 L-proline 1:2 E
PbI, |thiourea 1:1¢) 1:2 E
PbI2 N-methylthiourea 1:1 E
PbI2 1,3-dimethylthiourea 1:1 1:2 E
PbI2 trimethylthiourea 2:1 1:1 E
PbI2 tetramethylthiourea 3:2 1:1 E
PbI2 1,3-diethylthiourea 1:1 E
PbI2 1,3-di-n-butylthiourea 3:2 E
PbI, 1,3-diisopropylthiourea 1:1 E
PbI, |ethylenediamine 3:2 1:1 1:2¢) M, E
PbI2 1,3-propanediamine 5:4 1:1 1:2 E
PbI2 pyrazine 1:1 M, W
PbI2 diethylenetriamine 2:1 1:1 E
PbBr, |pyridine 1:1% 1:2 E
PbBr2 ethylenediamine 2:1 1:1 1:2C> E
PbBr2 pyrazine 2:1 E
PbCl, |pyridine 1:1 1:2%)] E
PbCl, |ethylenediamine 2:1 1:1 1:2°) E
PbCl, [pyrazine 2:1 E

Pb(NO3)2 ethylenediamine 1:1 1:2 M
a)The mark "*'" means addition compounds formed by a direct reaction
of acid with base. b) M=methanol, E=ethanol, W=H,O. c) ref.3.
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4. 3 T oMb &S ¥ o Z 55 PE & a2 $h 3R
2B - VA REE-BEOAY-EHRC BT, ZHEHBEOMEME
PEBETIRERBHOBRPOLVAREERERT H1r»oWobr i
LI, —HOBKILERLV A XRBEBLREBEMEBEL T, i OHE
ELEMEELET IO ELIZEHERELELZLNTE B,
BROEEX*LEET IR 0. 20BEP I3 [B] XZ2o0K
EMEBOREHORELRS, 2.2HOHERCIBRE - CERME
ERLTH B,
ZODREZRERIEB IS (Bl & [B]l 2 B, XTxR&HQ
ZEBRIBIC BT BAMLEHOREEERK, ., Ko tBHELTWL S,

A (solid) + mB (soln.) =& A +-mB (solid) (1)

A -mB(solid) +nB(soln.) & A - (m+n) B (solid) (2)
_ m

Ki = 2r.m/ 24 2 (18)
_ n

Ky = @ .(min)B 7 2A-mB 2B (19)

CCTallE=E%dnd, BEMHOBREBERZEALZFhOLEYII>DVT—F
MunsiEion, thARTOBOERap WAL ERELSL
WedTBe. BB LOREETHRK, , Ko 86N 3,

Ky = 1/ [B]} (20)
K2 = 1/ ([B]3a (21)
AZ ) —NBRELY ) —nvEFERELEZPDI, —py, Pblg
~enORBROARE—THCET R, B2, W12, H20k&

POAREFRHABOEERELHAOLT. (20), (21) K<k - T
Pblg cylen)(y=1, 2) &Pbla -yby(y=1, 2) O
ERMEEMORBIY LORTEFREEREFRELCER2IERL L,
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REEFEHIAREL. H-T 2kl CendANp y L0 R
{BEALTWVWBEEBLZONSE, DI Eid. entpysiRLEN
RECERBRLILBREGZY 7 —NViERP T, avftihiden e RRL TR
DR MILEMEEZILVDIERBEELABT 3., TLEZ2Mhitawme
bic. REEERI ) —VvBRPILBYBIHERA S ) —vidgRPK
BiFdLhdbhkE,

Table 2. Stability constants of PbI2 addition compounds

with pyridine and ethylenediamine at 25 °C

Addition [B]a> K'b) Solvent

Compound mol dm_3
PbI,- en 3.16 x 107> 316 ethanol
PbIZ-en 5.00 x 10_3 200 methanol
PbIz-Z(en) 3.51 x 10”2 28.5 ethanol
PbIZ-Z(en) 9.02 x 10_2 11.1 methanol
PbI,-py 4.14 x 107% 24.2 ethanol
PbI, - py 6.33 x 1072 15.8 methanol
PbI,-2(py) 1.79 x 1071 5.6 ethanol
PbL, - 2(py) 2.44 x 1071 4.1 methanol

a) [B] is the concentration of the bases at the invariant
region.

b) K' is 1/[B].
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Ml om<. B (BEE) —BE (BFR) OREBRICEHLT, EHEIH
CHEOFERALLCOAHOL TV 30T AE T, HEL OB KB
NEET 2L T . HEOBIIH T ZERHAETHD 20 2H
LT3 eEBIAONE, WoT. ARRIIDL T, BEOFEBRICE
BRCHTIEMB L EIIDEBERIRLOIZEIRETH S,

4. 4 AT hnAdb &S %1 2 R B2 It D Bz o &)

FOMMPBARBRPCBEILAERBEIRBLT. RAD T L AEHD
AL EHEEABRTI2FEE LRV RRBEAHET B &

Pb Iz (solid) + mB(soln.) = Pb I, -mB(solid) + AH
FMEEMOREEEBRKERDEET OB ROBEHBENRK D ILD,
d1nK/dT = AH/RT?

T 2pbI,.uB / ®pbI, ap
BEZEAESPROKRKESSABVIEA. BEMHPDbL I, LTPDLI, -mBO®
BRI —TEMWMERLSDEHFZL. £

ag = 71 [B]
DRATCRINZIEEOBERB DT LEHLEVERET L. BEXR
BO0BET, T, OBMTROBENRD bN 3,
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In (Kp / Ky ) = m(In[B]y - 1n[B]_ ) = -2

1
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2 T

1
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b RHOBEEGRE T L3 b OB FbEdMERORIEMEE
BLlokdarenhts b,
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B 2BETCHHEKDLERERL 3RL &, (py] B—E®D
BERODAZZRERIE. Pblp, &Pbly - py D _D0REMMER
THMBMTHD. 2no60 (py]l BEhEhoBEIZBL T,

Pb I, (solid) +py(soln.) = Pbly - py(solid)
DEHEMRROI2LDOBRELAE5LA TS, CofoaAdHKEEE
DNl / TOREBEKRDBZEH]l 4DXS5B3, 055 70@
ENPOKYONERIGAAHOMIE -22.0kJ / mo 1l &3, av
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CHmAERAL. 209 avfbitt oA BEY ORI ELERwmE R
HRT2bD0TH5, UL, BELBEESIU VLB LOMICEL
éﬁﬂﬁ@%ﬁ&%@ﬁiﬁ%%nt%@&%inti\%ﬁgémﬁguéLi
EREVLDHBOTREL, ZhodHHE > TRSROBRIFC TR L,

CYY YO FF—BONE33.1TH50.20) thiaSbClg &
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Fig. 13. Temperature dependence of the concentration of

pyridine at the invariant region of the PbIz— pyridine -
ethanol system by the mole ratio method: z = 1.00 mmol,
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¥Frca s, coced CoMELEMMRRRPEBREIND LiRx
WEY T VERBL, 330 BEETRHRATILEAZBRIECY YV UAiEd
RKLTavithc RA3ME L AT 5,

LYY VOREHERELPD I, ERBLTHAMEEHERES, 24
SOMILEVOREEERERBALZRECFECL - THED L,
TORRIELICELDTCHSE, 1:10dRomMILEHELILE S
BL XY —NERPOREEEBRMOGAHT. 29 {LBicHTdEES
A

3,4-dmpy> 4-mpy > py > 3-mpy >> 2-mpy
DONEIZ » T4 5 (dmpy = dimethylpyridine, mpy = methylpyridine ),
COMBPUIRBBROEFEL OIS —BLTHEY, REEERLKLRO
MHEXEEIROI - TWHWBEEEIZONS, Pbly » (2- mpy)
DREEEBRFEOAMILEMO ZNICLRTERCHASISB TS
DR AFNEOUKBED LD EDIELONIN, 20 MILE&H D
RERBEXHOHICEATLEVOT. HEEZZEHIB OISR TOL IR L,
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Table 3. Stability constants of addition compounds
of PbI2 with pyridines in methanol at

25 °C and heat of reaction.

Addition [5]P K'C) AH
— rec
Compounda> mol dm"3 kJ/mol
PbI,-(3,4-dmpy) | 3.27 x 107 30.6
PbI, - (4-mpy) 3.90 x 1072 25.6 27.4
PbI,-py 6.33 x 1072 15.8 24.8
PbI, - (3-mpy) 1.68 x 1071 6.0 21.0
PbIZ-(Z-mpy) more than 16 less than 0.06

a) 3,4-dmpy = 3,4-dimethylpyridine,

4-mpy 4-methylpyridine, 3-mpy = 3-methylpyridine,

2-mpy 2-methylpyridine.
b) [B] is the concentration of the base at the
invariant region.

c) K' is representedas 1/[B] for the reaction

PbIZ(solid) + base(soln.) == PbIz-base(solid).
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MAzHB-T. 20RTEEERLAD CoEMLHOAMCBD O
52X Pbly pyiZ180CTHS21I0CREHLABZEBELSENT
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BLOLILBEEHIE—BT 2, COXELITRBBHEO LI I8 CTEER
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MTHB L. 20BFRBLEHRXBHTRICK - THRAL &,

Pbla -2(py) W RBWKHE-T. 140CHh0180Cicdid
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mit&WEER S ¥ 2, enoofEkbENh. PbCl,y, -py &
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WHRTRLELIE. av{LlofmtaYolhed s B0 B %R
LiPbCly -2 (py) EPbBrgy - 2 (py) BREBEICHEL.
PbClgz - (py) &PDbBry - (py) 22hThETHEL.
LEDONVARABURDZ S EADI B, BffMELEBOIREERZOD
RAOFOHBLOMNOBREKDZMII20TE HB/IPDDLIAT
Bea0. RABHKEOV - HELXSREELARL. ZhOoDEE
THRTHDBEERADIIWLE B,

—HRBT. Erhuf vkl vy Y voRBIRAE —F e vk
ZBHLT. AERERC BT 2BRECYI YV VREEZXKD, 20N 0
EAMLEVORBY LOREETERK ERADLICED. kv 3
EMTE B,

PbX, (solid) + p y (soln.) == PbX, - py(solid)

Ky = 1/1[py];

PbXs, - py(solid) +py(soln.) & PbXs -2(py)(solid)

Ko = 1/ (pyle
20CIHBIYBHET. [pyl 1 & [pyl o DAERD. R4 TH
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Table 4. Dissociation temperatures(T ) and

dis
stability constants of PbX2 - pyridine

addition compounds

Addition Tais [py]a) kD)
Compound °C mol dm™3

PbBr, . py 201 3.67 x 1072 27.2
PbI, - py 199 4.14 x 1072 24.2
PbI,-2(py) 170 1.79 x 1071 5.6
PbCL, . py 146 7.70 x 1071 1.3
PbBr,.2(py) | 140 1.08 0.93
PbCl,-2(py) | 118 2.93 0.34

a) [py] is the concentration of pyridine at the
invariant region at 25 °C and ethanol was used as
a solvent.

b) K' is 1/[B].
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HEELLW,

HM1l1usU2RBBHEIG. S MLEYVORERLERDTCH S
ELROHDEDILRKRB, FhiBhbwvTaviihery v ryrolLds
M, Pbly, spyll 20T, 24—z a4mitadYoR
TEEBOREELIO. Z0EBERIRORIGHREL T 2 2. 0kJ/mol
DHEAEB TS, CORBBEBRIFNCS I I2RHABALOBICR] 60
TEEBENRB L, CoBKRomT. ALEMP LI, Dy & 25
CTHORMBELIECIUETTMRIZIDIIESTLIAZTIRDOATYL
BHOMN, CORER oLy YV ERHIACEEHOEZET2 S
THS 198 CRETCMATALELETIAEOMIIE YLV LEE
AL 2R 198 CCoykREIPOERCEASAREpyOHRRL 15
TOERBIB 5Kk /mo IPNASCRBAOAVEBL BT &N
T&3, ZhBIE.RIG6ERLEAZEI VI VE-HORBIZRAINK
IY 5,

AHrec = —AHdis + AHvap — A Humix (2 2)
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Table 5. Heat of dissociation of PbX2-y(py)(y= 1 and 2)

AH1a> AHza) AH3b) (8H,+8H ) /2
kJ/mol
PbI,-2(py) 50.2 66.9 —_
Pbl,. py —_— —_— 58.6 62.7
PbBr 52 (py) 58.6 54.4 —_—
PbBI, - py S — 54.4 54.4
PbCL,+ 2 (py) 33.5 58.6 S
PbCL,- py S S 62.8 60.7

a) PbX2-2py(solid)—————§> Psz-py(solid) + py(gas)— >
AHl AH2

PbXZ(solid) + 2py(gas).

b) PbXZ-py(solid)-———ea»PbX2 (solid) + py(gas).
AH
3

(53)
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AHmiX | heat of mixing
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Fig. 16. The enthalpy cycle of PbIz.py. Dissociation
temperature of PbI,.py is 198 °C. al_ . is the heat of

reaction of PbIZ.py , AHvap’ the heat of vaporization of

pyridine, AHdis , the heat of dissociation of PbIz-py, and

AHmix , the heat of mixing of pyridine with ethanol.
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AHdis BPbl, pyoREARTH S, AHmix IRATEZS
ihé,,%)
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(£4) VD BIBRETIZIEXp =0.0024 (227 —-1D25
COHER0.785:53.28) txu. FRUEKAT B L. cORS
MAHmix Y Yy Iimoliwos—-1.3kJeEik3d, HBEHR
BIlzL 2MEMAHdIs 62.7TkJ, /mol (£5) THo. “hbd
Dfix (22) RcRKAT B

AHrec = —-62.7T + 385 + 1.3 = -2229
LB, COof, ~22.9kJ / mol TERM-22.0kJ mol
LY —HT 3,
DEDEBRBERI 2 LBONMILEMOEKICEYT 3 RIg—FHc
DOVTEBAL TS LR BYELVWIEERTHEL LB TVS
EEZLONh B,
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Fig. 17. A phase diagram for the PbIz- pyridine - ethanol

system treated at 25 °C( @) and 15 °C (O) by the mole

ratio method : z = 1.00 mmol, V = 10 cm3.
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Fig. 18. A transport method for the single crystal growth of

insoluble addition compounds.
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Fig. 20.

A phase diagram for the PbI2 - pyridine - methanol

system treated at 25 °C( @) and 15 °C ( O ) by the mole
ratio method : z = 1.08 mmol, V = 10 cm3.
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Table 6. Temperature dependence of solubilities of PbIz-py

and Pb12-2(py) in terms of [Pb2+]

Solvent [Pb2*t]/10™ M [pyl/M | solid
25 °Cc |15 °c Differencea) Phaseb)
Ethanol 4 2 2 0.13 PbIz-py
Methanol 25 16 9 0.15 PbIz-py
Ethanol 2 1 1 0.32 Pb12-2(py)
Methanol 13 5 8 0.5 PbIZ-Z(py)
a) The difference in [Pb2+] between 25 °C and 15 °C.

b) The composition of the addition compound equilibrating

with the solution containing pyridine.

Fig. 21,

T e
Photographs of the single c

transport method.

as

’

PbIZ.py in methanolic solution,

b: PbIZ-py in ethanolic solution,

c:

ds

Pb12-2(py) in methanolic solution,

Pb12~2(py) in ethanolic solution.
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Fig. 22. A simple transport method for the single crystal
growth of an insoluble addition compound: Temperature of

a thermostat is kept higher than room temperature.
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x/z( mole ratio of en/PbI2 in the whole system )

Fig. 23. A phase diagram for the Pb12 - ethylenediamine(en) -
methanol system treated at 25 °C by the mole ratio method

z = 1.00 mmol, V = 10 c:m3 ; —@— , concentration curve.
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lable s. o>ingle crystal growth by the transport method.
Compound Temperature/°C | Solvent{ concentration | Ref.
Lower | Higher of base /mol dm™3)
Side Side

PbI, . py 15 25 MeOH(0.15), EtOH(0.13) | 33
PbI,-2(py) 15 25 MeOH(0.5 ), EtOH(0.32) | 31
PbI,-en 30 40 MeOH(0.05), EtOH(0.01)
Pb12-2(en) room 40 MeOH(0.15), EtOH(O.1) 34
PbIz-dien 20 35 MeOH(0.4) 35
PbIj2/3(3,5—dmpy) room 35 MeOH(O0.3) 36
PbI,. pz room 40 MeOH(0.01)

PbIz-dmtu room 40 H,0 (0.4) 37
PbIZ-Z(dmtu) room 40 H,0 (1.5) 37
PbI,- trmtu room 40 H,0 (0.65)

PbIz-temtu 10 40 MeOH(0.8) 38
PbIZ-Z(pro) 30 40 EtOH(0.25) 37
PbI, - bpy 20 35 MeOH(0.11) 37
pyH PbI3 room 40 0.5 M AcOH(0.12) 39
pipH PbI, room 40 0.5 M AcOH(0.09) 39
hmtaH PbI3 room 50 0.5 M AcOH(0.5) 39
PbBr, - py room 30 MeOH(0.4)

PbBr2-2py room 40 MeOH(2.7)

Pb(NO3)2-en room 50 MeOH(0.08)
Pb(NOS)Z-Z(phen) room 40 MeOH(0.1) 45
Pb(NOs)z-bpy room 40 MeOH(0.01)

Pb(NO3),-2(bpy) | room 40 MeOH(0.1) 45
AcOH = acetic acid, EtOH = ethanol, MeOH = methanol,
bpy = 2,2'-bipyridine, dien = diethylenetriamine,

3,5—dmpy/= 3,5-dimethylpyridine, dmtu = 1,3-dimethylthiourea,

en = ethylenediamine, hmtaH = hexaminium ion,

phen = 1,10-phenanthroline, pipH = piperidinium ion,

pro = L-proline, py = pyridine, pyH = pyridinium ion,

pz=pyrazine, temtu=tetramethylthiourea, trmtu=trimethylthiourea.
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