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ABSTRACT

Two new phosphorus complexes, potassium trichlorothiocyanophosphate (III) (PTCTCP; K[PCL,(SCN)]) and potassium trichlorocyanophosphate (I1I)
(PTCCP; K[PCL(CN)]) were synthesized from the reaction of KSCN and KCN, respectively, with PCl,. The chemical formulas and compositions of these
compounds were determined by elemental analysis and spectroscopic methods, such as phosphorus-3 1 nuclear magnetic resonance (NMR) spectroscopy (*'P-NMR),
Fourier transform infrared (FTIR) spectroscopy, ultraviolet-visible (UV-Vis) spectroscopy and mass spectrophotometry. All of the theoretical calculations and
determinations of the properties of these compounds were performed as part of the Amsterdam Density Functional (ADF) program. Excitation energies were
assessed using time-dependent perturbation density functional theory (TD-DFT). In addition, the molecular geometry was optimized and the frequencies and
excitation energies were calculated using standard Slater-type orbital (STO) basis sets with triple-zeta quality double plus polarization functions (TZ2P) for all of
the atoms. The assignment of the principal transitions and total densities of state (TDOS) for orbital analysis were performed using the GaussSum 2.2 program.

Keywords: Phosphorus compound, DFT, ADF, Spectroscopic Studies.

1. INTRODUCTION

Organophosphorus complexes were first synthesized almost 200 years ago
using reactions between alcohols and phosphoric compounds such as phosphoric
acid. Organophosphorus chemistry is the conforming field and discipline
surrounding the reactivity of organophosphorus complexes and products
derived from them'? These compounds are degradable organic compounds
containing carbon-phosphorus bonds, and because of this degradability,
compounds in this class are primarily used for pest control as an alternative to
chlorinated hydrocarbons, which are preserved in the environment. In addition,
they have been used as chemical warfare nerve agents®. Phosphorus chemistry
has been developing in recent years as one of the most important branches of
science™®.

Theoretical calculations of organophosphorus and phosphenium complexes
have good attention between researchers in many years”'. Theoretical
chemistry can be defined by way of a mathematical explanation of chemistry,
while computational chemistry is typically used when a mathematical method
is adequately fine established. A profound considerate of marvel needs the
use of theoretical calculations'. Density functional theory (DFT) methods
are frequently measured to be ab initio methods for defining the molecular
electronic structure, while numerous of the most common functionals use
parameters resultant from more complex calculations. DFT methods have been
gradually applied to the study of the communication of complexes'> 3.

In the present study, we synthesized and characterized novel
organophosphorus compounds using Phosphorus-31 nuclear magnetic
resonance (NMR) spectroscopy (*'P-NMR), Fourier transform infrared (FTIR),
ultraviolet-visible (UV-Vis) spectroscopy and elemental analysis. In addition,
we used theoretical studies to determine more of the details and to peruse the
data obtained. We observed an excellent correlation between our theoretical
data and our experimental data, especially the spectroscopic results.

2. EXPERIMENTAL

2.1. Materials and Instruments

All of the materials used in this study (KSCN, KCN, PCl,, and hexane
(99%)) were purchased from Merck & Co., Inc. The solvents that were
used in the reactions were purified and dried following standard procedures.
Infrared spectra were recorded as KBr disks using a Bruker Tensor model 420
spectrophotometer. Mass spectra were recorded using an Agilent Technology
(HP) Network Mass Selective Detector 5973 spectrophotometer. The UV-Vis
spectra were recorded using a Camspec WPA Biowave 350 spectrophotometer.
So, ¥'P-NMR information was obtained by using NMR 500 MHz model
BRUKER AVANCE DRX 500 in DMSO solvent.
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2.2. The Synthesis of PTCTCP

Potassium trichlorothiocyanophosphate (III) (PTCTCP) was prepared by
dissolving powdered KSCN (0.2 g; 2.06 mmol) in PCI, (0.18 ml) and stir-
ring for 4 h at room temperature while maintaining a 1:1 KSCN:PClI, ratio.
This product could be easily prepared with a good yield by combining potas-
sium thiocyanate with phosphorus trichloride using equation (1). Stirring was
continued until a pink sediment was formed. The sediment mixture was then
washed with hexane and dried. The results of analyzing the sediment were
as follows: FTIR (KBr) (cm™): 459.67 (v, ), 537.67 (v,), 1131.74 (v_),
2063.56 (vy.,), 1589.24 (v._) em';*'P NMR (135 MHz, CDCl,): § = 1.49
ppm; UV-Vis in CH,CN, Mem': 240, 280, 305, 360; Mass: M/e = 159, 101.

KSCN +PCl,  K'[PCL(KSCN)] [€))]

2.3. The Synthesis of PTCCP

Potassium trichlorothiocyanophosphate (III) (PTCCP) was prepared by
dissolving ground KCN (0.16 g, 2.45 mmol) in PCI, (0.16 ml) and stirring
for 4 h at room temperature while maintaining a 1:1 KCN:PCI, ratio (2). The
stirring was constant until a product was formed, and then, the mixture was
filtered, resulting in a blue sediment solution. Finally, the sediment mixture was
washed with hexane and dried. The results of analyzing the sediment were as
follows:FTIR (KBr) (cm™): 415.97 and 585.24 (v, ), 1223.97 (v, ), 1627.29
(Ve_y) 2100.72 (v, ) em'; *'PNMR (135 MHz, CDCL,): § = 0.62 ppm; UV-Vis
in CH,CN, Mem'': 225, 340; Mass: M/e = 173, 198.

KCN + PCl, K'PCL(KCN)J 2)

2.4. Calculation methods

Our molecular calculations were performed using the Amsterdam Density
Functional (ADF) code'®. The scalar relativistic effects were incorporated by
using the zero-order regular approximation (ZORA)'*'®. All of the molecular
structures were fully optimized via the analytical energy gradient method
implemented by Verluis and Ziegler that employs the local density approximation
(LDA) within the Vosko—Wilk—Nusair parameterization for local exchange
correlations'™'®, We also used the GGA (generalized gradient approximation)
SAOP (statistical average of orbital model exchange-correlation potential)
functional' which was specially designed for calculating optical properties.
The excitation energies were estimated using a time-dependent perturbation
density functional theory (TD-DFT) 2!, The solvation effects were modeled
using a conductor-like screening model for real solvents (COSMO)* » with
acetonitrile as the solvent. Each excited state was introduced by a Gaussian
output with a full width at half-maximum (fwhm) of 3000 cm™'. The orbital
contribution and the total density of state (TDOS) used in the orbital analysis
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were analyzed using the GaussSum 2.2 software package?*. The TDOS was
determined by convolving the molecular orbital (MO) data with Gaussian
curves of unit height and a full width at half-maximum (fwhm) of 0.3 eV.

The optimal molecular geometry, frequencies and excitation energies were
calculated using standard Slater-type orbital (STO) basis sets with triple-zeta
quality double plus polarization functions (TZ2P) for all of the atoms?.

3. RESULTS AND DISCUSSION

3.1. Structural properties of the molecular geometry

The structures of the optimized PTCTCP and PTCCP are shown in Figure
1. All of the ab initio calculations were made using the Amsterdam Density
Functional (ADF) code'. The scalar relativistic effects were incorporated
using the zero-order regular approximation (ZORA)"“'¢, and the calculated
geometrical parameters for the compounds are shown in Table 1. This table
shows the experimental values for the bond lengths and the mentioned
references. For PTCTCP and PTCCP, the optimized C=N bond lengths were
both found to be 1.17 A, which is close to the value reported by Allen et al.
2. For the thiocyanate bond with the phosphorous atom in PTCCP, the P-S
and S-C bond lengths were 2.23 and 1.68 A, respectively. These values are
in agreement with the values reported by Okuniewski et al. for the P-S bond?’
and Rindorf et al. and Kenneth et al. for the S-C bond**?. The P-C bond length
in PTCCP was 1.82 A; and this value was reported to be 1.92 and 1.81 A by
Athanassios et al. and Priya et al., respectively**3!. The P-Cl bond lengths in
both compounds have values between 2.1 and 2.68 A, and Burck et al. reported
a value of 2.33 A3 These differences between bond lengths represent an
electronegative effect caused by the cyano, thiocuano and three-color groups.

Ml

Figure 1. The optimized molecular structure of A) PTCTCP and B)
PTCCP compounds.
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By comparing the two phosphorous compounds, we found the following
properties: a) various molecular radii and volumes that cause relative
differences; b) miscellaneous dynamic rotations and inversions in two
molecules; ¢) differences in the CN bond angle that can be used for secondary
reactions. Molecular ions are commonly assumed to be in a hypothetical
gaseous free state and without any pre-assumed symmetry. After the
optimization procedures, which included creating a minimum-energy geometry,
the vibrational frequencies and intensity spectra were calculated. The resulting
structures of these compounds showed a difference in the - donor ability of
the CN and SCN ligands that was caused by the bending and distortion of the
bond angles in the two compounds. The CN ligand has good n-donority due to
the m-back bonding ability of this type of ligand, and can cause P-C-N angles to
become linear, which was confirmed by our data (174.21).

In the KPCI, (SCN), the ADF and experimental data reported by Strasser et
al.** showed bending and torsion in P-S-C at 104.12 and 104.48 degree angles,
respectively. Therefore, for the rest of angles, the values are provided with
values from references*" in Table 1. We have found a very good correlation
between the calculated and experimental results. This difference in behavior
can cause poisoning by attacking biological phosphorous acceptors and
enzymes such as acetylchlorine esterase. These types of studies can be used
for simulations and theoretical studies of poisonous organophosphorous
compounds. The eigenvectors of the normal models were calculated and
displayed on a computer to identify the dominant motions. All of the theoretical
results for the PTCTCP and PTCCP compounds correlated well with our
experimental data 3%,

Table 1: Calculated geometrical parameters.

Bond length
Bond [Experimental] Bond Bond Angle (°)
A)
PTCTCP
CI-N1 1.17 [1.14]° S1-P1-Cll 74.04
S1-Cl 1.68[1.64]¢ S1-P1-CI12 101.88[113.42]¢
P1-S1 2.23[1.98]° S1-P1-CI3 99.81[110.91G
P1-Cl1 2.68[2.33]¢ C1-S1-P1 104.12[104.48]"
P1-CI2 2.1 S1-C1-N1 176.66[178.3]'
P1-CI3 2.18 Cl1-P1-C12 91.95
Cl1-P1-CI3 170.30
CI2-P1-CI3 96.72[101.44]"
PTCCP
CI-N1 1.17[1.14]* NI1-C1-P1 174.21
P1-C1 1.816[1.81]¢ Cl-P1-Cl1 86.03
PI-Cll 2.39 C1-P1-CI2 97.55
P1-CI2 2.1 C1-P1-CI3 86.03
P1-CI3 2.39 Cl1-P1-C12 93.42
Cl1-P1-CI3 170.13
CI2-P1-CI3 93.42[101.44]

“Ref[25], "Ref[26], Ref[29,30], ‘Ref[31], ‘Ref[27, 28], ‘Ref[32], *Ref[33],
"Ref[34], *Ref[35], 'Ref[36]

3.2. Vibrational spectra

In the vibrational spectra of these compounds, all of the expected bands
were seen. For PTCTCP, the most important of these bands is associated with
tensile motion of the P-Cl and P-S bonds (at 459.67 and 537 cm’!, respectively);
therefore, for PTCCP, the frequencies 415.97, 585.24 (P-Cl) and 1223.97 (P-C)
were especially significant. Selected vibrational spectra of both compounds are
compared with theoretical data in Table 2.



Table 2: Selected FTIR results for PTCTCP and PTCCP.
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U (em™) [Calculated] Assignment | Intensity U (em™) [Calculated] Assignment | Intensity
PTCTCP PTCCP
460[460]* Vo (m) 416, 585 [416, 585] Vo (s), (W)
538[540] Vis (m) 1224[1224] Vo (vw)
1132[1130] Ve (vw) 1627[1628] Ven (vw)
2064[2064] Voeon (s) 2101[2101] Veen (vw)
1589[1590] Ve (W), (m)

w: weak, vw: very weak, m: medium, s: strong

The frequencies (wave numbers) must be correlated with the results of
FTIR spectroscopy. The calculated and experimental vibrational spectra
correlated well*#!. The calculated wave number (frequency) scale was often
slightly too high due to the poor modelling of the orbitals and their interactions
with the surroundings. The present contributions aim to build a collection of
experimental data for the preparation of a novel phosphorus compound®. The
pictures in Figure 1 show the similarity of the theoretical and experimental
results. As shown, all of the calculated bands were present in the experimental
data. Simple and mixed overtones and limitations in the resolution of
experimental instruments made the experimental spectra broad and blurred.

3.3. 3’ PNMR
The experimental 3PNMR spectrum of PTCTCP and PTCCP compounds

showed the main signal at 1.49 and 0.62 ppm, respectively (Figure 2). This
single resonance in the *’PNMR spectrum demonstrated a phosphorus atom
as a central ion. Chemical shift 3'P is pretty broad, in fact diverse states in
the phosphor valence does not follow a predictable pattern. In the PTCTCP
spectrum, the peak (1.49 ppm) was shown which represented a phosphorous
chemical shift with the SCN ligand at higher field, while in the PTCCP spectrum
this shift with the CN ligand occur at lower field around zero. By comparison
of these chemical shifts with other phosphorous compounds, such as acidity
forms, a shielding was made by CN and SCN electron change transferring to
a phosphorous atom.

— DD

FTCTCP

LLaChE

Figure 2. 3'P-NMR apectra for PTCTCP and PTCCP complexes.
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3.4. UV/Visible spectra

The calculated and experimental UV-Visible spectra showed very good
conformation and correlation. Calculated peaks and transitions are found in
experimental spectra, and if no peak appeared, it was because it overlapped
with other peaks (as in the case of PTCCP). These data show how the spectra
change according to the ligands or substitutes in these compounds. In the
UV-Visible spectra of PTCTCP and PTCCP, the transitions were at 3 and 2,
respectively, and their specifications, transition character and assignment of
principal transitions are shown in Table 3.

Table 3: Experimental and calculated (TD-DFT) electronic absorption
spectra in the visible range for PTCTCP and PTCCP.

E;t/l:lel:: I(r:»;i;lt Theory 2/nm | Transition Assignment of
dm3mol! em!* " character principal transitions®
PTCTCP

260 (0.33) H-2 L (0.98)
257 (0.07) .
(1800) 240 n 4
51002 | A AT H L+1 (0.66)
' H-3 L (0.03)
250 (0.07)
281 (0.03) . - H-1 L (0.94)
(970) 280 " e
267 (0.01) 1
299 (0.006) x " H L (0.96)
305 (540) "\ e
286 (0.04) 1
n T
(120) 360 341 (0.06) A A
PTCCP
248 (0.01)
238 (0.05) .
225(2100) | | T T
235 (0.05) E A, H-2 L (0.95)
H-1 L (0.64)
228020 H L+1(0.03)
344 (0.03)
n P
340 (580) 290 (0.16) A, A
280 (0.16)

* Experimental data were recorded in acetonitrile solution unless stated
otherwise.

® Calculated absorptions in the solid phase were found using TD-DFT; the
figures in parentheses indicate the oscillator strength.

¢ The calculated transition assignments in parentheses indicate fractional
contributions to the calculated absorptions.

First, the experimental value of A for PTCTCP were 240, 280, 305 and 360
nm, which can be compared the calculated values of 260, 281, 299 and 341
nm, respectively, which are in very good agreement. This complex hast 7"
(A, E’) (linked to charge transitions (CT)) andn  m (A, A[") transition
wavelengths of 280/305 and 340/360 nm, respectively. Because of inner
transition of SCN, CN and the loss of symmetry from Td to C,V, the intensity
of the peaks was increased; this increase is associated with the shoulder at 305
nm (Figure 3).

Therefore, for the PTCCP compound, the two transfer characteristics listed
in Table 3 have been identified. The combined transfer n (A, A)at
a wavelength of (340 nm) =~ n* (E  A") with a transmission wavelength
of 225 nm are related to charge transfer. Figure 3 shows the UV spectra of
both of these compounds. The high intensity transition spectra in experimental
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(theoretical calculation) were at 240 (260) and 225 (228) nm for PTCTCP and
PTCCEP, respectively, which describes important absorption properties of both
compounds. For PTCTCP, the experimentally observed absorption at 240 nm
arises from excitations of HOMO-2 to LUMO, whereas, for PTCCP, the 225
nm wavelength is associated with the ascent from HOMO-1/HOMO to LUMO/
LUMO+1%.

e - " - we - - - nn B

PTCCE x-2le

Figure 3. The experimental and calculated UV/Vis spectra of PTCCP and
PTCTCP.

3.5. Frontier molecular orbitals

The HOMO represents the ability to donate an electron, and the LUMO
is an electron acceptor. The electronic absorption corresponds to the transition
from the ground to the first excited state and is generally described as the exci-
tation of one electron in the highest occupied molecular or orbital (LUMO) #4.

The energies of the HOMO and the LUMO and their energy gap are
evidence for the chemical activity of the molecules. Figure 4 shows the
broadcast and energy levels of the HOMO-1, HOMO, LUMO and LUMO+1
and the energy gaps between excited and ground states for each compound.
The energy gaps from the HOMO-1 to and the LUMO and the LUMO+1 of
PTCTCP were (3.93, 4.60 eV) and from HOMO to LUMO and LUMO+1 were
(4.31, 4.89 eV), respectively. For PTCCP, these energy gaps were (3.46, 4.13
eV) and (3.42, 4.00 eV), respectively. These energies and energy gaps indicate
close energy states for both of the compounds. The TDOS of PTCTCP and
PTCCP calculated with the GaussSum 2.2 program are shown in Figure 5. The
TDOS plot shows the orbital population and validates a simple assessment of
the character of the molecular orbitals “-7.

3.6. Mass spectra

The m/e: 159 and m/e: 198 in the mass spectra are the main reasons for
synthesizing PTCTCP and PTCCP, respectively, and details for both com-
pounds are shown in Figure 6. According to the isotopes, large peaks are vis-
ible, and the mass spectral characteristics of compounds are shown in Table 4.
The intensities of the PTCTCP mass spectra are greater than those of PTCCP.
In addition, m/e: 149, 42, 59, 60, 101/97, 112 are mainly high intensity peaks
for PTCTCP/PTCCP, respectively. The resulting drop out species and expected
species assignments are shown in Table 4.
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Figure 4. The frontier molecular orbitals of A) PTCTCP and B) PTCCP compounds.
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Figure 5. The total density of state (TDOS) graph for A) PTCTCP and B) PTCCP compounds.
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Figure 6. The experimental mass spectra.

Table 4: The mass spectrum characterization of PTCTCP and PTCCP.

Expected species Drop out species m/e Inte;l 531)ty &
PTCTCP
[PCLSCN] Kcl 159 5040
[SC] K[PCI,N] 42 4850
[SCN] K[PCI,] 59.60,58 | 2200 1500
[PCL] KSCN + KCl 101 1550
[PCLCN] KS +KCl 128 412
[CLS] KPCN 143 280
[CL,CN] KPS 132 90
PTCCP
PCN KCl, 53 7.826
PCICN KCl, 89 1.585
CLCN KPCl 97 36.160
PCILN KCIC 112 25.528
KCI,C PN 157 4.194
KPCI, CN- 173 1.826
KPCL,C N*- 185 6.443
KPCI,CN - 198 1.922
KP,CI.CN - 332 0.689
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4. CONCLUSION

Potassium  trichlorothiocyanophosphate ~ (III)  and  potassium
trichlorocyanophosphate (III) were synthesized from KSCN, KCN and PCI,.
Elemental analysis and spectroscopic devices were used to determine their
chemical formulas and compositions. The eigenvectors for the normal models
were calculated using a standard Slater-type orbital (STO) basis set with ADF
software.

The geometrical parameters for each bond length agreed well with
previously published data (REFERENCIA). By comparing these two
phosphorous compounds, we found the following properties: a) various
molecular radii and volumes that cause relative differences; b) miscellaneous
dynamic rotations and inversions in the two molecules; ¢) different CN bond
angles that can be used for secondary reactions.

Calculations using the wave number (frequency) scale are often slightly
too high due to poor modelling of the orbitals and interactions with the
surroundings. The present contribution aims to collect experimental data for
the development of novel phosphorus compounds.

The experimental 'PNMR spectrum of the main signal of PTCTCP and
PTCCP compounds were 1.49 and 0.62 ppm, respectively, showing that the
complexes successfully synthesis and prepared.

The data from the UV-Vis spectra show how the spectra of these
compounds depend on ligands or substitutes. The transitions of the PTCTCP
and PTCCP compounds were at 4 and 2, respectively, and we described these
experimental data and calculated their specifications, transition characters and
assignment of principal transitions. The assignments of principal transitions
and total density of state (TDOS) for the orbital analysis were calculated using
the GaussSum 2.2 program. Closer energy states were indicated for frontier
molecular orbitals (MOs) with energy gaps between the HOMO-1, HOMO,
LUMO and LUMO+1 for both compounds.

In the mass spectra of PTCTCP and PTCCP, we detected major peaks at
m/e: 159 and m/e: 198, respectively, which was the main reason for synthesizing
these compounds.
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