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ABSTRACT

Thiuram disulfide intercalates of lead(ll) and cadmium(ll) were prepared by the reaction of binary layered
metal iodides with five dithiocarbamates in air. The intercalates were characterized by elemental analy-
sis, Powder X-ray diffraction (XRD), infrared (IR), ultraviolet-visible spectroscopy, diffuse reflectance spec-
troscopy, scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy, high-resolution trans-
mission electron microscopy (HRTEM), and atomic force microscopy (AFM) techniques. IR showed increased
contribution of the thioureide bond and the presence of weak disulfide stretching frequency. Powder XRD
showed the characteristic intermediate 20 signal confirming the intercalation. Powder XRD clearly differ-
entiated intercalates from the iodinated product of dithiocarbamate. As the bulkiness of substituents on
disulfide increased, “d” also increased. The higher thermal stability associated with intercalates clearly sug-
gests a strong ionic interaction and a difficult de-intercalation. SEM images of lead intercalates indicated
crystalline nature. The intercalates appeared as rods or spheres. The diallyl-intercalate, [Pbl,](H;C;),NCSS-
SSCN(C;H,), (where (H.C,),NCSS-SSCN(C;H.), is diallylthiuram disulfide), shows “net like structures.” Inter-
calation of oxidized dithiocarbamates in the “galleries” of layered Pbl,/Cdl, is observed. HRTEM and AFM
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analysis of intercalates showed the particles to be nano-rods.
GRAPHICAL ABSTRACT
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Introduction

Hybrid materials refer to a wide variety of materials such as
ordered crystalline coordination polymers, amorphous sol-gel
compounds, and a combination of organic and inorganic units
with or without interactions. 13 Interest in these compounds has
seen a spurt in recent times due to reports of the use of hybrid
perovskites in solar cells.*® The most important advantage of
hybrid materials is the favorable combination of the properties
of organic and inorganic components, as layered hybrid com-
pounds are an important class of materials that find extensive
applications in devices.””'* Layered cadmium(II) and lead(II)
are wide band gap semiconductors,'® their potential use as X-ray
detectors, holographic data recorders, and as solar cell materials

in the visible range have been investigated.!® Hybrid materials
involving lead iodide (Pbl,) and amines investigated by pho-
toluminescence, infrared absorption, and Raman spectroscopy
revealed different properties for the hybrid material in compari-
son with those of pure Pbl, and amine.'”~2 Polymer-embedded
PbI, materials are thermally stable and are transparent to light
and find applications in many fields.?! Structurally, the heavy
metal iodides are similar to the transition metal dichalcogenides
and their electronic structures are similar to the graphite.?>*
Heavy metal iodides have a plane of hexagonally packed heavy
metal atoms sandwiched between two planes of hexagonally
packed iodine atoms as depicted in Figure 1. Each layer of such
a triple-plane sandwich has an I-M—1I sequence, where “I” rep-
resents the iodine atoms and “M” represents the heavy metal
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Gallery c - axis of the unit cell

® Cd/Pb

Figure 1. Schematic structure of layered Mi, (M = Pb and Cd).

atoms. Both Pbl, and cadmium iodide (CdI,) show 0.683-nm
gallery, and tetra-substituted thiuram disulfide intercalates of
the two layered halides are reported in this paper.

Results and discussion

Infrared spectra

Table 1 shows the thioureide and C-S bond stretching frequen-
cies observed in the sodium salts of different dithiocarbamates,
corresponding Pbl, and CdI, intercalates. The Infrared (IR)
spectra show two characteristic absorptions due to ve.yand v g
vibrational modes. The C-N (single bond) stretching frequency
is observed in the region: 1250-1350 cm, ! and the double bond
is observed in the region: 1640—1690 cm.”! However, in the
disulfide intercalates, vibration of C-N bond is observed in an
intermediate region of wave number around 1500 cm™!, which
is ascribed to the polar thioureide bond.?*?> All the compounds
show a weak band in the range of 550-700 cm ™! corresponding
to the vS-S vibration clearly indicating the disulfide bond.?

Electronic spectra

Representative electronic spectra of intercalates are shown in
Figure 2. The pristine Pbl, is similar to golden yellow spangles,
but all intercalates prepared are of fluorescent green color. Elec-
tronic spectra of [PbI,]Et,NCSS-SSCNEt, and [CdI,]Et,NCSS-
SSCNEt, show bands at 445 nm and 433 nm respectively due to
the ligand to metal charge transfer transitions.” Similar spectra
were obtained for other substituted intercalates. The disulfides

Table 1. Selected FTIR stretching frequencies.

with a relatively high energy lone pairs on the donating sulfur
atom and a charge transfer to low lying empty metal orbitals are
observed. On excitation in the wavelength range of 422-445 nm,
the compounds emitted fluorescent radiation in the wave length
range of 463-588 nm. In general, the cadmium intercalates emit-
ted at higher wavelengths compared with the lead intercalates.
The cadmium intercalates showed relatively weak fluorescence.

Diffuse reflectance spectra

Representative Diffuse Reflectance Spectra are shown in
Figure 3. The spectrum of Pbl, shows a characteristic band
around 493 nm. The spectrum of [Pbl,]Et,NCSS-SSCNEt,
intercalate shows a band at 441 nm due to charge transfer.”’
The other intercalates also showed charge transfer bands around
440 nm. Similarly, the reflectance spectra of CdI, shows char-
acteristic band around 385 nm. Reflectance spectra of [CdI;]R
R'NCSS-SSCNR R’ showed charge transfer bands at 431 nm
(R, R = Me), 435 nm (R, R = Et), 440 nm (R = Me, R’ =
CeHi1), 431 nm (R = Et, R" = C¢Hy1), and at 451 nm (R, R’
= CH,CH=CH,). The nature of substituents on the disulfides
has no significant influence on the CT bands.

Powder X-ray diffraction

Powder X-ray diffraction (XRD) patterns of lead iodide, lead
iodide-tetraethylthiuram disulfide intercalate, [PbI,]Et,NCSS-
SSCNE, are shown in Figure 4. The experimentally observed
20 positions matched with the JCPDS data 07-0235, confirm-
ing the identity of Pbl,. The signal observed at 26 = 12.945°
(d = 0.683 nm) is the most intense signal characteristic of Pbl,.
A comparison of the two patterns clearly shows appearance of a
new intense signal at 26 = 7.006° (d = 1.260 nm), an obvious
manifestation of intercalation. The signal observed at 12.945°
showed a reduced intensity, and shifted to lower 26 = 12.177°
(d = 0.737 nm). The observation is consistent with an increase
in the “c’-direction of the unit cell due to the presence of a
guest in gallery formed by adjacent iodine layers in the I-Pb-I
“sandwich” structure.!® Table 2 shows the observed XRD pat-
tern for different intercalates with reference to the intense 26 =
12.945° signal. The XRD patterns of cadmium iodide and cad-
mium iodide-tetraethylthiuram disulfide intercalate are shown
in Figure 5. Powder XRD of Cdl, shows characteristic signals
from (001), (002), (003), and (004) planes. The experimental 26
positions matched with the JCPDS data 84-0826, confirming the
identity of the compound. The signal observed at 26 = 12.945°
(d = 0.683 nm) is the most intense signal characteristic of Cdl,,
similar to that of Pbl,. Intercalation of CdI, resulted in the

Nadtc [Pbl,IR,NCSS-SSCNR, [CdI,]R,NCSS-SSCNR,
dtc Ve Ves Ven Ves Vss Ve Ves Vss
MeZNCSS* (dmdtc) 1499 970 1504 950 663 1512 959 663
Et,NCSS™ (dedtc) 1478 987 1496 980 655 1499 987 648
(HHCG)MeNCSS’ 1464 961 1474 956 655 1473 968 660
(chmdtc)

(HHCG)EtNCSS_ 1450 990 1466 941 650 1479 944 649
(chedtc)

(H,CCH=CH,),NCSS™~ 1400 999 1400 991 682 1432 926 658
(
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Figure 2. Representative electronic spectra of intercalates.

shifting of the (001) signal to lower 26 value consistent with
the expansion of the “c”-axis. A new intense intercalate signal
appeared at 260 = 9.920° (d = 0.890 nm) and a number of weak
signals appeared in intercalates. The XRD signals for all the
CdI, intercalates are shown in Table 2. A close perusal of inter-
planar distances indicates that as the bulkiness of substituents on
disulfide increases, “d” also increases. In order to differentiate
between the iodinated and intercalated products, [Pb(dedtc);]

and [Cd(dedtc),] were iodinated in CHCl; as reported in our
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[CdI,JR,NCSS-SSCNR»; R = Et

product. Similarly, [Cd(dedtc),] shows diffracted intensity from
(001) plane at 26 = 11.399° and another at 20 = 9.976°. On iodi-
nation, the signal shifts to 20 = 10.892°, which is clearly different
from that of intercalate. Similar intercalation has been reported
for layered double hydroxide intercalated with an anionic met-
allophthalocyanine.” In the present investigation, the interca-
lation of a thiuram disulfide into the gallery of layered MI, is
depicted as follows:

laboratory?®: 00 00
® 00 'Y e & o o
M2 4+ 2R,NCSS™ — [M (R,NCSS)] + I e e o o 0000
—s [PbI, (R;NCSS — SSCNR,)] ® o ﬁ. ® o
Gallery +2 RyNCSS- =>
where M?* = Pb?*/Cd** R = Et. ® e 0.
The XRD patterns of [Pb(dedtc),] show distinct signals at 26 . & .. ..
=12.137° and 9.795°. The corresponding iodinated compound, "N K X 0000
[PbI,(dedtc),], shows signals corresponding to 26 = 11.808° ® © @ @
and at 20 = 5.705° (Figures S1 and S2; available online in Sup- o0 00
plemental Materials). In the case of the intercalated XRD, the
signals are observed at 20 = 12.196° and 7.006°. The obser- e Cd/Pb @I
vation clearly differentiates the intercalate from the iodinated
56.9 e 487
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Figure 3. Diffuse reflectance spectra.
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Figure 4. XRD patterns of Pbl, and [Pbl,]Et,NCSS-SSCNEt,.

Thermogravimetry

The representative lead intercalates were subjected to ther-
mal study (Figure S3; available online in Supplemental Materi-
als). [PbI,]Et;NCSS-SSCNE; is thermally stable up to “250°C.
Above 250°C the compound shows the first sign of thermal
decay. A smallloss in mass due to the adsorbed solvent was indi-
cated in DTA around 170°C. The next significant step of decom-
position is an exothermic process as indicated by the DT curve,
and the decay continued up to 305°C. The fragment loss during
the process matches in mass with that of I,. Subsequent mass loss
is also exothermic in nature and the fragment loss corresponded
to the disulfide moiety, Et,NCSS-SSCNEt, corresponding to a
mass loss of 33%. The final residue obtained around 920°C cor-
responds to PbS. The experimentally observed thermal mass
losses support the proposed formula of intercalates. A similar
pattern of thermal decay was observed for the cadmium inter-
calates. The end products could not be confirmed by XRD due to
paucity of sample. The higher thermal stability associated with
intercalates clearly suggests a stronger ionic interaction and a
relatively difficult de-intercalation.

Table 2. Selected powder X-ray diffraction data.

M =Pb M=Cd
Compound 26 (°) d (nm) 260 (°) d (nm)
MI2 12.945 0.683 12.945 0.683
[MIZ]MeZNCSS— 9.440 0.936 10.786 0.819
SSCNMe,
[MI,JEt,NCSS-SSCNEt,  7.006 1.260 9.920 0.890
[MI,](H,,C,)MeNCSS-~ 7123 1240 7.097 1244
SSCNMe(C,H,,)
[MI,](H,,C,)EENCSS- 7.501 1177 7.492 1179
SSCNEt(C4H,)
[M1,)(H, C;),NCSS- 10.124 0.873 10.443 0.846
SSCN(GH,),

SEM-EDX analysis

Scanning electron microscopy (SEM) images of some selected
lead and cadmium intercalates were analyzed (Figure S4; avail-
able online in Supplemental Materials). The lead intercalates are
of crystalline nature and appear as rods or spheres. In partic-
ular, the diallyl-intercalate, [PbI,](H,CHC=H,C),NCSS-
SSCN(CH,CH=CH,),, shows “net like structures” and
[CdIz](HzCHC:HZC)zNCSS-SSCN(CHzCH:CHz)Z are
nano-crystalline with regular spherical shape. Diameter of
nanoparticles are in the range of 58-75 nm. The EDX analysis
of lead intercalates confirmed the presence of Pb, I, and S and
are in conformity with the proposed molecular formulae of
the compounds. The energy dispersive X-ray patterns of inter-
calates involving cadmium showed the presence of Cd, I, and
S and the data are in agreement with the proposed molecular
formulae of the compounds.

HRTEM and AFM analysis

The size and morphologies of the selected intercalates of
lead and cadmium dithiocarbamates are characterized by
Transmission electron microscopy (TEM) analysis. High-
resolution TEM (HRTEM) images are shown in Figure 6.
[PbL,](H,CHC=H,C),NCSS-SSCN(CH,CH=CH,), particles
are nano-rods with their diameters ranging from 13-69 nm.
All the particles obtained from the remaining intercalates
are also of rod shape with their diameters in the range
of 13 to 130 nm. Atomic force microscopy (AFM) (Fig-
ure S5; available online in Supplemental Materials) analysis
of [Pblz](HzCHC=H2C)2NCSS-SSCN(CH2CHZCHz)z con-
firmed the above observation.

>
o~
(=31
-
[CdLJE;NCSS-SSCNEt:
I
fﬂ;i,LJ ‘,' 1111 Tt""l,'t e
=
5. .
O ¥ cdlz
N
e |
' .
i:'.'. e . . . .'.--—-—-—-: LI B S— Ak
0 20 40 60 80
2 Theta

Figure 5. XRD patterns of Cdl, and [CdI,]Et,NCSS-SSCNEL,.
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Figure 6. HRTEM images of [M1,](C;H;),NCSS-SSCN(C,H),).

Conclusions

Fluorescent green [MI,]JR,NCSS-SSCNR; intercalates (where
M = Pb or Cd) were prepared by the reaction of binary-layered
metal iodides with different dithiocarbamates in air. The neutral
disulfides as oxidized dithiocarbamates are present as inter-
calates in the layered MI,. Analytical data suggest 1:1 ratio of
Pb/Cd to R,NCSS-SSCNR,;, in intercalates. A comparison of the
thioureide stretching bands in intercalates and those observed
in the sodium salts of dithiocarbamates clearly shows a signifi-
cant increase in the value, and the observation is an indication
of an increased contribution of thioureide form in intercalates.
Therefore, the spectral data evidently support the involvement
of weak interactions between polar thioureide bond and the
metal centers. Electronic spectra of intercalates show bands
around 440 nm due to charge transfer transitions. On excitation
in the wavelength range of 422-445 nm, the compounds emitted
fluorescent radiation in the wave length range of 463-588 nm. In
general, the cadmium intercalates emitted at higher wavelengths
compared with the lead intercalates. The cadmium intercalates
showed relatively weak fluorescence. A comparison of the pow-
der XRD patterns of Pbl, and [Pbl,]Et,NCSS-SSCNEt, clearly
shows appearance of a new intense signal at 26 = 7.006° (d =
1.260 nm), an obvious manifestation of intercalation. The signal
observed at 12.945° in Pbl, showed a reduced intensity and
shifted to lower 20 = 12.177° (d = 0.737 nm). The observation
is consistent with an increase in the “c’-direction of the unit
cell due to the presence of a guest in gallery formed by adjacent
iodine layers in the “I-Pb-I sandwich” structure. The observed
patterns clearly establish the fact that the disulfides insert them-
selves into the “gallery” in 1:1 ratio in intercalates. A similar
trend was observed in the cadmium intercalates. SEM anal-
ySiS of [PbIz](H2CHC:H2C)zNCSS-SSCN(CHzCH:CHZ)2
showed it to be nano-crystalline net-like structures (58-
75 nm). HRTEM analysis of [Pbl,](H,CHC=H,C),NCSS-
SSCN(CH,CH=CH,), showed it to be nano-rods with their
diameters in the range of 13-69 nm. AFM analysis also con-
firmed [PbIz](H2CHC=H2C)2NCSS-SSCN(CH2CHICHZ)2
particles to be of 30-69-nm diameter. Thermal decomposi-
tion of intercalates around 900°C led to the formation of PbS
or CdS. Thermal analysis of intercalates confirmed the pro-
posed formulae. The higher thermal stability associated with
intercalates clearly suggests a stronger ionic interaction and
a relatively difficult deintercalation. The intercalation process

PHOSPHORUS, SULFUR, AND SILICON e 5

100 nm

can be summed up as intercalation of oxidized dithiocarbamate
into the “galleries” of the layered Pbl,/Cdl, in the following
equation:

ML + 2R,NCSS™ — [MI](R,NCSS — SSCNR,), + 2¢~

where M = Pb/Cd, R,NCSS™ = dithiocarbamate anion.

Experimental

Infrared spectra of intercalates were recorded with Avatar Nic-
holet FT-IR infrared spectrophotometer as KBr discs of the
compounds. Electronic spectra were recorded with UV-1650
PC UV-visible spectrophotometer. Diffuse reflectance spectra
were recorded on a Perkin Elmer-Lambda 35-integrated sphere
spectrometer for insoluble solids. Fluorescence spectra were
recorded on a Perkin Elmer Lambda LS 55 fluorescence spec-
trometer in dichloromethane, and Jobin Yvon Flurolog-3-11
spectrofluorimeter was used for solid samples. To prevent any
nonlinearity of fluorescence intensity, 400 nm was chosen as
the excitation wavelength. Powder XRD pattern was recorded
with a Bruker-D8 X-ray diffractometer using Cu-Ko radia-
tion. Fixed current and potential were applied. Samples were
finely powdered and mounted on glass slides. Scanning elec-
tron micrographs of the samples were recorded with JSM-6390
version 1.0 and FEI Quanta FEG 200 high-resolution scanning
electron microscope. HRTEM was obtained by employing Tec-
nai F20, using an accelerating voltage of 200 kV. Atomic force
microscopy images were taken using Park System AFM XE 100.
Freshly cleaved mica substrate was used to deposit nanoparti-
cles. The sample aliquot was left for 1 min, then washed with
deionized water and left to dry for 15 min. The images were
obtained by scanning mica in air in non-contact mode. Thermo-
gravimetric analyses were carried out in nitrogen atmosphere
using alumina as reference. Thermal analysis was carried out on
Netzsch STA 449F3. The heating rate of the furnace was fixed at
10°C/min and the samples were heated up to 1000°C by taking
approximately 5 mg of sample in a platinum crucible for each
thermogravimetric experiment.
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Preparations

Preparation of sodium salt of dithiocarbamate (Nadtc)
Amine (10 mmol) (N-ethylethanamine (de): 1.0 mL; N-
methylmethanamine (dm): 0.5 mL; N-prop-2-enyl-prop-2-
en-l-amine (da): 1.2 mL; N-methylcyclohexanamine (chm):
1.3 mL; N-ethylcyclohexanamine (che): 1.4 mL), and car-
bondisulfide (molar excess) in ethanol (5 mL) were mixed under
ice-cold condition (5°C) to form yellow solution of the corre-
sponding dithiocarbamic acid. An aqueous solution of sodium
hydroxide (0.4 g; 10 mmol) was then added with continuous stir-
ring. A pale yellow solution was obtained. Solid sodium salt was
obtained by slow evaporation of ethanol solution.**-*?

Preparation of intercalated Pbl, and Cdl,

Sodium salts of dithiocarbamates (Nadedtc = sodium
diethyldithiocarbamate (0.11 g; 0.5 mmol), Nadmdtc = sodium
dimethyldithiocarbamate (0.07 g; 0.5 mmol), Nadaldtc =
sodium diallyldithiocarbamate (0.09 g; 0.5 mmol), Nachmdtc =
sodium cyclohexylmethyldithiocarbamate (0.10 g; 0.5 mmol),
Nachedtc = sodium cyclohexylethyldithiocarbamate (0.11 g;
0.5 mmol)) were allowed to react with a solution of Pbl, (0.23;
0.5 mmol) in hot water (10 mL) and the formation of a flu-
orescent green precipitate was observed. The precipitate was
quickly filtered, washed with hot water, and dried in air. The
cadmium analogues were prepared by dissolving Cdl, (0.36 g;
1 mmol) in ethanol (10 mL) and reacting with equi-molar
sodium dithiocarbamates in ethanol. The yields obtained, melt-
ing points, and elemental analyses are as follows: [PbI,(dedtc),]
(1): CioHy ILN,PbS,, Mol. Wt: 757.2; Anal. Calcd. (%): C,
15.86; H, 2.66; N, 3.70; Found: C, 15.82; H, 2.63; N, 3.67;
[Pblz(dmdtC)z]CszoHHzo (2) CgHzoIzNzOszS4, Mol.
Wt: 765.1; Anal. Calcd. (%): C, 12.56; H, 2.63; N, 3.66; Found:
C, 12.52; H, 2.60; N, 3.62; [PbIz(daldtC)z] (3) C14H20 IzNszS4,
Mol. Wt: 805.2; Anal. Calcd. (%): C, 20.88; H, 2.50; N, 3.48;
Found: C, 20.84; H, 2.47; N, 3.43; [Pbl,(chmdtc),] (4): C16Has
I,N,PbS,, Mol. Wt: 837.3; Anal. Calcd. (%): C, 22.95; H, 3.37;
N, 3.34; Found: C, 22.89; H, 3.33; N, 3.30; [PbI,(chedtc),] (5):
C18H32 IzNszS4, Mol. Wt: 865.4; Anal. Calcd. (%)I C, 24.98; H,
3.73; N, 3.24; Found: C, 24.94; H, 3.69; N, 3.20; [CdI,(dedtc),]
(6) C10H20Cd IzNzS4, Mol. Wt.: 662.4; Anal. Calcd. (%): C,
18.13; H, 3.04; N, 4.23; Found: C, 18.09; H, 3.00; N, 4.20;
[CdIz(dmdtC)z] (7) C6H12Cd12N284, Mol. Wt.: 606.3; Anal.
Calcd.(%): C, 11.89; H, 1.99; N, 4.62; Found: C, 11.85; H, 1.95;
N, 5.59; [Cdlz(daldtc)z] (8) C14H20Cd12N284, Mol. Wt.: 710.4;
Anal. Calcd. (%): C, 23.67; H, 2.84; N, 3.94; Found: C, 23.64; H,
2.80; N, 3.90; [Cdlz(chmdtC)z] (9) C16H28Cd12N284, Mol. Wt.:
742.5; Anal. Calcd. (%): C, 25.88; H, 3.80; N, 3.77; Found: C,
25.84; H, 3.76; N, 3.74; [CdIz(CthtC)z] (10) C18H32 Cd IzNzS4,
Mol. Wt.: 770.6; Anal. Calcd.(%): C, 28.06; H, 4.19; N, 3.63;
Found: C, 28.02, H, 4.16; N, 3.59.

Preparation of [Ml,(dedtc),] (where M = Pb or Cd)

[M(dedtc),] (1 mmol) (where M = Pb or Cd) was dissolved
in dichloromethane, and a dilute solution of iodine (1 mmol)
in chloroform (50 mL) was added drop-wise with continuous
stirring over a long period of time (60 min). The precipitate

obtained was washed with dichloromethane and dried in
air.

Preparation of [M(dedtc),] (where M = Pb or Cd)

Lead nitrate (0.33 g, 1 mmol)/cadmium nitrate (0.30 g, 1 mmol)
were dissolved in water and an aqueous solution of sodium
diethyldithiocarbamate (0.45 g, 2 mmol) in ethanol-water (1:1)
was added with continuous stirring. Solid crystalline precipi-
tates were obtained, which were washed with ethanol and dried
in air, and the yield was about 80%.
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