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ABSTRACT 

Routes for the preparation of mixed phosphonitrile-sulfonitrile 
systems have been explored. ,A new preparation of cgclo-dichlorophospho­

nitrilebis(oxochlorosulfonitrile), NPC1 2(NSOCl)2' based on pyrolytic decom­
position of the product of reaction between amidosulfuric acid and trichloro­
phosphonitriletrichlorophosphonium hexachlorophosphate, [C13PNPC1 3] [PC16] , 
has been studied. The mixed ring product has been further characterized 
by infrared and 35Cl nuclear quadrupole resonance spectrometry and related 
to the parent ring compounds. 

The compounds, [L]2[CoC14], [L]2[CoC14].CH2C1 2, [L]2[Cu2C16] and 
[L]2[Cu2C16].2CH30H (where L is aminodiphenylphosphonitrileaminodiphenyl­

phosphonium ion, [NH2(C6HS)2PNP(C6HS)2NH2]+), have been prepared and charact­
erized from vibrational and electronic spectra as ionic compounds of a 
general series of quaternary amine salts of transition metal halide anions. 

The solid state infrared spectra of linear phosphonitriles 
containing (PNP) and (PNS) units have been assigned and interpreted for 
structural information: From phosphorus-chlorine stretch assignments for 
the trichlorophosphonitrile group, C13P=N-, the phosphorus site symmetry is 
Cs rather than C2v. [C13PNPC13][PC16] exists in two solid state forms with 
a probable cation configuration of distorted C2v for both. 

An approximate expression for optimization of orbital exponents 
was derived from the exchange energy dependence of the two-center, one-electron 
overlap integral for a localized bond. Optimum molecular 3d orbital exponents 
were determined for rr bonded phosphorus and sulfur atoms in phosphonitriles 
and sulfonitriles. Exponents for dxz and dX2_y2 range from 0.92-1.10 



and 0.97-1.18 for chlorides and fluorides, respectively; while the molecular 

dz2, dyz and dxy orbitaIs are uncontracted. TI bond structures were investi­

gated using molecular exponents in the calculation of bonded overlap values. 

The relationship of these values to covalent molecular and bond energies was 

used to evaluate the optimization expression and to interpret the structure 

and chemistry of phosphonitriles and sulfonitriles. The PNP chain angle of 

[ClSPNPClS]+· in a C2v configuration was estimated as 150-155 degrees. 
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1. INTRODUCTION 

1.1 Scope of the Work 

Both phosphorus and sulfur are third-row elements and within 

the framework of either molecular orbital or valence bond theory, when 

used with an atomic orbital basis, the availability and involvement of 

d orbitaIs in their bonds with other atoms could account for much of their 

chemical behavior. The very active interest in compounds of phosphorus 

and sulfur with nitrogen has been motivated mainly by two possibilities: 

one, that of preparing new compounds of useful technological application; 

and two, that of obtaining more insight into the types of bonding which 

phosphorus and sulfur atoms can attain in the sense of expanded coordination 

or delocalized multiple bonds. This research project was undertaken in the 

same vein and particularly for the latter reason. 

The project was a twofold attack: an experimental, preparative 

attempt to prepare mixed systems of sulfur and phosphorus compounds with 

nitrogen (II); and a quantum chemical attempt to investigate the bonding in 

such systems (III). 

1.2 Nomenclature 

The nomenclature of inorganic systems is decidedly unsystematic. 

And the nomenclature of compounds of phosphorus and sulfur halides with 

nitrogen is no exception. Even in this relatively narrow field, a compre­

hensive system encompassing groups such as -N=P~, -N=S(O)< and -N=S< in 
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rings or chains is 1acking. 

Two systems are present1y wide1y used for po1ymeric compounds 

made up of units of -N=P~. They are referred to as phosphazenes 1 or as 

phosphonitri1es 2 • For examp1e, the compound in Figure 1-1 wou1d be named 

2,4,6-tris(dimethy1amino)-2,4,6-tris(methy1amino)-cyclo-triphosphazatriene 

in the phosphazene system, or 1,3,S-tris(dimethy1amino)~1,3,S-tris(methy1-

amino)-cyclo-triphosphonitri1e in the other. The phosphonitri1e system is 

Figure 1-1 A Cyclic 

Phosphonitrile 

more fami1iar since it has been em-

p10yed longer, but this is not suffi-

cient reason to pre fer it over a 1ess 

comp1ex or more easi1y extended system. 

Both have the abi1ity to distinguish 

the extent of cyc1ic po1ymerization, 

but neither is easi1y extended to in-

c1ude 1inear compounds a1though perhaps 

the phosphonitri1e system is better in this respect. The naming of ionic 

1inear compounds, such as [C1 3PNPC1 3]C1, in sorne way to indicate the known 

equiva1ence of the phosphorus atoms is a prob1em for both. Neither has an 

analogy in the familiar nomenclature for su1fur-nitrogen containing po1ymers. 

Po1ymeric ring halides of -N=S (0) < and -N=S< units have been caUed su1fanuric 

and thiazy1 ha1ides, respective1y. In comparison with the phosphorus-nitrogen 

po1ymeric system, there are fewer examp1es known. On the other hand, there 

are many compounds containing su1fur-nitrogen bonds not forma11y multiple, 

and a comprehensive nomenclature shou1d be capable of inc1uding these as 

well. 
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In this work, the arbitrary choice has been made to refer to 

derivatives of the -N=P~ unit as phosphonitriles, except when the nitrogen 

atom is directly bonded to a sulfur atom or an -N=S< unit as part of a 

chain or ring. Covalent linear systems are named as the appropriate phospho­

nitrile derivatives of the end groups; e.g., CI 3PNP(O)CI 2 is trichlorophos­

phonitrilephosphoryldichloride. Ionic linear systems are named to conform 

with IUPAC rules 3 for ionic compounds between non-metals; e.g., 

[CI3PNP(Cl)2NPCI3][PCI6] is chlorobis(dichlorophosphonitrile)trichloro­

phosphonium hexachlorophosphate.* Derivatives of the ~N=S< unit are refer~ 

red to as sulfonitriles, in general. In particular,the familiar names are 

used for the cyclic polymers; e.g., the a-isomer of formula (NSOCI)3 is 

called a-sulfanuric chloride trimer. 

'Mixed1" systems are defined as a combination in rings or chains 

of two different atoms alternating with nitrogen. Rings composed of units 

of phosphonitrile and sulfonitrile types are called mixed phosphorus -

sulfur rings. This then implies the presence of alternating nitrogen atoms 

in the skeleton. Mixed phosphorus - sulfur rings are named as combinations 

of the phosphonitrile and sulfonitrile parts; e.g., the hypothetical ring 

compound of Figure 1-2 is called cyclobis(dichlorophosphonitrile)oxochloro­

sulfoni trile. 

* It might be better to refer to such a compound using a bridging 

designation: Bis(trichlorophosphorus-~-nitrido)dichlorophosphonium 

hexachlorophosphate, but this would remove it from the familiar phospho­

nitrile system used for the other -N=P~ polymers and has not been adopted 

for that reason. 
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Figure 1-2 A Mixed Ring, (NPC12)2NSOCl 

For the naming of other cornpounds, an atternpt has been made to 

conforrn to IUPAC rules where possible. For the sake of familiarity, 

sulfuryl chloride and thionyl chloride are used for S02C12 and SOC12, and 

Kirsanov's compound, C13PNS02Cl, is called trichlorophosphazosulfonyl 

chloride. 

1.3 Chemistry of Phosphonitriles and Sulfonitriles 

1.3.1 Phosphonitriles 

In general, compounds containing phosphorus-nitrogen bonds are 

prepared from substitution of chlorophosphoranes by -NH2 or >NH containing 

ligands. A comprehensive review of the types of reactions resulting with 

amines, amides, hydrazines, etc., has been compiled by Becke-Goehring4 . 

Reaction with ammonia or ammonium salts produces linear or cyclic phospho-

nitriles. Chlorophosphonitriles, which are the starting materials for most 

of the routes to other derivatives, are prepared from the reaction between 

phosphorus pentachloride and ammonium chloride. The products consist of 

a mixture of cyclic homologues, (NPC12)n, n=3 to 17, and low chain length 
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1inear po1ymers. The cyc1ic portion is soluble in petroleum ether and can 
be separated from the oily 1inear fraction by extraction. The lower cyc1ic 
members can be iso1ated through fractional crystallization and sublimation. 
Typical1y, when the reaction occurs in high-boi1ing 'non-polar' solvents, 
such as sym-tetrachloroethane, with an excess of ammonium ch1oride, a ninety 
percent yie1d of cyc1ic product is obtained with n=3 and 4 predominant S,6. 

On the other hand, if polar solvents, such as nitrobenzene, and a contro11ed 
ratio of phosphorous pentach10ride to ammonium chloride are used, the linear 
fraction predominates. For example, with 3:1 PC1S:NH4Cl, as much as eighty­
five percent of [C1 3PNPC1 3][PC16] can be isolated7 . A mechanism for the 
reaction has been proposed8 and discussed9 ,lO. It is suggested that an 

initial step is donor-acceptor addition of the nucleophilic ammonia ~o a 
tetrachlorophosphonium cation. Subsequently, further donor-acceptor react­
ions occur to extend the chain of phosphorus and nitrogen atoms until eventual 
cyclization can occur. If excess phosphorous pentachloride is present, cycliz­
ation is hindered by the formation of possibly ionic linear molecules of the 

Phosphonitrile reactions are typically non-stoichiometric with the 
accompanying prob1ems of work-up which that implies. The most striking 
feature of phosphonitrile chemistry is that the system is an inorganic exam­
pIe of one which is as varied, while at the same time as c1ose1y interreJated 
characteristically, as organic systems. The cyclic halide homologues are 

remarkably stable to hydro1ysis compared with other phosphorous halides. 
They polymerize above 250°C in the presence of phosphorous pentachloride to 
a linear polymeric product with the elastic characteristics of rubber, or 
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in combinat ion with metal chlorides to an oily product with good high temp­

erature stability. Above 350°C, the high polymer depolymerizes to a mix­

ture of cyclic polymers. 

Linear phosphonitriles are much more susceptible to hydrolysis 

than cyclic phosphonitriles. This has resulted in a less comprehensive 

range of compounds studied, since they are difficult to handle experiment­

ally. It was first suggested that they were compounds of the general series, 

Cl(C12PN)nH n=lO-lS 17. Other attempts to characterize this fraction indi­

cated that the series could be represented, Cl (C12PN)nPC145,S. No members 

of the first type have been isolated, although aryl and alkyl derivatives, 

such as C6HSNPC1 31S,19, have been described. Apparently no members of the 

second type have been isolated either. Rather, individual members of an 

ionic series, [Cl(C12PN)nPC13][Y]' have been characterized: Y=Cl-7,20, 

PC16 or BF; 23, SbC16 9,24 for n=l and/or 2; and Y=PC16, BC14 or AlC14 25 

for n=3,4. The ionic series represents a broad range of compounds since 

examples are known where sorne or aIl of the chlorine atoms are replaced 

by groups such as phenyl, ami no and methylamino26 ,27,2S. From reactions 

other than the general preparative one for chlorophosphonitriles, compounds 

of a covalent series, Cl(C12PN)nY; Y=POC1 2 or PSC1 2, have been prepared 

for n=l or 27 ,20,21. Phenyl derivatives of this series are also known for 

n=1,3 or 422 . 

Polymerization of phosphonitriles has been reviewed11 ,12,13. Sev­

eral general reviews of phosphonitriles have been published since the first 

in 1943 2. A more up-to-date and complete account of the synthetic methods 

used, with particular emphasis on the cyclic halides and their derivatives 
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can be obtained from two reviews by Shaw11 ,14. Preparation of mixed deriv-
atives provides opportunity to study the types of isomerism possible for cyc1ic 
phosphonitri1es and an extensive discussion of this by Corbridge is avai1ab1e 15 . 
The review by Schmulbach 12 is an excellent survey of structural and chemica1 
information for both cyclic and linear phosphonitri1es. A short account of 
sorne possib1y general linear series for which examp1es have been character-
ized can be found in the review by Corbridge, whi1e a review by F1uck16 con-
tains a good account of the preparation and chemistry of the ionic 1inear 
series. 

Table 1-1 Properties of sorne 1inear phosphonitri1es. 

Compound mpOC v(PN)~V(PC1),v(P~) 31p ô
b Comments and 

IR reference 
7 225 1338,614 

7 310 1298,653 

20 36 1332,560,1261 

20 34 

20 35 1305, ,680 

20 23 

1l0ionic 
n=1,Y=C1 

-21.4 1l0ionic 
n=1,Y=PC16 

-12.5,+13.6 ionic 
n=2,Y=PC16 

+0.1,+14.2 108cova1ent 
n=1,Y=POC1 2 

-7.1,+13.4, 
-20".0 

covalent 
n=2,Y=POC1 2 

+2.9,-28.2 107cova1ent 
n=l,Y=PSC12 

-6.0,+20.6, 
-30.2 

-20.3 

covalent 
n=2,Y=PSC1 2 

subst.ionic 
n=1,Y=C1-

a) cm-1 b) ppm from 85% H3P04, 106 except 7)209 and 8)109, 0 PC16 = +305. 
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Table 1-2 Properties of sorne cyc1ic ha1ophosphonitri1es. 

Compound 

1) (NPF2)3 104 

2) (NPF2)4 104 

3) N3P3(C6H5)2F4 97 

7) (NPC12)5 211 

8) N3P3C15F 213 

9) N3P3(C6H5)2C14212 

28 51 1290 960,890 

30 90 1438 (790) 

69 1250 916,890 
1265 914,900 

114 256 1212 611,530 

124 328 1325 595,517 
1297 

1295 590,520 

41 1354 601,535 

50 215 1230 606,533 

95 1220 

142 

31p ô b) IR reference,c) 
configuration 

-13.9 

-12.197 

-20 

+7 

+17 

101ii p1anar 

104 i p1anar 

97 i slight boat 
ii 

101ii slight chair 

127iii chair type 
ii 

127 ii boat type 

100 i puckered 
p1anar 

101ii slight chair 

12 slight chair 

slight boat 

a) v(PN):highest strong band assigned; v(PX):v ,v f cm~l. as SI 

b) 5 except where noted; ppm from 85% H3P04. 

c) i,solution; ii,solid; iii,vapor. d) Ï,T form; 4,K form. 

1.3.2 Sulfonitriles 

Sulfur tends to form six- and eight-membered ring systems, whether 

made up sole1y of su1fur or of a1ternating su1fur and nitrogen atoms. This 

behavior has been discussed by Becke-Goehring31 ,32, though reasons for it 

have not been estab1ished. Many rings containing dicoordinate-divalent 

sulfur, and also several containing tricoordinate-tetrava1ent or tetracoord-

inate-hexava1ent su1fur, are known. In addition to a preparative motivation, 
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the possible 'existence' of multiple ring bonds in the first type, and 

localized or delocalized multiple bonds in the latter types, has prompted 

recent renewed interest. Properties of the ring compound, tetrasulfur­

tetranitride, S4N4, have been discussed by Allen 33 . Recent reviews of 

sulfur-nitrogen-halogen compounds 34 , particularly fluorides 3S , are available. 

In contrast to the extensive cyclic phosphonitrile system, only a 

few examples of cyclic sulfonitriles are known and aIl but one are six­

membered. The parent acid system, -N=S(OH)O-, is not known, but Kirsanov 

isolated two isomers of the chloro derivative, the sulfanuric chloride 

trimers, a- and S-(NSOCI)S, from the products of a pyrolytic decomposition 

of trichlorophosphazosulfonyl chloride 36 • The same ring can be prepared 

in low yield (~4%) from chlorination by thionyl chloride of the product of 

the reaction of sulfuryl chloride with ammonia, sulfonyl diamide, S02(NH2)237. 

Isomers of the trimeric fluoride can be obtained through fluorination of 

a~sulfanuric chloride trimer38 ,39. No eight-membered rings of the -N=S(O)< 

type are known. 

Thiazylchloride, NSCl, can be prepared from chlorination of tetra­

sulfurtetranitride21S or from reaction of thionyl chloride with metastable 

thiazyl-S-hydroxide, NSOH41. It rapidly polymerizes to the six-membered 

ring, cyclo-trithiazylchloride, (NSCI)S' On the other hand, thiazylfluoride, 

NSF, is much more stable and can be prepared by reaction of mercury fluoride 

with tetrasulfurtatranitride in boiling carbontetrachloride42 ,43. On 

standing, it polymerizes to cyclo-trithiazylfluoride, (NSF)S. An alter­

native route to this trimer is fluorination of cyclo-trithiazylchloride21S . 

Mild fluorination of tetrasulfurtetranitride produces the tetramer of 

thiazylfluoride, (NSF)4 44 , which is the only eight-membered cyclic sulfonitrile 
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known. The tetramer can be depolymerized to monomeric thiazylfluoride45 

(as can the trimeric thiazylchloride to its monomer, NSC146), but the 

monomer, NSF, polymerizes spontaneously, and only, to the trimer. 

A ring composed of thiazyl and sulfanuric units, cyclo-bis(chloro­

sulfonitrile)oxochlorosulfonitrile, (NSCl)2NSOCl, has been isolated from 

chlorination of thiodithiazyldioxide, S3N20247. Fluorination of this ring 

with silver fluoride in carbontetrachloride results in substitution at the 

two tricoordinate-tetravalent sulfur atoms, while the tetracoordinate­

hexavalent sulfur atom is not affected. Substitution reactions, other 

than fluorination, of one each of the sulfanuric chloride and fluoride 

isomers have been investigated38 . Substitution can be effected under very 

mild conditions, i.e. when the attacking agent is only weakly basic; 

otherwise, ring cleaveage occurs. Another reaction which leaves the ring 

intact is conversion of cyclo-trithiazylchloride to sulfanuric chloride 

trimer through addition of sulfurtrioxide and subsequent oxidation48 . 

As for the cyclic case, there are few linear sulfur-nitrogen 

systems known which are not amides or imides. Polymerie sulfanuric fluoride, 

(NSOF)n' has been reported49 , and polymerie thiazylbromide, (NSBr)n' has 

been mentioned50 . Compounds with the proposed ionic structure, [R2S=N=SR2]X, 

have been reported for R=CH3;X=Cl,Br51-53 and R=C6HS;X=Cl,N03,I54. Other 

isolated examples of linear sulfonitriles are dichlorosulfonitrilesulfonyl 

fluoride, C1 2SNS02F1 and its fluorine analogue, F2SNS02F55. 
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Table 1-3 Properties of sorne sulfonitriles. 

ComEound !!!E°C Cornrnents 

1) (NSF) 3 42,215 74 19F ô = 147 ppm (KF)216 

2) (NSF)4 42,214 153,d >128 puckered, alternating bonds 
l~ . 

F' ô = 155 ppm (KF)216 

3) (NSOF) 3 38,39 ais 16 

trans -12 

4) (NSCI) 3 45,215 162 chair, ClIs axial 

5) (NSOCI) 3 36,71 Ct. 145 chair, ClIs axial 

S 47 chair, one Cl equatorial 

6) (NSCI) 2NSOCI 47 110 

7) [R2SNSR2]Cl 54 R=CH3 153 ionic 

R=C6H5 182 

1.3.3 ComEarison of PhosEhonitriles and Sulfonitriles 

The most noticeable difference in chemistry between the two systems 

is that the known sulfonitriles are not prepared from a reaction which can 

be controlled to produce either cyclic homologues or linear homologues or 

both, as for phosphonitriles. Also, the cyclic thiazyl halide compounds are 

more susceptible to hydrolysis than the cyclic phosphonitrile halides. In 

marked contrast to the phosphonitriles, nucleophilic or electrophilic substi-

tution reactions of the sulfonitriles in which the rings remain intact are 

more restricted. Cyclic sulfonitrile halides apparently do not polyrnerize 

to long chain systems as cyclic phosphonitrile halides do. AIso, the 
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depolymerization to the monomer unit for cyclic thiazylhalides seems to be 
unique. Neither a monomeric phosphonitrile halide nor a monomeric sulfanuric 
halide have been isolated. Except for (NSF)4' which has alternating sulfur­
nitrogen distances, hence 'localized' double bonds, only cyclic sulfonitrile 
fluorides where n=3 are known, while cyclic phosphonitrile fluorides have 
been isolated up to n=17. Thus, the sulfonitrile skeleton is chemically 
less stable than the phosphonitrile skeleton, although the relative lack of 
experimental effort 50 far directed specifically to discovery of new members 
of the sulfonitrile series may account for most of the chemical difference. 

There are similarities between the two systems, however, such as 
the general existence of stable chains and rings. Structurally, the cyclic 
phosphonitrile halides have equal ring interatomic distances, and the molecules 
for which Xray structural determinations have been made are planar , or close 
to planar, except for the tetramer. Molecules of cyclo-trithiazylchloride 
and those of sulfanuric chloride are chair-shaped with equal ring interatomic 
distances. On the basis of 19F nuclear magnetic resonance measurements, 
cyclo-trithiazylfluoride probably possesses a 'localized' double bond structure 
similar to that of cyclo-tetrathiazylfluoride45 • The ring bond distances of 
the cyclic sulfonitrile chlorides and the cyclic phosphonitriles are short 
compared with single bond values, indicative of a delocalized rr bond system. 
This feature is the most striking similarity between the two series and a 
comparative understanding of the bonding might provide further understanding 
of their chemical properties. 
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1.3.4 Mixed Systems 

The similarities between the sulfonitrile and phosphonitrile 

systems suggest that mixed systems could be stable. Examples of known mixed 

ring systems containing phosphonitrile units are shown in Table 1-4. Except 

for one phosphorus-sulfur (Table 1-4(3c)) and one carbon-phosphorus ring 

system, no Xray structural analyses have been reported, hence it should be 

noted that the cyclic structures implied in the figures are based on limited 

chemical and physical evidence. 

The existence of long range 31p_lH coupling for molecules of the 

mixed linear carbon-phosphorus system, [CI3PNC(R)NPCI3] [SbCI6], suggests the 

cation ch~rge is delocalized over the whole chain65 .' Apparently, no linear 

sulfur-phosphorus system containing a sulfonitrile unit has been reported. 

However, linear sulfur-phosphorus systems like that in trichlorophosphazo­

sulfonylchloride are well-known. A general series of the type, X(X2PN)nS02Y, 

analogous to the covalent linear phosphonitriles might exist. Compounds of 

this type where n=l are known (e.g., X=CI,Y=CI66; X=F,Y=F67 and X=F,Y=CI68). 

Replacement of two hydrogen atoms of an amino group by a trihalophosphorous 

group in a Kirsanov reaction66 is a well-established preparative method for 

phosphonitrile units. Mixed linear sulfur-phosphorus systems can be prepared 

in this way from condensation products of sulfonyldiamide reactions 70 • 
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Table 1-4 Cyclic mixed systems. 

System mpOC ref. Reactants and reaction type 

1. boron-phosphorus 

a) 

b) 
N 

Ch·ï4~~1 .... CI 
Cl"" ( W \ 'Cl 

N' ' ",,-sj-N 
.A 

Cl Cl 

R Y 56 

---
Cl BC14 

204 

Cl Cl 303 

C6HS B(C6HS) CI 3 

C6HS Cl 324 

Br BBr3Cl 204 

142 

2. carbon-phosphorus 

R R" ----
132 58 

214 59 

190 ~9 

+ 
RBC1 2 or RBBr2 

ring closure of linear inter­

mediate in solution 

+ 

simultaneous cyclization of 

parent syntheses in solution 

[ClR2PNPR2Cl] [Cl] 

+ [H2NC(NH)NH21Cl 

or 

CH3 N(CH3)2 

C6HS NH2 
C6HS NCCH3)2 

Cl C6HS 92 60,61 ring closure of linear inter-

Cl CH3 

Cl NCCH3)2 

3. sulfur-phosphorus 

40 61 

S4 61 

177 63 

c) NPCIZ(NSOCI)i (Figure 11-1) 96 
64 

mediate in solution 

Cl3PNS (0) 2NPC13 

+ 

a) H3CN(Si(CH3)3)Z or NH3 b) 

ring closure of linear inter­

mediate in solution 
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1.4 Bonding Models for Phosphonitriles and Sulfonitriles 

1.4.1 Atomic Orbital Basis 

There are many tricoordinate phosphorus and dicoordinate sulfur 

compounds where bond structure consistent with the Lewis octet theory of 

covalent bonding can be conceived. However, 'extended valence' compounds 

are not isolated examples and, for the most part, they are disconcertingly 

stable. The valence bond (VBMO) and the linear combination of atomic orbital 

molecular orbital (LCAO MO) theories of bonding, allow the use of 3d * 

orbitaIs in bond descriptions. Provided the binding energy achieved compen­

sates for the promotion energy required to involve d orbital electrons in 

the valence state, hence that d orbitaIs of appropriate size, shape and 

electronic energy can be postulated, a satisfactory understanding of the 

bonding in expanded valence compounds is obtained. Interpretation within 

the VBMO formulation becomes a matter of making the appropriate combinations 

of covalent and ionic localized bond structures, where valence state electrons 

for P and S are in sp3d and sp3d2 hybrid orbitaIs, respectively. LCAO MO 

theory uses aIl valence shell atomic orbitaIs in forming molecular orbitals, 

whether they are occupied in the atomic ground state or note Most chemists 

do not realize the extent to which an atomic orbital basis formulation 

permeates chemical interpretation. Hybridization, d~p rr bonding, lone-pair 

repulsion, etc., are automatically invoked whenever one wishes to interpret 

or postulate structure or even reactivity at a molecular level. In fact, 

* In the remainder of the text, unless otherwise noted, s,p and d 

orbitaIs refer to the valence shell where the appropriate principal 

quantum number is implied. 
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the real success of either VBMO or LCAO MO theory lies in the conceptual 

grasp which the atomic orbital basis provides. 

For any atomic orbital basis bonding model, the extent of partic­

ipation of d orbitaIs unoccupied in ground state atomic configurations is 

difficult to assess. Ab initio quantum chemical calculations cannot be 

carried out on ev en the smallest molecules without considerable effort and 

expense, while attempts to assess d orbital participation using empirically 

parametrized methods are hampered by the need to know the results in order 

to obtain them. Further insight into d orbital parametrization is necessary 

before valid conclusions can be made apropos their participation in bonding. 

1.4.2 Localized Bond Orbital Model 

A localized bond orbital is defined as a two-centre, two-electron 

orbital. The VBMO approach to molecular wavefunctions is based upon the 

localized bond concept. It assumes that two isolated atoms compine by 

slightly altering their energies as bonding occurs. The ground state 

molecular wavefunction is therefore the antisymmetrized product of the 

isolated wavefunctions, while the energy is determined by a perturbation 

treatment. 

Hybridized orbitaIs, for a single centre, have been used qualitatively 

to retain the localized bond concept in the LCAO MO approach. Recently, how­

ever, the concept of localized bond molecular orbitaIs has been investigated 

quantitatively within molecular orbital theory161. The highly delocalized 

single electron molecular orbitaIs may be transformed into a set of almost 

'localized bond' orbitaIs which can be expressed as hybrids of the atomic 

orbital basis, providing the total determinantal wavefunction is unchanged ~61,16 
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There are an infinite number of such sets obtainable and the problem lies in 

choosing the transformation according to a desired 'localization criterion'. 

Symmetry considerations have traditionally been used, but where none are 

available, the localization must be determined in sorne other way. The 

constraint of partitionning the total electronic energy such that the 

maximum amount is placed in intra-orbital repulsion energy and minimum 

amount in inter-orbital repulsion energy conforms closely to the results 

obtained according to symmetry criteria161 ,163. 

I.4.3 A Bonding Model for Phosphonitriles and Sulfonitriles 

A qualitative description of the bond structure of molecules with 

possible d-p n bonding can be based on a localized bond concept for the 

molecular structure (a bond framework), with the addition of 'delocalized' 

n bonds formed by d orbital bonding participation164-167. Consider a phospho-

nitrile unit in a Cartesian coordinate system where the plane xy is defined 
(see Fig. III-1) 

by the NPN bonds and z is the axis of quantization for the phosphorus atome 

The following discussion is concerned with contributions of orbitaIs of this 

segment to total ring molecular orbitaIs. The description is formulated for 

phosphonitriles and extended to sulfonitriles later. 

To a first approximation, it is considered that the sand p valence 

electrons of the phosphorus and nitrogen atoms determine the bonds of cylind-

rical symmetry which form the a bond system, and conform to the structural 

geometry in which a phosphonitrile unit or molecule exists. The question 

th en becomes one of settling what multiple bonding could be involved, and 

several possibilities for it are distinguishable. The atomic orbitaIs from 
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which other molecular orbitaIs could be formed include a set of phosphorus 

d orbitaIs which is not degenerate, since the highest site symmetry is C2v ' 

and hence, their relative contributions to bonding will not be equal. The 

restrictions imposed by the choice of a particular set, e.g., the conventional, 

real one, where z is the axis of quantization, are more than pictorial. Never-

theless, for a qualitative formulation, use of this set is acceptable. 

~ system - Bonding in a system of il symmetry with respect to the 

xy plane could occur through a combinat ion of the nitrogen p orbital with . z 

phosphorus d and/or d orbitaIs for a planar ring 164 ,165. Relative con-
xz yz . 

tribution of the d orbitaIs determines the extent of delocalization. For the 

special case where d and d contribute equally, the il molecular orbital is 
xz yz 

a system of two-electron, three-centre 'islands' separated by anode at each 

phosphorus atom because of the orthogonality conditions imposed by the equal 

combination. Such a system has been described166 , but there is no reason to 

suppose that equal contribution would be likely. In this case the energy 
• 

stabilization from delocalization per electron should be the same for aIl 

unit combinations regardless of nurnber. For an unequal contribution of d xz 

and d ,where d predominates, cyclic delocalization would occur in a 
yz xz 

heteromorphic sense with il stabilization energy per electron increasing stead-

ily with increasing ring size. If d predominates, the delocalization would 
yz 

be homomorphic, where the stabilization energy per electron would be greater 

for alternating ring sizes (n=odd>n+l=even). If the units form a non-planar 

ring or a linear chain, additional contributions from d 2 2 and/or d are 
x~ ~ 

possible . 
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ITs system - Another molecular orbital with IT symmetry can be con-

structed in the xy plane from the pseudo-trigonal nitrogen lone-pair orbital 

and appropriate phosphorus d orbitaIs. In a planar case, only dz2' dx2_y2' 

and d orbitaIs can contribute to this system, but for a non-planar case, 
xy 

aIl five d orbitaIs must be considered. For a cyclic ITs system involving dxy 

only, delocalization would be heteromorphic, while for one involving dx2 _y2 

and/or dz2 only, delocalization would be homomorphic. 

ITe system - In addition to the IT a and ITs systems described, it is 

possible that a IT system constructed from lone-pair orbitaIs of appropriate 

symmetry centered on exocyclic atoms and phosphorus d orbitaIs could be part 

of the bond structure. 

Similar multiple bonding can be considered for sulfonitriles with 

the proviso that exocyclic IT bonding must be involved where oxygen is one of 

two sulfur substituents. To the extent that this exocyclic ITe system competes 

with ring ITa and ITs systems for d orbital contribution or affects the relative 

d orbital energies, they will be modified. 

1.4.4 Relative Contributions of Possible IT Bond Systems 

The various bonding possibilities described provide a model only, 

and the actual electronic distribution is not necessarily related to it. How-

ever, structural evidence of multiple bonding is well-documented, although no 

firm conclusion has been reached concerning relative IT system contributions 

on this basis. Because of the shape of d orbitaIs, a d-p IT system is more 

flexible than a p-p IT system, allowing more distortion from the p1anar case 

before 10ss of IT stabilization energy becomes too great. Hence, bond angle 
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considerations provide little more than a qualitative comparison, although 

variation in the relatively large angles observed for ring nitrogen atoms of 

tetrameric phosphonitrile derivatives has been cited to show the comparative 

strength of the TIa system over that of the TIs system169 . 

For chloro and fluorophosphonitri1es, a large difference in 31p 

chemical shift is observed between tetramer and trimer, with only a slight 

increase for each succeeding ring of higher n. This was interpreted to mean 

that the .TIs system is weak in the trimer and of increasing importance as ring 

size increases 165 . 19F chemica1 shifts for a series of pentaf1uoropheny1-

fluorophosphonitriles suggest a homomorphie variation in conjugation between 

the exocyc1ic f1uoropheny1 ring TI system and a homomorphie TI s phosphonitri1e 

ring system effected main1y through the phosphorus d 2 orbita1 174 • 
z 

Thermochemica1 evidence from heats of formation indicates only 

that the gain in stabi1ity from multiple bonding is ~ 6-10 kca1/bond16S ,169. 

Values for relative heats of formation ca1cu1ated from measured heats of 

polymerization for ch1orophosphonitri1es suggest that d and d predominate 
xz xy 

in the TIa and TIs systems, respective1y, or that the TIa system with dxz is 

stronger than the TIs system with d 2 2 170 The chlorophosphonitri1e pentamer 
x -y 

is a weaker base in sulfuric acid than either the tetramer or the hexamerB• 

It requires a greater activation energy for nucleophi1ic attack at the phosphorus 

atom than the tetramer but not the hexamer172 • This suggests a stronger hetero-

morphic TIa system, and that, given this assumption, the TI s system is homo-

morphic. Further evidence for this TI system combination has been deduced 

from ionization potentia1 measurements from mass spectra and from solubility 

measurements for Hel in solutions of ha1ophosphonitri1es 173 . 
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Thus, the experimental evidence at present, while not conclusive, 

is consistent with a model of multiple bonding, at least for the phosphonitriles l 

which consists of a major contribution from a cyclic heteromorphic rra system 

(dxz ) and a less important contribution from a cyclic homomorphie rrs system 

(d 2 2), 
x -y 

Theoretically, two characteristics determine the involvement of 

any atomic basis set orbital in a bond system molecular wavefunction - size 

and energy. When the basis set is composed of single-term, Slater-type atomic 

orbitaIs, the exponent,~, provides a direct measure of the relative size of 

the orbital as; 
.... :::. 

where n is the effective principal quantum number 

r is the position of maximum orbital radius max 

in bohr radii. 

The sizes and energies of phosphorus and sulfur d orbitaIs in molecules have 

been the subject of much speculation, but little calculation since the initial 

suggestion that in molecular environments they might be sufficiently modified 

from the atomic values to allow bonding participation175 • Only recently have 

reliable quantitative evaluations of such molecular effects been reported. 

Most calculations have been based on minimization of d orbital electron energy 

for various atomic configurations of phosphorus or sulfur in a molecular envir­

onment simulated by either a point charge field 176 or an approximate field 

derived from atomic wavefunctions 177 , In the presence of ligands,' for neutral 

atoms, a P d orbital for sp3dl configuration is weakly bound and diffuse 177 ,178, 

while a S d orbital in sp3d2 configurations contracts to nearly half its free-

atom size 177 , In general, where there is more than one d orbital, or where 
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the atom is positively charged or 'outer' orbitaIs are occupied, d orbital 
sizes are comparable to those of s and p orbitaIs. However, the energies of 
neutral atom orbitaIs, as determined in these calculations, remain small and 
unfavorable for bonding participation179 . For outermost d orbitaIs of neutral 
atoms the effective potential energy experienced by a d electron exhibits an 
extremely shallow minimum with distance relative to that for an s or p electron 
in the sarne shell. 

Since these investigations have been limited to free atoms in 
excited configurations, the molecular characteristics need further clarifica­
tion. An electrostatic model based on the valence bond perfect pairing 

scheme 177 has been modified by Mitchell to investigate d orbitaIs in cr bonds 
for sulfur hexafiuoride 180 and in rr bonds for phosphoryltrifluoride1 81 and 
the cyclic planar.phosphonitriles182 . The basic electrostatic model predicts 
that aIl d orbital sizes in these environments could be suitable for substantial 
bonding participation, and that for an atom in a non-spherical 'molecular' 
field the single-center d orbital set would no longer be degenerate. A 
modification to include approximate exchange terrns accounts for the effects 
of nonorthogonality between the optimized orbitaIs and non-bonded ligand 
orbitaIs, and predicts that the sizes of d orbitaIs are very sensitive to 
the specific characteristics of molecular environments. Sorne are contracted 
and important for bond participation, while others are diffuse. 

The overlap value with orbitaIs on other centers is determined by 
the size of a d orbital, thus a criterion for d orbital contraction in molecular 
environments involves maximum bonding overlap and minimum nonbonding overlap. 
~est of this criterion and its use in deterrnining appropriate molecular d 
orbital exponents for the investigation of relative amounts of d orbital rr 
bonding in sulfonitriles and phosphonitriles is reported in section III. 
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II. EXPERIMENTAL CHEMISTRY OF PHOSPHONITRILES AND SULFONITRILES 

II.1 Preparation of Phosphorus-sulfur Mixed Systems 

II.1.1 Preparation of Mixed Rings, General Co~siderations 

Ring compound formation from linear intermediates is the culmin-

ation of a series of intermolecular addition steps, which produce a chain of 

sufficient or appropriate length to form the ring skeleton. This encompasses 

several possibilities: The starting materials could be small molecules (pre­

paration of cyclic chlorophosphonitriles 9), or intermediates of chain-length 

smaller than the eventual ring length (Table 1-4,1.a), or the direct intra­

molecular cyclization of a linear chain molecule. For ring formation, the 

conditions will be a compromise between those which favor the intermolecular, 

chain-lengthening reaction steps, and those which favor the final intramolecular, 

ring-forming step. 

When the starting compounds and reaction conditions for the prepara­

tion of parent system products are compatible, mixed systems could be formed 

through a simultaneous combination of both parent preparative reactions (Table 

1-4,l.b). However, the reported synthetic routes for cyclic halosulfonitriles 

are decidedly non-general in contrast to those for cyclic halophosphonitriles, 

and do not involve similar reaction conditions or starting materials. Thus, 

the prognosis for this approach is not hopeful. 

An alternative method based on pyrolytic decomposition, such as that 

reported for the sulfanuric chloride trimers 66 ,7hr cyclic diphenylphospho­

nitriles 72 , might be general. Ring formation occurs through decomposition of 

the starting material(s) into many fragments, under relatively high energy 
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conditions, sorne of which may then re-combine to forrn mixed products, 

including rings. Thus, only low yields of the desired product could be 

expected, and a more difficult isolation problem would obtain, since many 

different reaction products are possible. 

Preliminary results of an Xray structural analysis of a compound 

proposed to be the mixed ring, cycld-dichlorophosphonitrilebis(oxochloro­

sulfonitrile), NPC1 2(NSOCl)2' were reported in 196364 The structure was 

later confirrned in a three-dimensional refinement 73 • The reported preparation 

was a pyrolytic decomposition of purified trichlorophosphazosulfonyl chloride 

(mp 32-36°C), at 8 mm, 146°C, and a reaction time of one and one-half hours 

under ultraviolet light. No further details were mentioned. Only the inclus-

ion of ultraviolet light of unspecified wavelength differentiates this decom-

position from one reported earlier to yield a mixture of cyclic sulfanuric 

chlorides66 , which was confirrned71 • Initial attempts to duplicate the 

preparation reported were unsuccessful: So other cyclization attempts, both 

pyrolytic and in solution, were investigated for the isolation of this 

mixed ring or any other, with particular reference to completion of the 

* 

, 1 

II.1.2 Preparation of Mixed Ring, Skeleton PNSNSN 

Trichlorophosphazosulfonyl chloride, CI 3PNS02Cl, and trichloro­

phosphonitriletrichlorophosphonium hexachlorophosphate, [CI 3PNPC1 3] [PCI6] , 

were mixed under conditions of pyrolytic decomposition (reaction (2)). 

* Experimental details of typical procedures are outlined in II.2.3; 

the duplication attempt is included as reaction (1). 
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No reaction occurred. Since the starting compounds were widely different in 

nature, the former typically low-melting covalent, and the latter high-melting 

ionic, an additional attempt was made with more similar starting intermediates. 

l20-l80 0 ,,2rnrn r ) (2) 

(3) 
NH4Cl, 140°, 2rnrn ) polymerie residue 

The simultaneous pyrolysis of trichlorophosphazosulfonyl chloride and 

trichlorophosphonitrile thiophosphoryldichloride, C1
3
PNP(S)C12, was studied 

(reaction(S)). No cyclic or low-molecular-weight linear mixed compound could 

be isolated from the product, which was an intractable polymerie residue of 

increasing solidity, the higher the final pyrolysis temperature and longer 

the total reaction time. 

Only cyclic trimeric sulfanuric chlorides could be obtained from 

the pyrolysis of purified trichlorophosphazosulfonyl chloride, so it was 

considered that, if addition occurs, it does so preferentially via the sulfur 

atom. Hence, an attempt was made to incorporate another phosphonitrile unit 

in the linear chain intermediate for pyrolysis starting material. 

100° ) {ClSPNP(Cl)2NS02Cl} + POCI S + HCl 

(4)a l l45°,2rnrn (4)b 

polymer 
NPC1 2(NSOCl)2+ residue + POC1 3 

15% 

140-175° érude CllNS02Cl ) NPC1 2(NSOCl)2 + (NSOCl)S + POC1 3 + polyrner oil 
2rnrn 10% 
(5) 

(l,S 
25% 
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A Kirsanov reaction was carried out for amidosulfuric acid, H2NS02(OH), and 

trichlor?phosphonitriletrichlorophosphoniurn hexachlorophosphate (reaction(4)a). 

The product, after removal of phosphoryltrichloride, could not be purified and 

hence characterized, but the mixed ring, NPC12(NSOC1)2' in good yield (15%), 

was isolated from pyrolysis of the crude material (reaction(4)b). 

In lower yield, the same mixed ring was prepared from pyrolysis of 

unpurified trichlorophosphazosulfonyl chloride slush. The product of this 

reaction was a mixture of the mixed ring with cyclic trimeric sulfanuric 

chlorides in greater abundance (reaction(5)). 

. , 
II.1.3 Attempted Preparation of Mixed Ring, Skeleton PNPNSN 

, . 
Two ring compounds are known with the skeleton PNPNSN (Table 1-4,3.c). 

Both contain an -NS(O)2- unit in the ring, however, because the starting 

material in their formation is sulfonyl bis(trichlorophosphonitrile),(C13PN)2S02. 

1t is unlikely that monovalent substitution for one of the oxygens of this unit, 

or the removal of one by reduction, could be effected without experimental 

conditions strong enough to disrupt the bonds of the linear chain or ring 

skeleton. Hence, it is unlikely that a mixed ring of form (NPR2)2NSOC1, 

ultimately desired to complete the series, (NPC1 2)3 -- (NSOC1)3' would be ob­

tainable from any linear precursor containing an -NS(O)2- unit. By analogy 

with the successful incorporation of one phosphorus atom into a mixed ring 

skeleton PNSNSN from pyrolysis of a (hypothetical) PNPNS chain, intramolecular 

cyclization of a PNPNPNS chain might occur under approximately similar conditions. 

(The analogy is a loose one only; the formation of an NPNSNS ring from a 

PNPNS chain probably involves at least one intermolecular addition, with 

resulting formation of a PNPNSNS chain, or a PNPNSNPNS chain, prior to the 

intramolecular cyclization.) A Kirsanov reaction between chlorobis(dichloro-
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phosphonitrile)trichlorophosphonium hexachlorophosphate, 

[C13PNP(Cl)2NPC13][PC16]' and amidosulfuric acid was carried out to produce 
a (hypothetical) PNPNPNS chain (reaction (6)a). From pyrolysis of the crude 

, / product (reaction (6)b), however, only the mixed ring of skeleton SNSNPN was 
isolated. 

+ FOC13 + 3HCl 

100
0 

) {C13PNP(Cl)2NP(Cl)2NS02Cl} 

(6)a l 145 0
• 2rnm (6)b 

NPC1
2 

(NSOCl) 2 + polymer + POC1
3 residue 

18-20% 

Cyclization of a linear phosphonitrile, aminodiphenylphosphonitrile-

aminodiphenylphosphonium chloride, [NH2(C6HS)2PNP(C6HS)2NH2]Cl, is a prepar­
ative approach to mixed boron-phosphorus 56 or carbon-phosphorus rings. 
Reaction of this compound with phosphoranes produces heterosubstituted 
cyclic trimeric phosphonitriles 89 - 91 • Phosphorus- or boron-nitrogen bonds 
are formed, through cleavage of the chlorine bonds of the starting phosphorane 
or borane, by addition to an ami no group of the phosphonitrile chain, with 
evolution of the hydrogen chloride which is produced. Thus, an appropriate 
sulfur compound for attempts to prepare a mixed ring in this way should 
contain at least two sulfur-halogen bonds (and no >S02 group). A compromise 
in reactivity of the initial sulfur bond towards addition cleavage of an -NH 
bond must be attained, since the more likely the formation of the nitrogen-
sulfur link, the less time is allowed for orientation favorable to ring 
formation rather than linear polymerization. 
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Several sulfur chlorides were considered as starting compound: 

sulfuryl chloride was ruled out on the basis of its >S02 group; Sul fur 

tetrachloride is the most intuitively attractive compound to use considering 

the non-existence of SOC14 , however, it is only stable in the solid state 

(below -30°C); Thionyl chloride was chosen as the compound for preliminary 

study. A variety of conditions, such as high dilution, polar and nonpolar 

solvents, addition of chlorine gas, HCl scavenger addition, and pyrolysis, 

were investigated (reaction (7)). When reaction occurred, only intractable 

polymerie material was obtained, varying from an oil to an impenetrable 

plastic. In aIl cases, the polymer reacted explosively with water. Qual-

itative infrared analysis of the hydrolysis products from reaction in wet 

n-hexane or acetonitrile indicated no -NH2 or >NH groups, although evidence 

that the PNP skeleton remained intact could be inferred from a comparison of 

the spectra and those for linear phenylphosphonitriles22 • Possible 

cyclization with other sulfur-halogen compounds was not investigated. 

[H2N(C6HS) 2PNP (C6HS) 2NH2]Cl + SOC1 2 
., 
1 ) ring formation (7) 

[H2N (C6HS) 2PNP (C6HS) 2NH2]Cl CoC1 2 
A L2Cu2C16 ·2CH3OH + ) or 

LCI CuC1 2 B L2Cu2C16 

(S) C L2Cu3ClS·2CH30H 

D L2CoC14 

E L2CoC14 ·CH2C1 2 

the amine groups could be oriented in 'cis' or 'trans' position with no 

'visible' preference. For a 'trans' orientation, formation of a linear 

chain might be more likely than that of a ring. (Preliminary Xray analysis 
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of the molecular structure published subsequent to these studies confirms 

a 'trans' orientation 30 .) Coordination of both amine groups of a single 

molecule to an appropriate transition metal atom would capture the NPNPN 

skeleton in a ring structure, and this chelate might react with a suitable 

sulfur compound by insertion of a substituted sulfur atom in the ring. 

The positive charge of the phosphonitrile could hinder coordination 

to another positively charged species. To minimize this possibility, initial 

chelate formation attempts were made with copper(II) salts. When crystalline 

solids were isolated, reactions with other transition metal salts were also 

investigated. Only copper(II) and cobalt(II) chloride compounds were 

obtained. Subsequent characterization of these indicated they are not 

chelates as desired, but salts containing the phosphonitrile cations and 

cobalt(II) or copper(II) chloride anions (11.5). 

II.1.4 Summary 

The possibility of ring formation by reaction of aminodiphenyl-
j ~ 

phosphonitrileaminodiphenylphosphonium chloride to form a skeleton PNPNSN 

was by no means exhausted. However, it was shown that thionyl chloride 

under a variety of conditions does not react to form a crystalline solid which 

could be the desired ring compound. Chelate formation or ring closure 

reaction for this phosphonitrile is discussed further in II.5.3.5. 

Results of pyrolysis reactions suggest that formation of the mixed 

ring, dichlorophosphonitrilebis(oxochlorosulfonitrile), or cyclic sulfanuric 

chlorides occurs through recombination of fragments in a complex manner. 

Very impure trichlorophosphazosulfonyl chloride is necessary for pyrolytic 

decomposition to prepare the mixed ring. Otherwise, only cyclic trimeric 
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su1fanuric ch10rides are obtained. 

Pyrolysis of crude trich1orophosphazosu1fonyl chloride yie1ds a 
mixture of a- and B-su1fanuric ch10ride and the mixed ring (10%). Isolation 
of the mixed ring from this product is difficult. On the other hand, it can 
be obtained from pyro1ysis of the crude product of reaction between ami do­
su1furic acid and ch1orobis(dichlorophosphoniti1e)trich1orophosphonium hexa­
ch1orophosphate (reaction (6)) in greater yie1d (20%) than the same reaction 
sequence using the shorter-chain phosphonitri1e (reaction (4), 15%). 

However, preparation of the longer-chain phosphonitri1e is 1ess efficient. 
Hence, of the three routes, the reaction sequence (4) is most preferable 
for preparation of dich1orophosphonitri1ebis(oxoch1orosulfonitri1e). 
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II.2 Experimental 

II.2.1 Starting Materials 

Chemicals were reagent grade used without further purification 
except: 

amidosulfuric acid- Fisher reagent grade, dried and stored over 

phosphorus pentoxide. 

ammonium chloride- Fisher reagent grade, powdered slightly, dried 

at 120°C and stored over silica gel. 

sulfurdioxide-Matheson lecture cylinder, anhydrous grade. 

dihydrogensulfide- Matheson lecture cylinder, chemically pure grade, 
passed through phosphorus pentoxide powder. 

chlorine gas-Matheson lecture cylinder, chemically pure grade, bubbled 
through reagent grade concentrated sulfuric acid, th en condensed in a 

measured volume. 

ammonia gas- Matheson lecture cylinder, anhydrous grade, a measured 
volume condensed over sodium metal. 

thionyl chloride- Fisher purified grade, freshly distilled prior to 
use under dry nitrogen. A pipette flushed with dry nitrogen was used to 
measure the required volume of liquid which was then added to the appropriate 
solvent in a separatory funnel, or to the reaction flask directly under 
dry conditions. 

diphenylchlorophosphine- Aldrich, technical grade. 

copper(II) chloride and cobalt(II) chloride- dried Fisher reagent grade 

Salts, CuC12 .2H20 and CoC12 .xH20, kept at 120°C for several hours, stored 
over silica gel. 
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trichlorophosphazosulfonyl chloride, C1 3PNS02Cl-by modification of 

Kirsanov' s procedure 71 from reaction between phosphoru's:' pentachloride and 

amidosulfuric acid. The crude product after removal of carbontetrachloride 

and phosphoryltrichloride was a slush at 2SoC from which a 60% yield (based 

on reacted amidosulfuric acid) of purified product (mp 32.S-3S.0°C) was ob­

tained without recrystallization. Recrystallization of this filtered product 

from n-hexane yielded white needles with a sharp melting point (3S.0°C),(2S%) 

which were used for analysis, infrared and 35Cl nuclear quadrupole resonance 

measurements. 

Analysis: calcd. for C1 3PNS02Cl: S,12.78; P,12.3S; N,S.9l; Cl,S6.Sl; 

0,12.76. found: S,13.0; P,12.l; N,S.9; Cl,S6;,6; 0,11.20. 

trichlorophosphonitriletrichlorophosphonium hexachlorophosphate, 

[C13PNPC13][PCl~- prepared from reaction of phosphorus pentachloride and 

ammonium chloride in a solvent mixture of sym-tetrachloroethane and nitro­

benzene7 • No sodium chloride was used. The filtration was difficult as 

product quickly clogged the sintered glass. Hence, a repeated filtration 

procedure was adopted. After three or four re-solutions of the initial 

warm filtrate, only unreacted ammonium chloride remained as the first residue. 

Samples for infrared spectroscopy were recrystallized from sym-tetrachloroethane. 

trichlorophosphonitrilephosphoryldichloride, C1 3PNPOC1 2- prepared from 

reaction of [C13PNPC1 3][PC16] with sUlfurdioxide7 , with no difficulty under 

moisture-free conditions; 90% yield, mp 3S.0-36.SoC (lit. 3S.S0C). 

trichlorophosphonitrilethiophosphoryldichloride, C1 3PNP(S)C1 2- prepared 

from reaction of [C1 3PNPC1 3][PC16] with dihydrogensulfide20 , with no difficulty 

under moisture-free conditions; 8S% yield, mp 36.0-37.0°C (lit.3S0C). 
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trimeric sulfanuric chlorides, a-(NSOCl)3 and B-(NSOCl)3-prepared 

from pyrolysis of purified trichlorophosphazosulfonyl chloride71 and 

identified by cornparison of the reported infrared spectra. Sarnples of 

the B form, from vacuum sublimation separation, were used without recrystal-

lization. Sarnples of the a form were purified by recrystallization; 

rnp a-(NSOCl)3' l43.5-l45.0o C; B-(NSOCl)3' 44.5-45.0°C (lit. 144.0-

145.0 and 46.0-47.0°C, respectively). 

chlorobis(dichlorophosphonitrile)trichlorophosphonium hexachlorophosphate, 

[C13PNP(Cl)2NPC13][PCl&l-prepared directly from phosphorus pentachloride 

and ammonium chloride (2:1)20 in a mixture of nitrobenzene and sym-tetra­

chloroethane. After two reprecipitations from sym-tetrachloroethane, pale 

yellow needles were obtained; 28% yield. Inconsistent melting points indic­

ated an impurity remained, which was considered to be nitrobenzene, although 

not observed in infrared spectra. Since the product was of good morphology, 

it was used without further purification. The major by-product is 

[C1 3PNPC1 3][PC16], and infrared analysis indicated this was removed during 

the reprecipitation procedure. 

aminodiphenylphosphonitrileaminodiphenylphosphonium chloride, 

[NH2~12PNP(C6~~NH2]Cl- prepared fro~ the controlled ammonolysis of 

diphenyltrichlorophosphorane in chloroform solution26 . (Diphenyltrichloro­

phosphorane was prepared by chlorination of diphenylchlorophosphine in con­

trolled ratio in carbontetrachloride.) AlI reactions with thionyl chloride 

were carried out under moisture-free conditions with material recrystallized 

from methanol, washed in anhydrous diethylether, dried in vacuo, and stored 

over silica gel or phosphorus pentoxide; yield 70%, mp 242.5°C (lit. 245.0-
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II.2.2 General Procedures 

Solvents- For recrystallizations and solution spectroscopy, solvents 

were spectrograde quality. AlI solvents for reactions and work-ups were 

reagent grade. Carbontetrachloride, n-hexane, n-heptane,and methylene 

chloride were stored over calcium hydride at room temperature and filtered, 

or distilled after filtration, in dry atmosphere. Chloroform was washed 

five times with disti1led water, stirred over calcium hydride for twelve 

hours, decanted and distilled immediately prior to use. Benzene was distil1ed 

from calcium hydride. 

Dry atmosphere- AlI reaction products and starting materials were 

assumed susceptible to hydrolysis by atmospheric moisture until shown other­

wise. Reactants were handled in dry atmosphere provided either by continuous­

ly circu1ating the air in a dry box through drierite, or in dry nitrogen 

atmosphere in a glove bag. Filtration was performed in either case using 

dry nitrogen to balance the suction. Nujol mu1ls of aIl samples susceptible 

to 11ydrolysis were prepared in dry atmosphere in the dry box or glove bag. 

Analyses- Samples were analyzed for the e1ements reported, except cobalt 

and copper,by Schwarzkopf Microanalytica1 Laboratory. On1y single determin­

ations were made and results are quoted arbitrari1y to three ~igures. Cobalt 

and copper were determined by vo1umetric titrations with standard EDTA sol­

ution29 , Sorne chloride analyses were made as laboratory checks during reactions 

by Volhard method determinations on hydrolyzed samples. 

Infrared Analyses- 1nfrared spectra were used to assess preparative 

reactions. Samples of liquids were prepared by p1acing a drop between two 

pieces of polyethylene film inserted between KBr discs. Solid samp1es were 

prepared as nujol mu1ls between KBr dises. 
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II.2.3 Typical Preparative Procedures 

(1) Pyrolysis of purified trichlorophosphazosulfonyl chloride--

Attempts to duplicate the preparation of Yan de Grampel and Yos64 

usi;n~ a bath temperati.i;e of l4SoC, 8mm pressure and ultraviolet light (CENCO 

~rgQn roixe~ gas lamp, 2 watts) were unsuccessful. Only a mixture of cyclic 

sul~anuric cnlorides was isolated. No difference in the results occurred when 

the ultraviolet lamp was not usedj 

S7~0. g (0.23 moles) of C1lNS02Cl (purified, mp 32.S-3S.0°C) were 

placed in a 100 ml flask fitted with a nitrogen inlet, a thermometer, and a 

Vigreux col~lmn. The column was connected via a distillation head to a water­

cooled condenser which led to a trap immersed in an ethanol-dry ice slush 

(-77°C), and then to a vacuum pump which was regulated to maintain the desired 

pressure (7-8mm). An oil bath around the flask was slowly heated until the 

flask contents liquefied and decomposition began( internaI temperature 122°C). 

AFolorless liquid refluxed in the column and the flask liquid slowly became 

more brown. Heating was continued at l4SoC bath temperature, until bubbling 

had almost ceased (~6 hr). The trap contained a pale yellow liquid (POC1 3-

infrared). 9.8 g (4S% crude yield) yellow solid was obtained from extraction 

with warm n-hexane, and identified as mainly a-(NSOCl)3 and sorne S-(NSOCl)3 71 • 

l4SoC, 8mm 
---.<.._-~, a- J S- (NSOCl) 3 + POC1 3 + polymer oil 

(2) Pyrolysis of trichlorophosphazosulfonyl chloride and trichloro­

phosphonitriletrichlorophosphonium hexachlorophosphate--

30 g (0.12 moles) purified C1 3PNS02Cl and 32 g (0.06 moles) 

(1) 

[Cl 3PNPCI 3] [PC1 6] were placed in a 100 ml flask (as in (1)). Pressure was 

maintained at 10 mm while the mixture was heated at a bath temperature of 

lSO°C. The flask contents were a refluxing liquid and an apparently ;;, 
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unreacting solid. The internaI temperature was steady at 138°C as the color­

less liquid refluxed. After cooling, the flask contents were brought to 

atmospheric pressure with dry nitrogen and the sol id material filtered. 

Infrared analysis indicated that the flask contained only a mixture of 

starting materials. The trap contained only trace amounts of a liquid 

with smell of POC1 3 . The refluxing liquid remained colorless, rather than 

gradually turning brown, as is typical of increasing polymerization. 

(3) Pyrolysis of trichlorophosphazosulfonyl chloride and trichloro­

phosphonitrilethiophosphoryldichloride--

9.2 g (0.032 moles) C1 3PNP(S)C12 and 8.3 g(0.032 moles) purified 

C1 3PNS02Cl were mixed in a 200 ml flask (as in (1)). Liquefaction occurred 

on mixing without heating. The system was maintained at 2mm, and the bath 

temperature gradually increased to 70°C. At 50°C, bubbling began. The mix-

ture was maintained at 70°C for five hours refluxing occurred but no mat-

erial was collected in the trap. The pale gold liquid remaining was a mixture 

of the starting materials (IR). 

The flask liquid was heated aga in to 140°C at 2mm. The color became 

more brown as refluxing occurred, but no material was collected and there was 

no change in the liquid spectrum. 

Ammonium chloride (0.030 moles) was added and pyrolysis continued 

at 140°C. The flask residue was a brown polymerie solid from which no 

crystalline material could be extracted. A yellow"Iiquid condensed in the 

trap was a mixture of starting materials with small amounts of other substances 

which were not characterized. Distillation of this trap-liquid resulted in 

a brown polymerie residue, and a small amount of distillate with the same 

spectrum as the original trap-liquid, collected as the temperature increased. 
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(4)a Reaction between amidosulfuric acid and trichlorophosphonitrile­

trichlorophosphonium hexachlorophosphate-

This reaction occurred in the same way as the Kirsanov reaction 

for the preparation of trichlorophosphazosulfonyl chloride66 • Attempts to 

obtain a purified product for characterization were unsuccessful; 

70.5 g (0.13 moles) recrystallized [C~3PNPC13][PC16] and Il.6 g 

(0.12 moles) H2NS02(OH) were heated at 100°C in a 200 ml flask fitted with 

a condenser and drying tube, until the evolution of HCl had ceased (total 

6 hr). Unreacted amidosulfuric acid (0.011 moles) was filtered from the 

product and phosphoryltrichloride (0.099 moles) was removed by vacuum distil­

lation. A bright yellow liquid remained, which was vacuum distilled. How­

ever, although distillation of a colorless liquid began at 120°C and lrnrn, the 

remaining liquid gradually became more brown, and the ternperature steadily 

increased. It was conclud~d that only decomposition occurred. 

Another portion of the yellow liquid product was solidified at 

-77°C. However, no solid could be isolated at 25°C from filtration of the 

solidified mass under suction during slow warrning. No components of the 

crude product separated using techniques of thin-layer chromatography on 

silica plates under moisture-free conditions. Sarnples, applied neat or in 

solution, moved only with tailing. Solvents used were carbontetrachloride, 

benzene and anhydrous diethylether. 

(4)b Pyrolysis of the crude product from (4)a-

.yacuum distillation resulted in pyrolytic decornposition, however, 

under controlled conditions, this decornposition produced the mixed ring, 
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120 g (0.225 moles) [C1 3PNPC1 3] [PC16] and 21. 8 g (0.225 moles) 

H2NSOZ(OH) were reacted as in (4)a. After filtration to remove unreacted 

amidosulfuric acid, the yellow liquid was transferred to a 500 ml flask fitted 

as in (1). It was heated slowly at approximately Imm until most of the 

phosphoryltrichloride from the Kirsanov reaction had been removed. Then 

pyrolysis was continued at ISO°C until the polymerie residue which was prod­

uced began to foam (~lS hr). The liquid gradually became more brown on 

polymerization and a colorless liquid refluxed in the column, later becoming 

bright yellow. Crystals forrned on the upper portions of the flask and lower 

part of the colurnn. Phosphoryltrichloride was collected in the trap, with 

small amounts of an orange-yellow substance which was not characterize'd. 

The crystalline material was scraped from the colurnn, or extracted with the 

flask contents in warm carbontetrachloride. After evaporation of the solvent 

in the atmosphere, needlelike crystals were obtained, contaminated with a 

colorless liquid and a white solid from hydrolysis of that portion of the 

polymerie residue which was soluble in the carbontetrachloride. The crude 

product was recrystallized from n-hexane or n-heptanej yield 15%, rnp 96.SoC 

without decomposition. A single crystal examined with a Weissenberg camera 

(Cu Ka) was found to have the lattice parameters and space group of the re­

ported structural deterrnination73 • 

Analysis: Calcd. for NPC1 2(NSOCl)2: S,20.62; P,9.96j NI13~51; Cl,45.60; 

0,10.30; mol.wt.,310.9. Pound: S,20.7; P,9.8; N,13.2j 

Cl,45.6j mol.wt.,311 (mass spectr.). 
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(5) Pyro1ysis of crude trichlorophosphazosu1fony1 ch1oride--

Crude C1 3PNS02Cl (unfiltered) was pyrolytically decornposed as in 

(1) at 145°C initial1y, then gradually increasing to 175°C (total 12 hr). 

After cooling, crystals of unreacted CIlNS02Cl were mixed with the amber 

reaction liquide Pyrolysis was continued until no starting material remained 

in the reaction mixture (~20 hr additional). During this time, the mixture 

became a brown oily liquid greatly reduced in volume from the starting 

amount. Crystals formed in the column and upper parts of the flask and 

phosphoryltrichloride was collected in the trap. 

The column and flask contents were scraped or extracted with 

warm carbontetrachloride. The crude product was a pale yel10w mixture of 

a- and S-(NSOCl)3 and NPC1 2 (NSOCl)2' Infrared analyses indicated the column 

material was a- with a small amount of S-sulfanuric chloride, the solid 

from the upper portion of the flask was a-sulfanuric chloride with sorne of 

the mixed ring, and the extracted material from the flask residue was a 

mixture of a-sulfanuric chloride and the mixed ring in ~3:l ratio. By 

repeated sublimation (50°C, lmm), the amount of mixed ring could be increased 

in the residue while the sublimate contained more a-sulfanuric chloride. 

However, complete separation was not achieved for either component. Sarnples 

of mixed ring uncontaminated by infrared-detectable amounts of a-sulfanuric 

chloride were only obtained after four or five sublimations and subsequent 

recrystallization of the residue from n-hexane. 

(6)a and b Pyrolysis of the crude product of the reaction 

between amido sulfuric acid and chlorobis(dichlorophosphonitrile)trichloro­

phosphonium hexachlorophosphate--

8.0 g (0.082 moles)H2NS02(OH) and 53.5 g (0.082 moles) 

[C13PNP(Cl)2NPC13] [PC16] were reacted as in (4)a (total 4 hr). The 
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erude yellow liquid produet, after removal of unreaeted amidosulfurie aeid 

and phosphoryltriehloride, was refluxed for six hours in 100 ml sym-tetra-

ehloroethane to promote possible eyelization (13S-l40°C, 6hr). The solvent 

was removed by vacuum distillation, leaving a yellow-brown liquid with no 

crystal formation. Extraction of this liquid with n-hexane and carbontetra-

ehloride yielded a very small amount of the same oil which was not further 

investigated. 

The hydrolytieally susceptible erude produet from (6)a was pyrol­

yzed at lmm and l40-l4S o C (1 hr), then l6S-l7S oC (2 hr). The liquid beeame 

brown but little change occurred in its infrared speetrum, and no crystalline 

material formed in the column. After additional pyrolysis (10 hr), the 

reaction was stopped and the polymerie residue extraeted with warm carbontet-

rachloride. Only NPC1 2(NSOCl)2 (18-20% uninterrupted run) and hydrolysis 

produet impurities were obtained from the extract. 

(7) Reactions of aminodiphenylphosphonitrileaminodiphenylphosphonium 

chloride with thionyl ehloride--

To promote ring formation, a non-polar solvent is desirable. 

However, the ionic linear phosphonitrile is only sol~ble in methanol and to 

a mueh lesser extent in acetonitrile or ehloroform. Both Methanol and 

aeetonitrile decompose thionylchloride with production of sulfur dioxide 

and were not used. Conditions and results of the reactions are shown in 

Table II"1. A typical procedure for the solution reactions was; 

appropriate solvent for two hours under dry nitrogen, with warming to dis-

solve as much as possible. Then thionyl chloride in the required amount in 

solution was added dropwise from a separatory funnel fitted with a teflon 
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Table 11-1 Reactions of Thionyl Chloride with Aminodiphenylphosphonitrile­

aminodiphenylphosphonium Chloride. 

Mole ratio a) 
LCl:SOC12 

Solvent system 

1:1 sym-tetrachloroethane 

1:1 " 
1:1 carbontetrachloride 

1:1 " 

1:2 chloroform, CaO 

1:1 chloroform 

Other conditions 

25 0 1.5 hr 

1100 2.5 hr 

25 0 1 hr 

770 2.5 hr 

60 0 2 hr 
slow addln SOC1 2 

25 0 3 hr 
slow addln SOC1 2 

Results 

LCI recovereda) 

orange solin; polymer oil 

LCI recovered 

LCI suspension,yellow solin; 
polymer oil 

yellow sticky oil 

yellow solin; yellow oil 

1:1 chloroform, CaO 25 0 2 hr yellow solin; yellow oil 

1:1 pyridine 

1:14 " 

benzene 
v . .1~rge volume 

1:3 (pyrolysis) 

1:7 " 

slow addln SOC1 2 C1 2 bubbled into solIn 

25 0 10 br 

25 0 10 hr 

80 0 3 hr 
slow addln SOC12 or 
simultaneous slow 

addln of SOC1 2 and 
LCI suspension 

145-1500 

cold finger, lmm 

90 0 2 hr 
lmm 

150 0 4 hr 
1 mm 

orange solln,white ppt; 
LCI + pyridine-HCl 

orange solin; pyridine-HCl 
+ brown polymer oil 

yellow solin; yellow oil 
+ LCI 

hard yellow glass; LCI + 
polymer 

S02t, orange liquid; 
orange polymer + SOC12 

SOC1 2 distilled, hard 
plastic residue 
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stopcock and a pressure-equalizing side-arm. The reaction mixture was 

magnetically stirred with a teflon-coated bar and temperature maintained 

with a heating mantle. After reaction, any solid material was filtered, 

washed with fresh solvent, and infrared analyzed. Solvent was vacuum 

distilled from the filtrate and the residue infrared analyzed, and extracted 

with benzene or carbontetrachloride for possible products. 

(8) Reactions of aminodiphenylphosphonitrileaminodiphenylphosphonium 

chloride with transition metal halides-

Initial attempts to use other salts of copper(II); the nitrate, 

sulfate, and bromide, in a similar preparation to that for compounds of 

the phosphonitrile and copper(II) chloride, were unsuccessful; only 

copper(II) chloride in either dried or hydrated form resulted in 'complex' 

formation. This was also found for cobalt(II) salts. Similar preparative 

attempts were unsuccessful for hydrated chlorides of iron(III) , iron(II), 

chromium(III), nickel(II), and anhydrous zinc(II) chloride. No other 

preparative method was tried. 

* Copper(II) compounds-

A, (CuLCI 3;CH30H) - crystallized from methanol solution; 2.0 g 

(0.0044 moles) LCI and 0.S7 g (0.0042 moles) dried CuCl 2 were added to 

enough methanol to just dissolve the combined substances, and the green 

solution warmed to 60°C. Then anhydrous diethylether was added slowly, 

until the point of cloudiness. The solution was allowed to stand until red-

* empirical formulae; L ~ P2N3C24H24: The phosphonitrile cation is 

referred to as L+ and the chloride as LCI = [NH2(C6HS)2PNP(C6HS)2NH2]CI. 
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green plates formed , which were filtered , washed with a mixture of methanol 

and ether , and stored in methanol atmosphere. A slight excess of LCI must 

be present for reprecipitation from methanol. 

B, (CuLC1 3) - prepared by heating powdered samples of A at 100°C 

until constant weight , or by precipitation from acetonitrile or methylene 

chloride as for A. Yellow-gold needles or plates precipitated from orange 

solution and were filtered , washed in a mixture of solvent and ether , the~ 

in ether to dry 1 and stored over silica gel. A slight excess of LCI must 

be present for reprecipitation from methylene chloride or acetonitrile. 

C, (Cu3L2ClS.2CH30H) - precipitated from methanol as for A, using 

a 1:2 molar ratio of LCl:dried CuC1 2. Red needle clusters obtained were 

filtered , washed in a methanol-ether mixture , and stored in methanol 

atmosphere. The substance lost methanol when heated to lOO°C , but the 

product did not melt sharply. From infrared analysis , it was a mixture 

of Band another substance which was not anhydrous copper(II) chloride. 

Cobalt(II) compounds-

D, (CoL2C14) - precipitated from methanol solution of LCI and 

dried CoC1 2 as for A (1:1 molar ratio). Royal blue diarnonds formed which 

were filtered , washed with a mixture of methanol and ether , then ether to 

dry 1 and stored over silica gel. 

E, (CoL2C14 .CH2C1 2) - precipitated from methylene chloride 

solution as for A (1:1 molar ratio). Turquoise needles or plates were 

obtained and stored over silica gel at room ternperature without decornposi­

tion from 105S of methylene chloride. When heated above 90°C , E lost 

methylene chloride to become D. 
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Table 11~2 Ana1ytica1 Resu1ts for Copper(11) and Coba1t(11) Cornpounds 

of Aminodipheny1phosphonitri1eaminodipheny1phosphonium Ch10ride. 

compounda) c) 
Ana1ysis, percent 

P N Cl C H ° 
wt 

10ss 

A 

B 

137.5-138.0 c 10.02 6.79 17.20 48.56 4.54 2.59 10.28 5.18 

CH30Ht 90-100 f 9.87 7.28 17.4 48.7 4.48 2.61 10.4 5.16 

137.5-138.0 c 

f 

18.18 

18.1 

10.84 0 

10.87 0.00 

C sinters 136-138 c 9.04 6.13 20.69 43.83 4.09 2.34 13.91 4.67 

D 

E 

decomp. by 280 f 8.81 6.20 20.5 43.7 4.01 2.68 13.9 4.76 

155.5-157.0 

155.5-157.0 

CH2C1 2t by 90 

c Il.99 8.13 13.72 55.80 4.65 0 5.70 0 

f Il.6 8.26 14.0 54.5 4.82 <0.5 5.61 

c Il.08 7.51 19.02 52.64 4.48 0 5.27 7.59 

f Il.0 7.65 18.2 52.4 4.95 <0.5 5.23 

a) as in preparative section II.2.3,(8). 

b) M = Cu or Co 

c) ca1cu1ated for: A = P2N3C13C25H280Cu, B = P2N3C13C24H24Cu, 

C = P4N6C18C50H560Cu3' D = P2N3C14C24H24Co, E = P2N3C16C25H26Co. 

II.2.4 Instrumental Measurements and Samp1e Preparation 

(1) DifferentiaI scanning ca10rimetry- a Perkin Elmer ca10rimeter, 

Mode1 DSC-1, was used for runs on weighed samp1es of NPC1 2 (NSOC1) 2 sea1ed 

in a1uminum discs. However, with slow heating (20 o/min) to 200°C or above, 

graduaI evaporation from the pellets caused complete 10ss of samp1e and a 

high 'noise' 1eve1 for the recorded curve. During fast heating runs 

(80 o /min) to 220°C, fo110wed by rapid coo1ing to 180°C, then slower coo1ing 
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(Z.5°/min), complete 1055 of sample was avoided , but the scale position 

could not be controlled to follow the curve above 200°C. 

(2) 31p nuclear magnetic resonance- A Varian 19.3 Mc, high resolution 

spectrometer, model 4311, was used for measurements on NPCI 2(NSOC1)2 in 

saturated solution in benzene, acetonitrile, and carbontetrachloride. The 

external standard was 85% phosphoric acid and samples were contained in 

dried, stoppered, standard 5 mm tubes. Values reported for the 31p chemical 

shift are considered accurate to ±0.3 ppm, although precise to ±O.l ppm for 

six to ten runs per sample. Temperature of measurement was ~3ZoC. 

(3) Electron paramagnetic resonance-A Varian spectrometer, model 

V4S00-l0A, was used for measurements on the copper(II) and cobalt(II) 

compounds in solid state and in solution. Samples were contained in dried, 

sealed quartz tubes of 4 mm diameter. The limit of error in g value re-

ported was estimated as ±O.005 from three measurements per samp1e, for 

dup1icate samp1es. 

(4) 35C1 nuclear quadrupole resonance- A modified, Dean-type, external­

ly quenched, superregenerative osci11ator62 was used with phase-sensitive 

detection. Interaction frequencies were determined by observation of zero 

beat of the oscil1ator fundamental with a very 100se1y coupled BC 221 fre-

quency meter precalibrated against WWV. Because of limitations imposed by 

temperature fluctuations, values are reported with an accuracy of ±0.002 

MHz. Samples of 1.0-4.5 g were sealed in pyrex tubes of 15 mm diameter 

under vacuum at liquid nitrogen temperature. 

(5) Infrared spectrometry- For the mixed ring, NPC1 Z(NSOC1)z, solu­

-1 tion spectra were recorded for the region 4000-420 on a Perkin Elmer 337 

grating infrared spectrometer, using matched KBr cells of 0.1 mm path 
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length. Solution spectra for the cobalt(II) and copper(II) compounds 

were obtained on the same instrument, using matched IRTRAN cells of 0.5 

mm path length. Solid state spectra of aIl compounds studied were recorded 

on this instrument and also on a Perkin Elmer 521 grating infrared spectro­

-1 meter for the range 4000-244 cm ,using KBr or CsB~ pellets and/or nujol 

mulls between KBr or CsBr discs or polythene film, where appropriate. 

Samples of compounds susceptible to hydrolysis were only prepared as mulls, 

and the extended range instrument was not used. 

AlI spectra were obtained using polystyrene film bands for cali-

bration of the wavenumber scale. Values reported for the positions of 

maximum absorption were reproducible to within 2 cm-l . If polythene film 

was used, the intense, sharp doublet at 725 and 734 cm- l also provided a 

check on the wavenumber scale. 

When the main bands observed were 'symmetric' (within limitations 

of instrument resolving power, and sample preparation technique), the wave­

number value for maximum absorption was used directly. If there was an ob­

vious shoulder, the band was resolved qualitatively for values of the com-

ponents' maxima. -1 These values were reproducible to ±3 cm . When very 

broad bands were observed, with more or less obvious complex structure, 

. -1 values of the components' maxima were estlmated to ±5 cm Relative in-

tensities for aIl spectra reported were estimated visually from absorbance 

scale curves. 

(6) Ultraviolet, visible, and near-infrared spectrometry- Solution 

spectra for the copper(II) and cobalt(II) compounds were obtained using 

matched silica cells of 10 mm path length on a Beckman DU manual spectro­

photometer or a Unicam SP 800 recording spectrophotometer (13,500-47,500 

~l 
cm }, and on the former or a Perkin Elmer 350 spectrophotometer (4000-
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16 800 -1 1 . . ) , cm so vent-permlttlng . 

Solid state spectra were obtained on these instruments using nujol 

mulls on Whatman no.l filter paper strips held in place by matched silica 

cells 69 • A str,ip painted with nujol was used as reference. Spectra obtain-

ed in this way are necessarily qualitative, since values of molar extinction 

coefficient cannot be calculated. However, this technique is as reproduc-

ible as reflectance measurements on powdered samples, and as useful for 

solid state spectra where samples can be ground sufficiently fine to make 

a good mull suspension. 



- 48 -

II.3 Cyclo-dichlorophosphonitrilebis(oxochlorosulfonitrile) -Comparison 

With Dichlorophosphonitrile and Sulfanuric Chloride Trirners 

II.3.1 Sorne Physical and Chernical Properties 

* Mixed ring rnolecules are in a distorted chair configuration 

with both sulfur chlorine substituents axia1 73 • A'rnolecule in the crystal 

does not have the syrnrnetry irnplied by the structural formula shown 

(Figure 11-1), and expected for the vapor phase. Cornparison of the rnolecular 

dimensions of the mixed ring, dichlorophosphonitrile trimer, (NPC1 2)3' and 

a-sulfanuric chloride trimer, a-(NSOCl)3' is shown in Table 11-3. 

Figure 11-1 The mixed ring, NPC1 2 (NSOCl)2 

Cl (2) 

0(2) 

The mixed ri,ng possesses similar stability and chernical proper-

ties to those of its 'parents', (NPC1 2)3 and a-(NSOCl)3. It has an apprec­

iable vapor pressure at room temperature, resulting in the disappearance of 

* In this section, cyclo-dichlorophosphonitrilebis(oxochlorosulfonitrile) 

is referred to as the mixed ring, NPC1 2(NSOCl)2. 
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Table II ... 3 Molecular Dimensions of NPC1 2(NSOCl)2' (NPC1 2)3 and a-(NSOCl)3 

Compound and ° a) Bond lengths (A) 
reference PN SN PCI SCI SO 

1) NPC1 2(NSOCl)2 73 1.585 (13) 1.540(13) 1.957(6) 2.007(6) 1.421 (13) 1. 578 (13) 2.028(6) 

2) (NPCI ) 77,78 
2 3 1.590 (17) 1. 975 (8) 

3) a-(NSOCl) 79 3 1.569 (8) 2.003 (4) 1.407(8) 

Bond angles (degrees) a) 
(cont.) NPN N'SN PNP or PNS SNS ClPCl ClSO 

1) 115.3(7) 115.0(7) 123.5(8) 120.3(8) 104.4 (3) 106.0(5) 120.6(8) 

2) 119.6(12) 119.4(10) 101.9(4) 

3) 113.0(6) 122.0(6) 107.0(5) 

a) estimated standard deviation in brackets in units of the last 
figure quoted. 

single crystals exposed to the atmosphere, and can be easily sublimed in 

vacuo (45°C, 0.5~1.0 mm). However, attempts to obtain a vapor-phase 

infrared spectrum were unsuccessful. (ksample of 10 mg,loosely wrapped 

in aluminum foil,was placed in agas cell (RIIC GR-S, 7cm, NaCl), which 

was evacuated to 0.001 mm at room temperature. On heating slowly to 

temperatures above the melting point, vaporization was insufficient for a 

spectrum. Eventually vapor condensed on the cell windows to a liquid with 

a spectrum similar to mixed ring non-polar solution spectra.) 

DifferentiaI scanning calorimetry indicated that no 'phase' 

change occurred between 25 and -110°C. On heating, then cooling to 25°C, 

within the experimental limitations (II.2.4,(1)), no discernable 'phase' 

change except melting occurred (95-96°C). Recrystallization during cooling 

occurred at 56±5°C. (Samples recrystallized from non-polar solvents melted 
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at 95.5-96.0°C.) 

The mixed ring is soluble in organic solvents, but after several 

hours in polar solvents, deeomposition oecurred, which was more rapid on 

exposure to the atmosphere. It is very stable to hydrolysis, as are 

(NPC12)3 and Q- or S-(NSOCl)3: No weight change was observed for a sample 

exposed to atmospheric moisture up to ten hours. Samples could be reery-

stallized from wet n-hexane or earbontetraehloride, in the presence, or 

absence, of hydrochloric acid, with no notieeable decomposition (infrared 

analysis), except after prolonged heating (3 hr at 80°C) when a brown 

color indicated polymerization decomposition. 

II.3.2 Spectrometrie Results 

Details of measurements reported in this section are included 

in II. 2.4. 

Table 11-4 3Ip Chemical shift (0); NPC1 2CNSOCl)2 in saturated solution 

Solvent 

benzene 

carbontetrachloride 

acetonitrile 

Ô ppm 
from 85% H3P04 

-28.0 

-27.3 

-28.0 
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Table 11-5 35Cl Nuclear quadrupole resonance frequencies ~z); 

NPCI 2(NSOCI)2' a- and S-(NSOCl)3 and (NPC1 2)3 at 21°C a) 

NPC12 (NSOCI)2 a-(NSOCl)3 S-(NSOCI)3b) (NPCI 2)3C
) 

28.660 

29.836 

34.521 

35.472 

36.138 

36.454 

* 36.134 

36.445 

37.55 

27.880 

27.812 

27.684 

27.608 

* 

* 

a) AlI interactions for each compound are of equal intensity except 

those marked with an asterisk which are of twice the intensity of 

others for that compound. 

b) As the temperature of observation approaches that of the melting 

point, the signaIs become less sharp and intense. The highest fre­

q~ency hlteraction is most affected. 

c) M.Kapiansky, PhD Thesis, McGili Univ.,(1967). 

H.1egita and S.Satou, Bull.Chem.Soc., Japan, 29 426 (1956). 
K.Torizuka, J.Phys.Soc., Japan, Il 84 (1956). 
M.A.Whitehead, Can.J.Chem., 42 1212 (1964). 
M.Kaplansky and M.A.Whitehead, Can.J.Chem., 45 1669 (1967). 
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Table II-6 a) c) Infrared spectra of NPC1 2 (NSOC1) 2 

Solid 

1348 w,shb) 

1336 5 

1312 w,sh 

1179 vs ,br 

1138 s,br 

1028 ms 

855 sh 

840 m 

7225 

666 w 

640 5 

562 5 

488 mw 

442 w 

410 w 

348 w 

310 w 

Solution 
Cyclo-hexane Acetonitri1e 

1348 5 

1335 5 

1177 vs 

1142 5 

1035 m 

840 mw 

720 ms 

666 w 

624 5 

558 5 

484 mw 

437 w 

1340 sh 

1328 5 

1280 w 

1182 vs 

1139 5 

1029 5 

915 m 

841 mw 

724 ms 

668 w 

650 w,sh 

635 5 

564 5 

487 mw 

435 w 

a) Values (in cm-1) of maximum absorption for main bands observed. 
b) Abbreviations: vw, very weak; w, weak; mw, medium weak; m, 

medium; ms, medium strong; s, strong; vs, very strong; sh, 
shou1der; br, broad; Relative intensities were estimated 
from absorbance sca1e. 

c) Reference 40. 
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II.3.3 Discussion 

II.3.3.1 31p Chemical Shift 

Within estimated experimental error, there is no solvent effect on 

the chemical shift which lies approximately 8 ppm downfield from that for 

dichlorophosphonitrile trimer (Table 11-4). A downfield shift represents 

less shielding for the mixed ring with respect to that for (NPC1 2)3 phosphorus 

nuclei. According to a theoretical treatment of 31p nmr chemical shifts, 

based on an LCAO MO formulation 80 , the relative occupation numbers of 

phosphorus p and d orbitaIs in the ground state electronic wavefunctions is 

the determining contribution to the shift variation for a series of tetra-

coordinate phosphorus-containing compounds. Thus, the sum of atomic popu-

lations for the phosphorus p and d orbitaIs in the wavefunction for NPCI 2(NSOCl)2 

should be less than that for (NPCI 2)3. In terms of the bonding model(I.4.3), 

given a constant sigma population, the variation must originate in the total 

rr population difference. This would mean increased bonding contribution for 

the rr system, and/or a decreased contribution for the rr system in the mixed 

a 
s 

ring, depending upon the relative importance of these systems. A comparison 

of the phosphorus exocyclic and ring angles for the two rings (Table 11-3), 

indicates that the sigma system cannot be assumed to be the same, however, 

so no inference about relative rr system bonding can be made. (see section 

111.2.6 for further discussion in terms of bonded overlap values) 

II.3.3.2 35Cl Nuclear Quadrupole Resonance Frequencies 

The frequencies observed (Table 11-5) can be assigned to 35Cl 

nuclei of the mixed ring molecules by comparison with the frequencies observed 

for the other ring molecules, and because detailed structural information is 

available, a specific assignment can be made. The published report of this 

work40 contains a bonding interpretation consistent with the assignment. 
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The spectrum of the mixed ring consists of four intense inter­

actions of equal magnitude. Cornparing the spectra for sulfur chlorines of 

a-(NSOCl)3 and S-(NSOCl)3 and for phosphorus chlorines of (NPC1 2)3' the 

lower frequency pair of interactions for NPC1 2 (NSOCl)2 can be assigned to 

phosphorus chlorines, and the higher frequency pair to the sulfur chlorines. 

For m molecular symmetry, the sulfur chlorines are chemically equivalent 

(i.e. in the same bonding environrnents). However, the molecule in the solid 

state is distorted from m syrnmetry, hence observation of two interactions 

for sulfur chlorines and for phosphorus chlorines is not unexpected. 

Without making a ternperature dependence parametrization of the 

nqr frequencies, the relative temperature dependence observed for the two 

pairs of interactions (Figure 11-2) allows a further assignment of each 

pair of chlorines using the results of the Xray structural deterrnination. 

From the temperature factor corrections necessary during the structural 

refinement, two of the chlorine atorns, (2) and (3) (Figure 11-1), are more 

restricted to thermal motion than the others. The higher frequency 

phosphorus chlorine interaction and the lower frequency sulfur chlorine 

interaction have smaller slopes (lower dependence on temperature variation) 

than the other interactions of each pair. Thus, these frequencies can be 

assigned to the phosphorus chlorine (2) and the sulfur chlorine (3), 

respectively. 

II.3.3.3 Infrared Spectra; Group Frequency Assignments for a- and S­

Sulfanuric Chloride Trimers and Dichlorophosphonitrilebis(oxochlorosulfo­

nitrile) 

The infrared spectrum of (NPé1 2)3 has received considerable 

attention, and several attempts have been made to assign the bands and to 
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clarifyanomalies S1 ,S2,lOO,lOl. The assignment is shown for the main bands 

observed(Table 11-8). Molecular symmetry indicated is D3h for aIl states, 

although specific assignments, particularly for PC1 2 stretching and ring 

out-of-plane deformation motion,are still controversial. 

No assignments have been reported for spectra of the trimeric 

sulfanuric chlorides 71 . For these molecules, it is probable that relative 

motion of the sulfonitrile ring bonds and exocyclic sulfur-oxygen bonds would 

not be independent. Coupled motion has been attributed to -N=S=O groups in 

sulfinyl compounds, and suggested for -N=S(O)< containing compounds, on the 

basis of a linear correlation between assigned 'antisymmetric' and 'symmetric' 

NSO stretch frequencies S3 . In general, S=O stretch frequencies assigned are 

very dependent upon the bonding involved, since delocalization occurs read-

ily with appropriate adjacent bonds and affects the stretch frequency 

'observed'. (i.e. coupled motion occurs so characteristic bands are only 

nominally S=O stretch). For the sulfur-nitrogen bond lengths determined 
o 0 

(a-(NSOCl)3' 1.57A and NPC1 2 (NSOCl)2' 1.54 and 1.58A), the corresponding 

-1 SN stretch frequencies should be approximately 1040, 1090 and 1000 cm 

respectivelyS3. If the bands at 1110, 1140 and 1180 cm-l observed for the 

two rings are related to sulfur-nitrogen stretching motion only, the diff-

erences could indicate that ring motion is not independent of s=o motion for 

these compounds. However, characteristic bands do occur (Table 11-8), so an 

approximate assignment has been made. 

Modes expected for 'coupled' unit motion 104 were derived for 

three NPC1 2 or NSOCI units in a ring (Table 11-7). Further discussion of 

this approach for tentative assignment of group frequencies is included in 

section II.4. For bond stretching and ring deformation motion only, 
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Table 11-7 Modes Expected for Bond Stretching and Ring Deformation Motion; 

Three Phosphonitrile (NPX2) or Sulfonitrile (NSOX) Units in a Ring Molecule. 

Unit motion 

PN or SN bond stretching 

PX bond stretching 

SO or SX bond stretching 

Number and description of modes 
Description D3h 

ring stretch as 2E' + (A2 ,)b) 

s (A ') 1 

ring deformation 

in-plane 

out-of-plane 

PX2 stretch as ip 

op 

s ip 

op 

SO or SX stretch ip 

op 

CA ') + E' 1 
A " + (E") 2 

A2" 

(E") 

(A ') 
1 

E' 

a) as,antisymmetric; s,symmetric; ip,in phase; op, out of phase: symmetry 

notation according to Cotton2QS • 

b) modes in brackets infrared inactive 

(NPC1 2)3 (D3h) should have 6 and a-(NSOCl)3 (C3v) should have Il IR active 

fundamentals in the energy region observed. If the symmetry is distorted 

from C3v in a related sense Ce.g., S-(NSOCl)3 - suggested as the cha~r­

form isomer with one chlorine substituent equatoria1 71 ), the degeneracy of 

sorne or aIl of the C3v E modes might be removed and the A2 mode might become 

weakly IR active, resulting in 12 to 18 observable fundamentals. 

By assuming that the 1100 cm- l sulfanuric chloride bands involve 

primarily ring antisymmetric stretching and can be correlated to the band 

· ... i 
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Table 11-8 Infrared Spectra of a- and S-(NSOC1)3 and NPC1 2(NSOC1)2; Tentative Group Frequency Assignments Compared with (NPC12)3 Spectrum. 

NPC1 . a) a-(NSOC1)3b) S-(NSOC1)3b) NPC12 (NSOC1)2c) ( 2)3 asslgnment solIn solid solIn solid solIn solid Tentative assignmente) 

1218 vs ring vasE' 
1200 m 

875 vw . El r1ng vas 

782 vw ring vsAi 

675 vw ring ô Al 

1356 vs 
1344 

1357 vs 
1345 

d)1165 w,sh 
1110 vs 1110 vs,b 

837 vw,sh 
816 m 818 ms 
700 vs 723 

708 s 
665 s 679 mw,sp 

" 673 s ,sp 

1340 vsd)1340 vs,b 
1348 s 
1335 s 

1338 s 
1315 ms SO stretch(op E, ip Al) 

d 1170 w,sh 1177 vs 
1100 vs )1100 vs,b 1142 s 

1185 vs ,b 
1140 s ,b 

ring as stretch(E) 

1035 m 1031 s ring as stretch((A2)) 
863 vw,sh 

822 s 828 s 
858 w ,sh . 840 mw 844 ms,sp rlng as stretch(E) 

702 w nOm 722 s ,sp 723 s ring s stretch(A1) 

665 s 673 ms 666 w 669 m.sp ring deformation(A1) 
612 s PC12 vasip A2* (637 vw,sp)* (640 vw) * 624 s 643 s PC1 2 as stretch 

SC1 stretch(E.A1) 
PC1 2 s stretch 

527 ms PC1 2 vsop El 

410 vw ring ô El 

336 vw PC12 ô op El 
315 vw 

530 m 
520 w 

430 w 

347 w 

552 vs,b 
531 ms,sp 

432 w 

562 m 
540 w 

440 w 
415 vw 

380 w,b 
340 w 

590 vs,b 
567 m 

558 s 566 s.b 
537 s.sP 549 ms.b 
484 mw 490 mw.b 
437 w 435 vw 

410 w 

370 vw 
345 w 
310 w.b 

SC1 stretch(long bond) 

ring deformation(E) 

SOC1 bending(E) 
PC1 2 bend op 

0\ 
o 

*) 7 r~ng Q A~ - see text. a) D3hlQl, sol t n bands 81 ,(Ai IR inactive,Table 11-7); re1.intensities cf.other solid spectra. bl so1 1 n71 ; solid,nujo1 mu11; b.broad; sp.sharp; other abbreviations. Table 11-6. c) Table 11-6; 
solid CsBr p~llet. d) ~ossib1y a c1ose1y spaced doublet. e) symmetTY notation for C3v (Table 11-7) does not 
app1y to NPC1 2(NSOC1)2. 
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-1 at 1212 cm for (NPC1 2)3 ( and, as a corol1ary, that the sulfanuric chloride 

bands at 1350 cm- l involve primarily SO stretching), other ring bands would 

be expected for a-(NSOCl)3 at 780-820(E), 7l5(Al)' 670(Al) and 405(E) -1 cm 

On the basis of assignments made for other phosphonitriles, the A2 ring mode 

(IR inactive D3h ,C3v) would be expected at ~1040 cm- l 
101. The assignments 

for ring motion have been made accordingly (Table 11-7), leaving bands at 

-1 520, 530 and 347 cm to be assigned to SCI stretch motion (Al and E expected), 

or other possible deforrnation modes, of which two additional ring modes (trans­

ferred from planar ring out-of-plane deformation A2,E") remain unassigned. If 

assignment of the A2 ring deforrnation mode to a cornponent of the (NPC12)3 

band at 612 cm- l is correct 82 , the transferred band should occur at ~600 cm-l 

for a-(NSOCl)3' This may account for the very weak band observed in the 

-1 sol id state spectrurn at 637 cm 

Assignments of SCI stretch frequencies for S(O)Cl and NSCI cornpounds 

have been the subject of sorne _speculation84 , and generally fall into two re-

gions: -1 390-420 and 560-620 cm . Characteristic bands cannot be so readily 

assigned to 'pure' SCI stretch as has been assumed85 • Nevertheless, consist-

ent with the approximate terrninology used for the other assignments, bands at 

-1 -1 520 and 530 cm have been assigned to SC1 stretch,and that at 347 cm to 

SOCI bending. 

This tentative assignment for a-(NSOCl)3 is easily related to the 

solution spectrum of S-(NSOCl)3' in further support of the symmetry being 

very close to C3v ' For solid state spectra of both a- and S- forms, more 

distortion from C3v is evident in the removal of the degeneracy for the ring 

as stretch modes (E). The origin of the 'spli tting' of bands assigned for 

ring s stretch modes(A1) for solid state a-, and not observed for S-(NSOCl)3' 

is not obvious. 
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The relative intensity of an observed band depends upon the change 

in dipole moment for the vibration to which it corresponds. Thus, it is not 

reasonable to transfer relative intensities for ring bands, as well as energies, 

from planar (NPC12)3, even when the motion can be entirely attributed to ring 

modes. Given the approximate band descriptions for the sulfanuric chlorides, 

no attempt has been made to predict specific component assignments for the 

symmetric and antisymmetric ring modes derived from the C3v E modes. 

The assignments for (NPC12)3 and the sulfanuric chlorides have been 

transferred to corresponding main bands observed for NPC1 2(NSOCl)2' for 

which there should no longer be any degenerate modes, as the molecular sym-

metry is further reduced to distorted m (Cs). The notation corresponding to 

modes derived for C3v symmetry does not apply, but the descriptions can be 

retained. No attempt has been made to differentiate ring motion into possible 

PN and SN components, as it is unlikely such motion would be independent. 

At first glance, the bands at 624 and 484 cm-lof the mixed ring 

spectrum, which have no counterparts in the sulfanuric chloride spectra, could 

be assigned as the PC1 2 as and s stretch modes expected. 31p nmr measurements 

(Table II-S, I-l, and 1-2) indicate that the charge density at the phospho­

nitrile phosphorus atoms is similar for (NPC12)3, NPC12(NSOCl)2, and [CI3PNPCI3]: 
o 

The PCI bond distances for the two cyclic compounds are 1.95 and 1.97 A, respec-

tively. By comparison with the ring and linear phosphonitrile PC1 2 as stretch 

assignments (section II.4, Table II-11), the PC1 2 as stretch for the mixed 

1 -1 ring would be expected at 612-633 cm-. Thus, the 624 cm band has been 

assigned to this mode. Also in comparison with other cyclic phosphonitriles, 

the corresponding PC1 2 s stretch should then occur at 528-550 cm- l • So the 

relatively strong band at 537 cm- l has been assigned to this mode. 
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The two sulfur-chlorine distances in the mixed ring are crystal-

lographically inequivalent, and one is longer than that for a-(NSOC1)3 

(Table 11-3). -1 So, at least in the solid state, the 490 cm band may involve 

relatively more 'long bond' SCI stretching, and the other SCI stretch mode 

-1 expected has been assigned to the band at 566 cm 
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II.4 Infrared Spectra of Linear Phosphonitriles 

II.4.1 Definition and Group Frequency Assignment Approach 

Energies corresponding to vibrational motion for a molecule can 

be obtained from its infrared absorption spectrum. It is possible to assign 

a particular vibration to an observed band as if that vibration involved 

relative motion of only one atom or group of atoms, and could be described 

as only one type of motion (e.g. bond strètching). Because molecular vibra-

tions actually involve motion of aIl the atoms, the description of the vib-

rational mode assigned to an observed band is only a name, and the molecular 

vibration which corresponds to the energy absorbed is not necessarily that 

which is implied. However, whatever the motion involved, it may still be 

attributable to a certain atom or group, and thus be characteristic and 

transferable to other similar bonding situations for that atom or group. 

* In this sense, group frequencies have been tentatively assigned for sorne 

of the linear phosphonitriles prepared. 

The problem is twofold - first, to find the observed bands, if any, 

which can be associated with (independent) group motion and second, to name 

them according to the most likely type of vibration involved. The linear 

phosphonitriles possess at most minimal symmetry (possibly Cs for the covalent 

three-atom chains, CZv for the three-atom chloro-cation or C2 for the five-

atom cation). Thus, 3N-6 fundamentals are expected (except for C2v ' none 

degenerate), aIl of which are both Raman and infrared active. 

* Frequency is used in the conventional sense referring to wavenumber of 

maximum absorption for a characteristic vibration. 
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Table 11-9 Vibrational Modes Expected for Covalent Linear Phosphonitrile 

and Mixed Systems Derived from Unit Motion (4000-425 cm-l). 

Unit and 
site symmetry 

Chain: 

PNS 

Original 
motion 

stretching 

deformation 

Modes expected, number and descriptiona) 

one P=N stretch 
one S-N stretch 

one PNS chain bendb) 

PNP, Cs stretching one P=N stretch}or{two PN chain stretch; as(A"), 
one P-N stretch s(A') 

de format ion one PN chain bend (A') 

stretching two P=N stretch} {one P=N stretch 
one P-N stretch or two PN chain stretch; 

PNPNS 

s (A') 
one S-N stretch 

deformation two chain bendb) 

Sul fur or EhosEhorus atom grouEs: 

-S(0)2CI , Cs stretching two s=o stretch; as (Ali) , s (A') 
one SCI stretch 

de formation one S02 bend (A') 

=PCl S' CSv stretching two PCI stretch; as(E), s (Al) 

Cs stretching three PCI stretch; as (A' ,Ali) , s (A') 

>PCI 2, Cs stretching two PCI stretch; as (Ali) , s (A') 

-P(0) CI 2, Cs two PCI stretch; as (Ali) , sCA') 
or stretching one p=o stretch or 

-P(S) CI2' Cs one P=S stretch 

a) symmetry notation refers to corresponding site symmetry elements; 

as,antisymmetric; s,symmetric 

bl ma)' not be ~igh eno,ugh ene,rgy to occur in region observed. 

as (Ali) , 
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Table 11-10 Vibrationa1 Modes Expected for Ionic Linear Phosphonitri1es 

Derived from Unit Motion (4000-425 cm-1) 

Bond or group 

Cations: 

=PC1 3(two units) 

Original motion Modes expected, nurnber and descriptiona) 

PN stretching n=l two PN chain stretch; as(B1), s(A1) 

n=2 four PN chain stretch; 
as, ip(B) and op(A) 
s, op(B) and ip(A) 

PNP deformation n=l one PN chain b~nd (Al) 

PC1 stretching 

n=2 three PN chain deforrnation (2A, B) 

two PC1 3 s stretch; ip(A1) and op(B1) 

four PC1 3 as stretch; ip(B2, A2) and 
op(B1, Al) 

>PC12 PC1 stretching two PC12 stretch; as(B), s(A) 

=P-NH2(two units) PN stretching two P-N stretch; op(B), ip(A) 

NH stretching four NH2 stretch; as, op(B) and ip(A) 
s, op(B) and ip(A) 

NH2 deforrnation two NH2 bend; ip(A) and op(B) 

Anions: 

PC1 stretching one as stretch (~, F1u) 

a) notation for cation syrnrnetry C2v ; for application to C2' ignore subscripts 

1 and 2; ip,in phase; op,out of phase; as,antisyrnrnetric; s,syrnrnetric. 
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Table II-Il Frequencies Expected for Inorganica) Phosphorus and Su1fur 

Groups for Liquid or Solid State Vibrationa1 Spectra. 

Bond type and 
assigned mode 

-1 Expected range,cm 

Phosphorus-oxygen: 

p=o stretch 1275-14o.o.,genera1 

1250.-1330., 
phosphory1ha1ides 

Phosphorus ... su1fur: 

P=S stretch 61o.-770~genera1 

66o.-74o.,thiophos­
phory1halides 

Phosphorus-nitrogen: 

P=N stretch 117o.-144o.,genera1 

1325-14o.o.,loca1ized 

P-N stretch 875-10.55 

PCNP)n PN chain 1170.-1350., asb) 

70.0.-90.0., s 

470.-530. 

Su1fur-oxygen, S02: 

s=o stretch 1350.-1440., as 

1160.-1220., s 

S02 deform'n 

Su1fur-nitrogen: 

S=N stretch 

S-N stretch 

40.0-70.0. 

78o.-15o.o.,genera1 

135o.-143o.,loca1ized 

680.-930. 

References and comments 

86,87 v = 35.0. EX. + 975 cm-1(liquids) 
1 

(xi = group e1ectronegativity of i th 
substituent at P atom; i F oxygen) 

86,87 P=S stretch couples with symmetric 
stretch of other P substituents; fre­
quency of latter lower than expected, 
and of P=S stretch higher; ca1cu1ated 
for iso1ated bond, 675 cm-1 88,89,102. 

90 lower if de1oca1ization of rr system 
1ike1y over adjacent bonds. 

90 

90,104 

n=l 
n=2 

91,92 

ratio 

modes expected as derived for C2 
PN stretch PN chain def'n 

two(as,s) one 
four(2as,2s) three 

:::: 1.16-1.18 93 

94 ::::50.0. cm-1 95 

96 variable since de1oca1ization with 
SN bond occurs readi1y, depending on 
other su1fur substituents. . 

96 

(continued) 

al ha1o-substituents at P or S; in genera1, for a given mode, frequency for 

ch10rine substituent is expected lower than for f1uorine 86 • 

bl as , antisymmetric; s,symmetric. 
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Table II-lI (continued) 

Bond type and 
assigned mode 

-1 Expected range,cm References and comments 

Sulfur-chlorine: 

SCI stretch 

PhosEhorus-chlorine: 

PC1 stretch 

[PC16] -

[PC14]+ 

ionic RN=PC1 3 
P (0)C1 2 covalent P(S)C12 
N2PC1 2 

450-655,general 

570-610, >NS02Cl 

as s 

450 (360) c) 

630 (450) 

580-615 465-485 

530-590 460-515 

510-610 430-550 

590-620 510-535 

c) values in brackets for modes Raman 

86 

95 

ratio (as/s) 

1.25 98 

1.40 98 

1. 23-1.30 103,105,107 

1.10-1.17 99,108 

1.12-1. 27 102,107 

1.15-1. 20 101,102,127 

active on1y (regu1ar configuration). 

Motion of the chain and the end groups was treated as independent, 

and modes assigned for corresponding frequencies expected, as derived for 

the separate chain and phosphorus or sulfur atom groups as units (Table 11-9, 

11-10; modes expected, and Table II-Il; frequencies expected). Where the 

mo1ecu1e or ion contains repeating units, the phase conditions for 'coupling' 

were used to determine the number and types of associated motion expected104 • 

On1y the main bands of a spectrum were considered, and they were treated as 

fundamenta1s. (This ignores overtone or combination bands as relatively weak 

and possible accidentaI degeneracy-induced Fermi resonance.) Deformation 

modes of aIl but very strong bond groups were not considered. 
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II.4.2 Solid State Infrared Spectra and Group Frequency Assignments 

Group frequencies were assigned to the main bands of the solid 

state infrared spectra of: 

C1 3PNPOC1 2, trichlorophosphonitrilephosphoryldichloride; Figure 11-5 

and Table II-12(i). 

C1 3PNPSC1 2, trichlorophosphonitrilethiophosphoryldichloride; 

Figure 11-6 and Table II-12(ii). 

C13PNS02Cl, trichlorophosphazosulfonyl chloride; Figure 11-7 and 

Table II-12(iii). 

[C13PNPC1 3][PC16], trichlorophosphonitriletrichlorophosphonium hexa­

chlorophosphate; Figure 11-9 and Table II-13(i). 

[C13PNPCCl)2NPC13][PC16]' chlorobis(dichlorophosphonitrile)triChloro­

phosphonium hexachlorophosphate; Figure 11-10 and Table II-13(ii). 

[NH2(~6H5)2PNPCC6H5)2NH2]Cl, aminodiphenylphosphonitrileaminodiphenyl­

phosphonium chloride; Figure II-Il and Table 11-14. 

The liquid spectrum of the prodùct from the reaction (4)a, II.2.3, has aIso 

been assigned on the basis of the (hypothetical) formula {C13PNP(CI)~S02CIJ; 

Figure II-8 and Table II-12 (iv). Details of compound preparation and spectral 

measurement are included in II.2.1 and II.2.4,(5), respectively. 

Sorne band position values have been tabulated107 ,108 (Table 1-1) for 

C1 3PNPOC1 2 and C13PNPSC12, and values from this work agree within experimental 

-1 error, except for the band at 1355 cm for the phosphoryl chloride" which is 

-1 reported at 1332 cm . As observed, this band is very broad and could not be 

resolved into possible components (Figure 11-5). Isolated values have been 

reported for [NH2(C6H5)2PNP(C6H5)2NH2]C126,109, and agree with those reported 

here. The Raman and infrared spectra of [C13PNPC1 3]Cl and [C13PNPCI3][PCI6] 

have been reported and assigned110 (discussed in II.4.4). 
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Table IIr12 Main Bands Observed and Tentative Group Frequency Assignments 

for Sorne Covalent Linear Phosphonitri1e and Mixed Systems. 

Compound, bands observeda) 

1270 s 

778 s ,b 

.. 615 s,b 
597 s 

570 m 

525 m 

505 w,sh 

477 ms 

iiC13PNPSC12 

1315 vs,b 

811 s 

692 s 

609 s,b 
591 s 

533 ms 

515 mw 

470 ms 

Tentative assignmentb) 

P=N stretch 

p=o stretch 

P-N stretch 

p.S stretch 

}PCI3 as stretch (A', AtI) 

POC1 2 or PSC1 2 as stretch (AtI)d) 

POC1 2 s stretch (A') 

PN chain bend 

PC1 3 s stretch (A') ,and PSC1 2 s stretch (A') 

iiiC1 PNSO Cl -s:-:=::.2- iV~PNP(Cl)2NS02Cl 
1375 e) 
1360 vs 

1230* 
1173Jvs ,b 

770 5 

630 ms 
604 s 

572 ms 

538 w 

510 s,sp 

1360 vs,b 

1263 w 

1190-12051 
1165 sh vs ,b 

822 ms,sh 

773 s,sp 

710 vw 

675 vw 

615 * 
600 jVS'b 
590 sh 

565 m,sh 

535 w,sh 

510 ms ,sp 

475 ms, b 

S02 as stretch (AtI) 

P=N stretch, and PN chain as stretch 

S02 s stretch (A') 

PN chain s stretch 

S-N stretch 

} PC1 3 as stretch (A', A") 

PCl 2 as stretch (AtI) 

SCI stretch 

S02 bend (A') 

PCl 2 s stretch (A') 

PCl 3 s stretch (A') and PN chain deform'n 

* composite ~ a) position of maximum absorption, cm- l solid state. 

b) symmetry notation refers to approximate site symmetry of group as in Table 

II-9. c) vs,verystrong; s,strong; m,medium; w,weak; sh,shoulder; b,broad; 

sp, sharp. d) PC1 2 stretching motion. e) nujol absorption interference. 
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Table 11-13 Main Bands Observed and Tentative Group Frequency Assignments 

for Ionie Linear Phosphonitri1es, [C1 3PNPC1 3][PC16] (i), and 

[C13PNP(C1)2NPC13] [PC16] (ii). 

Compound, bands observeda)c) 

i 

1325 vs (2) 
1310 s (1) 

1285 sh 

837 mw 

662 ms (1) 
655 ms (2) 

637 s (1) 
626 s (2) 

(612 sh) 

595 w 

502 m,sp 

470 sh 

455 ms (1) 
437 s (2) 

* composite. 

ii 

1312 vs,b 

1280 sh 

1230 sh 

846 mw 

787 s 

760 w,sh 

633 s 

620 ms 

609 s 

598 mw 

590 ms,sp 

550 sh 

518 ms,sp 

475 vw ,sh 

438 s ,b 

* 

Tentative assignmentb) 

PN chain as stretch BI [ip(B)] 

[op (A)] 

[ip(A)] 

PN chain s stretch Al [op(B)] 

PC1 3 as stretch ip(B2) 

[PC1 2 as stretch op(B)] 

PC1 3 as stretch op(B1) 

ip(A2) (IR inactive, C2v) 
PC1s as stretch op(A

1
) 

[PC1 2 s stretch ip(A)] 

PC1 3 s stretch op(B1)jand ip(A1) . 

PN chain bend Al } (see text) 

a) position of maximum absorption, cm-l, solid state. 

b) [] brackets refer to assignments for the five-atom chain cation, symmetry 

C2; for modes expected for both cations, symmetry notation 1isted is C2v 
which corresponds to that for C2 if the subscripts 1 and 2 are ignored. 

cl abbreviations as for Table II"12. 
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Table 11-14 Main Bands Observed and Group Frequency Assignment for 

[NH2(C6H5)2PNP(C6H5)2NH2]C1. 

Bands observeda) Pheny1 bandsb) PN chain and P-NH2 bands 

3160 s 

3052 s 

1970 w 
1890 w 
1810 w 
1765 w 

1602 w 

1578 mw 

1555 w,sh 
1480 m,sp 
1437 ms,sp 

1308 w,sh 

1292 w,sh 

1250 s ,b 

1176 mw 
1158 w 

1118 
1114}s 

1068 w 
1025 w 

995 mw,sp 

968 s 

935 m 

747 
. 744}ms 

715 ms 

695 ms 

686 w 

538 mw 
528 s 
507 m 

443 mw 

420 w 

CH stretch 

CH deformation out-of-p1ane 
combinations 

C=C stretch 

C=C stretch 
" 
" 

combination 

CH deformation in-plane 

CH deformation in-plane 
" 

X-sensitive ring deformation 

CH deformation in-plane 
" 

ring breathing 

CH deformation out-of-p1ane(w) 

CH deformation out-of-p1ane 

X-sensitive ring deformation 
in-plane 

ring deformation out-of-p1ane 

X-sensitive ring deformation 
(out-of-plane C-P bend) 

I
X-sensitive ring deformation 

in-plane 

NH2 as stretch (B, A) 

NH2 s stretch (B, A) 

NH2 bend (A, B) 

PNP as stretch (B) 

P-N stretch, P-NH2' 

(A) and (B) 

PNP s stretch (A) 

(PNP deformation) 

-1 . a) position of maximum absorption in cm solid state; abbreviations as ln 

Table 11-12. b) description as in references 113 and 114; X-sensitive = 
P-sensitive. 
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II.4.3 Discussion 

Covalent Molecules 

The two bands assigned to PC1 3 antisymmetric stretch (A', Ali) 

were not considered to be the degenerate antisymmetric stretch (E) and the 

symmetric stretch (A') bands expected for C3v site symmetry, because their 

relative intensities are invariably reversed to that expected (E > A') in 

aIl spectra, including those for similar RN=PC1 3 compounds reported else­

wherel031105. On the basis of the assignment made, the site symmetry at 

phosphorus in linear phosphonitriles containing N=PC13 groups is not C3v ' 

but possibly Cs. 

For the linear phosphonitrile sulfonylchlorides, the assignment 

of P=N and s=o stretch modes was based mainly on the relative regions ex­

pected for the latter antisymmetric and symmetric modes. In the composite 

band at 1190-1220 cm-lof the spectrum of trichlorophosphazosulfonyl chloride, 

the higher wavenumber component is broader, which is consistent with its 

assignment as P=N stretch. 

The band at 1270 cm- l for trichlorophosphonitrilephosphoryl­

dichloride was assigned to p=o stretch rather than that at 1355 cm-l, because 

the p=o stretch frequency for chlorine substituents is expected in the lower 

portion of the range listed (Table II-11). This is consistent with the em-

pirical fit for liquid state86 , v ~ 1280 cm- l Similar assignments have been 

made for phosphonitrilephosphorylchloridefluorides on the same basis 108 . The 

assignment of P=S stretch to the band at 692 cm- l for the thiophosphoryl­

dichloride, agrees with those made for other phosphonitrile halide analogues 

(630-695 cm-l)lll. This value, compared with a 'single bond' value, 675 cm- l 

(Table II-11), indicates that coupling occurs, as expected. 
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Ionic Phosphonitriles 

Apparently trichlorophosphonitriletrichlorophosphonium hexachloro-

phosphate, [C1 3PNPC1 3][PC16], exists in two solid state forms. AlI the anti­

symmetric stretch bands are doubled with not-quite-equal intensities, and 

bands pertaining to the different forms have been labelled (1) and (2) on this 

relative intensity basis. There is no mention of any doubling of bands in the 

published report of the spectrum110 , nor is there any indication of whether 

the infrared spectrum was obtained for sol id state samples, solution, or bath. 

From a comparison, it is not obvious whether the results reported correspond 

to one of the forms ((1) or (2)), or an unresolved average spectrum, but making 

-1 allowance for a scale shift of 10 cm , the published values are within exper-

imental error of those found for form (1). The antisyrnmetric stretch bands 

are doublets of almost equal intensity components, and the PN as stretch mode 

should contain only one component, which indicates that the doubling is real. 

The presence of more than one solid state molecular form in sarnples of this 

compound was also inferred from nqr measurements l12 : The signaIs (and side 

bands) observed overlap considerably, making it impossible to decipher the 

fundamentals and define the nqr spectl'um. However, there is an unusual 

doublet fine structure which indicates two inequivalent solid state forms. 

The rep0rted assignment 110 was discussed on the basis of C2v 

symmetry using erroneous arguments. The PN chain s stretch mode was reported 

to be infrared inactive for C2v ' although assigned to an infrared active band. 

This mode belongs to the Al representation, and would be both infrared and 

Raman active. The stretch mode expected to be inactive in C2v syrnmetry (A2) 

can be considered (within the 'unit' approach used in this work) to be one 

derived from coupling of the PCI stretch motion, PC1 3 as stretch, ip(A2), 
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which would be relatively weakly infrared active if the symmetry were lowered 
to C2' The assignment for the solid state spectrum, forms (1) and (2), of the 
three-atom chain cation fits either C2v or C2, although the latter would be 
the more likely solid state srnunetry. 

The suggestion of a shoulder on the high wavenumber edge of the 
very strong, doubled [PC1 6]- antisymmetric stretch band has been assigned to 

-1 the PN chain deformation mode (Al)' and the more intense band at 502 cm to 
the PC1 3symmetric stretch mode (BI)' This is the only difference from the 
reported assignment, for the region considered. Both modes shouldbe infrared 
and Raman active. The relatively strong band in the Raman spectrum at ~470 

-1 cm ,and not noted in the infrared spectrum, is most likely to be a combin-
ation of the PC13 symmetric stretch (Al) mode and the PN chain deformation 
mode (Al)' which is obscured in the infrared spectrum by the [PC16]- anti­
symmetric stretch (Raman inactive). 

Assignment of phenyl group frequencies to the bands observed for 

[NH2(C6HS)2PNP(C6HS)2NH2]Cl was based on a discussion of the normal vibrations 
of monosubstituted benzenes l13 and assignments made for phenyl-substituted 
phosphonium ions l14 ,11S. The phenyl bands for which the modes assigned in-
volve major contributions from motions of the phosphorus atom (X-sensitive) 
occur at positions expected for phosphonium ions; ll16av , 715, S20av and 

-1 + 430av cm for [NH2(C6HS)2PNP(C6HS)2NH2] cornpared with 1110, 718, 500 and 
419 (±12, split) cm- l for [(C6HS)4Pt or 1089, 700, 499av and 428av cm- l for 
(C6HS)3P 116. The remaining bands were assigned to modes expected for the 
phosphonitrile skeleton and the amino groups. The termino1ogy chosen was 
based on a combination of PNP chain motion and P-NH2 group motion, rather 
than on a fully deloca1ized NPNPN chain, consistent with the observation of 
relatively greater shifts in 
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bands between 900 and 1000 cm-Ion formation of transition metal chloride 

compounds, which were thus assigned to P-NH2 group modes (II.S.4). 

II.4.4 Structural Information From Assignment Comparison 

A linear correlation exists for SN stretch frequency and sulfur­
nitrogen bond distance96 , from which the sulfur-nitrogen bonds in the mixed 
systems, C1 3PNS02Cl and {C13PNP(Cl)2NS02Cl}, are predicted to be approximately 

° -1 single (~1.73 A). The P=N stretch frequency is relatively low (~1200 cm ), 
compared with that suggested (132S cm-l) for a localized double bond90 . If 
both these observations are interpreted as indications of the bonding, it is 
possible that the electron charge density at the phosphorus atom is high, and 
greater than that at the sulfur atom. This corroborates the experimental 

observation that formation of rings from pyrolytic decomposition of these 

compounds appears to occur via addition reactions involving electron lone-pair 
donation to the sulfur atom. 

+ The PN antisymmetric stretch frequency for [NH2(C6HS)2PNP(C6HS)2NH2] 
-1 is high (12S0 cm ) and closer to values for the cyclic phosphonitrile tetra-

mers, where rrs bonding is expected to compensate for weaker rra bonding in non­
planar ring structures 165 (phenyl substitution - 1190 and 1213 cm-l, amino 
substitution - 1170 and 1240 cm- l for trimer and tetramer, respectively)!2 A 
similar assignment (124S cm-l) has been made for [CH3(C6HS)2PNP(C6HS)2CH3]Il17. 
The PN chain antisymmetric stretch frequencies for the ionic linear chloro­
phosphonitriles are also high (~13lS cm-l) and similar to those of the i form 

1 A -1 of (NPC1 2)4 (13lS cm- , PNP=13l0), or the almost planar (NPC1 2)S (13SS cm 
PNP =149°). 31p nuclear magnetic resonance measurements have shown that the av 

phosphonitri1e cations contain equiva1ent end group phosphorus atoms, so the 

multiple bond system must be de10calized 106 . They are un1ike1y to exist in 
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a small nitrogen angle configuration (~ 120°) because of steric requirements 

of the substituents, thus the strong PN bonds indicate appreciable Ils bonding 

in addition to the lIa bonding (further discussion in II.5 and 111.2). 

The doubling of the [PC16]- band at 450 cm- l indicates that molecules 

of [C1 3PNPC1 3][PC16] are associated in the solid state. That is, ion-pairing 

occurs rather than a mixed crystal situation where the anions would be inde-

pendent of the cations except in the overall crystal lattice sense. This 

also suggests that the anion is intrinsically involved in the formation of 

the two sol id state forms. From the difference in PN chain antisymmetric 

stretch for [C1 3PNPC1 3]+ for Cl- and [PC1
6
]- anions (1338 110 and (1),1310 

or (2), 1325 cm-l), the smaller counterion is associated with a stronger 

phosphorus-nitrogen bond. This can be interpreted in the bonding model as 

follows: The most probable configuration is C2 (distorted C2v) for minimum 

intra-ionic chlorine-chlorine repulsion (Figure 11-12). 

Cl (5) , 

Cl (4) 

, , , 

Cl (3) 

Cl (2) 
Cl (5) 

Cl ~6) 
\ Cl(2) 

Cl (4) Cl (1) 

Figure 11-12 Possible Configurations for the Trichlorophosphonitrile­

trichlorophosphonium Ion, rC13PNPC13]+ 
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For Cz ' a wider angle increases chlorine-nitrogen lone-pair interaction v . 

slightly,but a smaller angle increases intra-ionic chlorine-chlorine inter-

action to a much greater extent, and th us a wider angle accompanies a closer 

approach to CZv ' Distortion reflects the compromise for maximum stability. 

The Cl anion can approach closer 'sideways' for the same amount of distortion 

due to inter-ionic chlorine-chlorine repulsion, than can the bulkier [PC16]-. 

Hence, the smaller anion allows a larger TIs contribution to the PN bond 

strength than [PC16r for a given crystal lattice stability. 

Form (Z) is probably in a configuration closer to C2v than (1) 

(PN antisymmetric stretch (2) > (1)), because crystal lattice stabilization 

allows more distortion from inter-ionic repulsion to remain uncompensated (by 

a lowered angle to that of form (1)). (This is consistent with the observation 

that the reported spectrum corresponds most closely to that of form (1) 

assuming that it refers to a solution measurement.) However, the concomitant-

ly greater cation chlorine-lone-pair interaction in form (2) would cause 

slightly longer phosphorus-chlorine bonds, reflected in the small decrease 

of the PCI bond strength from that of form (1) (PC1 3 antisymmetric stretch 

ip(B2) (1),662 and (2), 655 cm- l ; Table II-l3(i)). 

For [CI3PNP(Cl)2NPC131: intra-ionic interaction probably determines 

the configuration. A distorted form with wide nitrogen angles is favored. 

Thus, the TIs contribution should be larger than that for [C13PNPC13]+ for the 

same anion. However, there is a lower TIa contribution to the chain bonding 

because of the non-coplanarity of the PNP 'halves' at the center phosphorus 

atom. Thus, the PN bond strength, as a net result, is almost the same as 

that for form (1) of the three-atom phosphonitrile cation. 
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II.5 Copper(II) and Coba1t(II) Ch10rides of Aminodipheny1phosphonitri1e-

aminodipheny1phosphonium Ion 

II.5.1 General Considerations, Possible Compound Types 

In this section, the phosphonitri1e cation, [NH2 (C6Hs ) 2PNP (C6HS) 2NH2] 

is designated L+, and the phosphonitri1e ch10ride as LC1. The copper compounds 

are referred to as A, B, and C; and the cobalt compounds as D and E, fo11ow-

ing the out1ine and formu1ae indicated in the description of their prepar-

ations (11.2.3,(8)). 

There have been no reports of comp1ex formation for the phospho-

nitrile ch10ride from which a chelate was desired. However, preparation of 

a b1ue compound, Cu(HN(C6Hs)2PNP(C6Hs)2NH)2 (mp 178-180oC with decornposition), 

from methano1 solution of the ionic phosphonitri1e and CuC1 2.2H20, has been 

reportedl18 . After treatment with sodium methoxide, a green precipitate 

was obtained which becarne the copper compound on hydro1ysis. It was inso1-

ub1e in water and cou1d be crysta11ized from polar organic solvents or 

benzene. 

When compounds are formed by amine group nitrogen atorn coordin-

ation to copper(II) or coba1t(II) ha1ides, they usua11y contain po1ymeric 

distorted octahedra1 copper(II), and octahedra1 or tetrahedra1 coba1t(II) 

in a non-ionic structure l19 ,120. Coba1t(II) ha1ides forrn cornp1ex ionic 

compounds for sorne ligands, particu1ar1y at low rneta1:1igand ratios, where 

the cations are 1igand-coordinated coba1t(II) ions and the anions are tetra­

hedra1 tetrach1orocoba1tate(II) 121. Sirni1ar behavior occurs for copper(II) 

ha1ides121~122. 

The donor properties of positive1y charged ligand quaternary 

amines and phosphines have been studied123 ,124, and it has been suggested 
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that a positive charge on a ligand does not necessarily prevent its coordin­

ation to a positively charged metal ion, but may stabilize unusual stoichio-

metries and structures. Tetracoordinate cobalt(ll) and nickel(ll) complexes 

containing monoquaternized ditertiary phosphines have been reported with 

stoichiometry MX2.~X, where ~ is the monocharged phosphonium ion. Although 

these compounds are supposed to contain non-ionic, monomeric transition metal 

species, they have high thermal stabilities and low solubilities in non-polar 

solvents, which has been attributed to high lattice energies from interaction 

0+ 0-. of polar ~ -MX3 sltes of neighboring units. 

On the other hand, there are many examples of ionic compounds con-

taining bulky quaternary amine 12S ,126 or other cations 128 and transition 

metal halide anions, including tetracoordinate copper(ll) and cobalt(ll) 

chlorides 126 ,129,130. 

From the solubility, conductivity, and melting point characteristics 

(11.2.3,(8) and II.5.2), and the similarity of their electronic spectra to 

those of anionic copper(II) and cobalt(II) chlorides (11.5.3.1), the compounds 

prepared could be ionic compounds of the last type. However, the possibility 

that they are of the pseudo-tetrahedral 'polarized' phosphonium type must 

also be considered. 

II.5.2 Sorne Physical and Chemical Properties 

AlI the prepared compounds were soluble in polar and insoluble in 

non-polar organic solvents. In aqueous solution or in wet organic solvents, 

decomposition occurred with formation of the phosphonitrile chloride and 

octahedral aquo copper(II) or cobalt(II) ions. Decomposition also occurred 
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Table II-15 Comparison of Ana1ytical Resu1ts Pound and Ca1cu1ated for 

Copper(II) and Coba1t(II) Ch10rides of [NH2(C6H5)2PNP(C6H5)2NH2]+ (=L +) . 
Compound Ana1ysis, percent 

Cu or Co P N Cl C H 0 

A 10.36 9.87 7.28 17.4 48.7 4.48 2.61 

B 10.87 18.2 

C 13.94 8.81 6.20 20.5 43.7 4.01 2.68 

CuLC1 3 10.84 10.57 7.17 18.14 49.18 4.10 0 

CuLC1 3 ·2H2O 10.21 9.96 6.75 17.09 46.33 4.51 5.14 

CuLC1 3·CH3OH 10.28 10.02 6.80 17.20 48.58 4.54 2.59 

Cu3L2C1 8 14.59 9.48 6.43 21.70 44.12 3.68 0 

CU3L2CI8 ·4H2O 13.83 8.98 6.08 20.57 41.81 4.07 4.64 

Cu3L2CI8 ·2CH3OH 13.91 9.04 6.13 20.69 43.83 4.09 2.34 

D 5.61 11.6 8.26 14.2 54.6 4.88 <0.5 

E 5.23 11.0 7.65 18.2 52.4 4.95 <0.5 

CoL2C14 5.70- 11.99 8.13 13.72 55.80 4.65 0 

CoL2C14 ·H20 5.61 11. 78 7.99 13.49 54.85 4.76 1.52 

CoL2C14 ·CH3OH 5.53 11.63 7.89 13.31 55.25 4.89 1.50 

CoL2C14 ·CH2C1 2 5.27 11.08 7.51 19.02 52.64 4.48 0 

CoLC1 3 10.05 10.65 7.23 18.28 49.57 4.13 0 
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in pyridine with formation of the phosphonitrile chloride and copper(11) or 

cobalt(11) pyridine complexes. 

The solid state copper(11) compounds exhibited color changes on 

variation of temperature. For example, B changed from brown, through gold, 

to yellow as the temperature was lowered from the melting point, 430o K, to 

77°K. The change was graduaI, with no evidence of a sharp transition. 

Single crystals of aIl the copper(11) compounds were pleochroic: When viewed 

in one direction, plates of A appear green-brown, while in an approximately 

perpendicular view, they are deep red. 

Qualitative conductance measurements indicated B was more ionic 

in solution than the phosphonitrile chloride 131 for the solvent nitrobenzene. 

However, solvation occurred to a varying extent for aIl compounds. For each 

metal ion, the same solution spectrum was obtained for aIl compounds, and 

because of their insolubility in solvents with low coordination132 , no further 

conductance studies were attempted. 

II.S.3 Spectrometrie Results 

(1) 35Cl nuclear quadrupole resonance - Solid samples of A and B were 

scanned through 9~S4 MHz. No interactions were detected. 

(2) Electron paramagnetic resonance -

Table 11~16 G-values From Electron Paramagnetic Resonance Measurements for 

Sorne Copper(11) Chloride Compounds. 

comEounda)b) g value 

294°K l24°K 

A CuLC1 3·CH3OH 2.098 2.092 
a) empirical formulae, 

B CuLC1 3 2.107 2.113 [NH2(C6HS)2PNP(C6HS)2NH2] 

C Cu3L2C18 ·2CH3OH 2.096 2.094 = L+· 

dried CuC1 2 2.096 2.089 b) polycrystalline 

+ 
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(3) 1nfrared spectra - Few changes in solid state or solution spectra 
occur on compound formation. Those which are observed are minor shifts or 
'sp1itting' of bands assigned to phosphonitri1e ami no or P-NH2 group vibrations, 
which cou1d be attributab1e to a solvent shift or crystal packing effect 133 . 

Table 11-17 Main Bands Observed for Solid State 1nfrared Spectra of Copper(11) 
+ a) -1 and Coba1t(11) Ch10rides of [NH2(C6H5)2PNP(C6H5)2NH2]' (cm) 

LC1 

3160 s 

3052 s 

1970 w 
1890 w 
1810 w 
1765 w 

A 

3425 sh 

3295 sh 
3285 ms,b 

3215 m,b 

3095 w 
3065 w,sp 

1970 
1900 
1815 
1770 

1602 w,sp 1585 w,sp 
1578 mw,sp 1560 ms 
1555 w,sh 

B C 

3270 m,sp 3280 m 

3200 ms 

3085 w 
3074 w 3075 vw 
3054 w 3055 w 

3025 w 
1965 
1900 
1817 
1776 

1970 
1905 
1810 

D 

3385 m 

3220 b 

3055 w 

3040 w 

1970 
1895 
1817 
1775 

1588 w,sp 1585 w,sp 1587 w,sp 
1550 mw,sp 1550 1545 m,b 

1545}m 

E 

3495 w 
3420 vw 

3375 w 

Tentative 
assignment 

NH2 as stretch. 
s 

(OH stretch, 
3200 m,b CH30H) 

lCH stretch. 
3068 mw 
3050 mw,s 

1965 
1900 
1815 
1772 

j
CH deformation, 
out-of-p1ane 
combinations. 

1586 w,sp C=C stretch. 
1540 m,b lNH2 deformation 

r"and C=C stretch. 
1480 m,sp 1480 w,sp 1482 w,sp 1485 w,sp 1478 w,sp 1478 w,sp C=C stretch. 1437 ms,sp 1440 ms,sp 1437 ms,sp 1440 ms,sp 1437 ms,sp 1436 ms,sp " 
1308 w,sh 1309 w,sh 1306 w,sh 1310 w,sh 1303 w,sh 1308 w,sh pheny1 combin­

ation. 1292 w,sh 1294 w 1281 w 1288 w 1287 w,sh 1290 w,sh CH deformation, 
in-plane. 

1250 s,b 1254 vs 1258 s 1255 s 1240 vs,b 1252}vs,b PNP chain as 
1208 b) stretch. 

1176 mw 
1158 w 

1118 
1114 }s 

1178 mw 

1122 
1116}s 

1177 mw 

1122 
1118}s 

1177 w,sh 1178 w 
1157 w,sh 1158 vw 

1122 s 1116 s 

1178 w }CH deformation, 
1158 win-plane. 
1114 s X-sensitive 

ring deform'n. 

(continued) 



Table 11-17 (continued) 

LC1 

1068 w 
1025 w 

995 mw,sp 

968 s 

935 m 

A B 

1068 w 1069 vw 
1026 w 1027 w 

1008 m,spc) 

994 mw,sp 

970 w,sh 
964 w,sh 
960 ms 

933 w 
925 w 

995 mw,sp 

979 w 

947 s,sp 

919 w 
905 w 

748 750 m 748 sh 
744}ms,sh 

744 w,sp 743 ms 

717 ms 718 ms 718 ms 

695 ms 

686 w 

538 mw 
528 s 

507 m 

443 mw 

420 w 

694 mw 

684 m 

614 wc) 

544 m 
524 ms 

507 m 

456 w 
438 w 

d) 

688 s 

530 ms 
516 s 

508 mw 
494 mw 

460 vw 

402 m 

315 w 

303 mw 
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C D 

1070 w 1070 w 
1025 w 1020 vw 

1010 ms,spc) 

995 mw,sp 

978 
973}vw 

945 s 
930 
913}w,sh 

993 mw,sp 

955 ms,b 

E 
Tentative 

assignment 

1068 w }CH deformation, 
1025 win-plane. 

993 mw,sp 

963 s 

929 mw 
923 sh 

ring 
breathing. 

P-N stretch, 
(P-NH2) and 
CH deform'n, 
out-of-p1ane. 

777 w 
765 mw 
752 ms 
742 mw 
727 ms 

750 sh 755 sh 

691 s 

615 wc) 

545 ms 

513 ms 
492 ms 

460 w 
448 w 

d) 

CH deform'n, 
out-of-p1ane. 

718 m 716 mX-sensitive. 

690 686 s 
687}s !PNP chain s 

stretch and 
ring def'n(l'l). 670 w,sh 

538 m 

512 s 
498 m,sp 

435 vw 

410 w 

304 vw 

290 w 

535 w 
522 s 

508 w 

447 w 

410 w 

lx-sensitive. 

PNP chain def'n? 

X-sensitive ring 

in-plane def'n. 

303 vw Cu(Co)C1 stretch. 

292 w " 

al Compounds as in 11.2 .. 3,(8); ass.ignment for INH2(C6H5)2PNP(C6H5)2NH2]C1::LC1 

in II.4, Table 11-14; abbreviations as for Table 11-12. 

h) possib1y CHz deformation , CHzC1 2 (1265 5 for methy1ene ch1oride). 

cl CH30H, c-o stretch (1035 vs for methano1). 

d) loses methano1 in ce11 cornpartment of PE521; lower region not exarnined. 
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(4) Ultraviolet, visible and near-infrared spectra - Dried CuC1 2 and 

CoC1 2 were insoluble in methy1ene ch10ride or nitromethane. AlI coba1t(II) 

and copper(II) compounds prepared were soluble in both these solvents, and 

in the absence of moisture no changes in their solution spectra occurred 

during periods of two hours. 

Table II-18 E1ectronic Spectra of Sorne Coba1t(II) Ch1orides. a ) 
134 

LC1 D, L2CoC14 (NH4)2CoC14 ((C4H9)4N)2CoC14 

solution,CH2C1 2 SOlution,CH2C1 2
b) solid solid solid 

6300-4500 (55 av) 4545-6250 4250-6600 4780-5920 

14,500 (565) 14,550 14,450 14,300 

15,100 (535) 15,000 15,040 14,900 

15,750 sh 15,700 sh 15,500 15,750 

15,850 (385) 15,800 15,870 

16,500 sh 16,250 sh 16,210 sh 16,230 sh 

17,300 sh 

18,182 sh 18,100 sh 

19,000 (5-10) 19,000 w 18,760 18,900 

23,000 «5) 23,000 22,220 22,000 

24,390 

36,340 (2240) c) 36,400 (2240) c) 36 230c) , 31,250 sh 

37,200 (2890) 37,250 (2880) 37,200 

38,000 (2430) 38,100 (2380) 38,000 

38,950 sh 39,050 sh sh 

42,200 45,450 

-1 + -1 a) positions of maximum absorption in cm (- 200 cm ); 
+ + 

L =[NH2(C6H5)2PNP(C6H5)2NH2] . 

125 

b) mo1ar extinction coefficient in brackets based on formula L2CoC14 (±5 1/mo1ecm), 

values low compared with COC1~- 125 because excess C1- not present. 

c) pheny1 bands, 36,200 - 39,000 cm-1 
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Figure 11-13 E1ectronic Spectraof Sorne Coba1t(II) Chlorides. 

I,[(C4Hg)4N]2[CoC14] in methylene ch1oride 125 ; 'II,D or E in methylene 

chloride; III and IV, D and E nujo1 rnul1s(arbitrary vertical sca1e). 
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10,000 sh d) 

12,500 

22,700 

25,700 (w,sh) 

27,000 (vw, sh) 

32,000 

36,400 

37,500 

f) 

9,800 sh e) 

12,100 

18,800 

23,600 

25,600 .(w,sh) 

f) 

-1 a) position of maximum absorption in cm ; see a1so Figure 11-14. 

b) empirica1 formu1ae. c) broad, slight1y " h' h -1 asymmetr1c to 19 er cm . 

d) v.broad, at least two 
-1 

-1 components, asymmetric to lower cm , 9,000-

14,000 cm spread. 

e) intermediate1y broad, slightly asymmetric to lower cm- l 

f) higher energy components not distinguishab1e. 

Table 11-20 Solution E1ectronic Spectrum of Copper(ll) 
+ + a) 

Cornpounds of [NH2(C6H5)2PNP(C6H5)2NH2] , L . 

Maximum absorption, cm-1 A,B, or C 

Il,300 slight1y asymmetric to lower cm- l 

broad band 

17,500 

24,200 

31,600 

36,400 

37,200 

37,600 

39,100 sh 

pheny1 bands 

a) methylene ch10ride 

solution; A, B, and 

C as in Table 11-19, 



10,000 

- 9S -

/ , 
1 
1 

CI 
1 , 

" 1 
1 
1 

~ , , , , 

20,000 
wavenumber (cm-1) 

A, [L]2[Cu2CI6].2CH30H 

B, [L] 2 [Cu2CI6] 

C, [L]2[Cu3ClS].2CH30H 

30,000 

Figure 11-14 Electronic Spectra of Copper(ll) Chlorides of 

[NH2(C6HS)2PNP(C6HS)2NH2]+ ~olid state,nujol mul!). 
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II.5.4 Discussion 

II.5.4.1 Empirical Formulae 

From solution infrared spectra of A and C, they are probably 

methanolates. Melting point characteristics of A, C and E also indicate 

these cornpounds are solvates. From a comparison of the analytical results 

(Table 11-15), the empirical formulae for A,B and C are CuLC1 3.CH30H, CuLC1 3 

and Cu3L2C1 8 .2CH30H, respectively; and A and C are methanolates rather than 

hydrates. Empirical formulae concluded for D and E are less certain. Infrared 

spectra indicate neither is a methanolate. Low percent oxygen values for 

both compounds are also evidence that neither is a methanolate or a hydrate. 

Fr-om its analysis, E is most likely to be a solvate of methylene chloride 

with the empirical formula CoL
2

C14 .CH2C1 2, and comparing spectral character­

istics and other behavior with E, the ernpirical formula of D is CoL2C14 . 

II.5.4.2 Cobalt(II) Compounds; Ionie Type [L]2[CoC14] 

Solid state and solution electronic spectra for D and E indicate 

the cobalt(II) species in both is tetracoordinate (Figure 11-13, Table 11-18). 

Comparison of the solid state spectra of D and E suggests that the latter 

contains a more distorted ligand arrangement: That is, the minor shifts in 

band shape observed are similar to those expected for a more 'solvolyzed' 

structurel 35. Given the empirical formula, CoL2C14 , for D, the possibilities 

which must be considered for the solid state structure are: 4+ -(a), [CoL2 ][Cl ]4; 

(b), a eutectic mixture of CoLC1 3 and LCl; and (c), [L+]2[COCl~-];in a crystal 

lattice which is ionic ((a) or (c)) or pseudoionic (b). Possibility (a) is 

least likely because of the high formaI charge of the cobalt cation, and can 

be ruled out because major spectral changes would be expected on solution. 

The electronic spectrurn of pseudotetrahedral CoC13~' where ~ is a monoquaternized 
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phosphine cation, has been described as very similar to that of tetrahedral 

COCI~- 123b Thus, the electronic spectral evidence is consistent with 

either (b) or (c). Possibility (b) is less likely on the basis of infrared 

spectra, as the solid state spectrum would then be a superposition of un-

changed phosphonitrile chloride and the pseudo-tetrahedral complex spectra. 

This is not observed. Thus, the most likely structure for D is a lattice of 

phosphonitrile cations and somewhat distorted tetrahedral CoCl~- anions. 

E can then be considered as a solvate containing methylene chloride 'of 

crystallization', which further dis torts the sol id state COC1~- anions from 

a strictly tetrahedral arrangement. A pentacoordinate cobalt(ll) arrange-

ment for E is not likely by comparison of its electronic spectrum with that 

reported for pentacoordinate arrangements 123a . (The relatively strong band 

-1 expected at ~IO,500 cm is not observed.) 

II.5.4.3 Copper(II) Compounds; Ionic Type [L]2[Cu2f!&l 
From the similarity to the cobalt compounds in their infrared 

spectra and solubility, and the qualitative conductivity of B, the copper 

compounds are also ionic and possibly contain analogous copper(ll) chloride 

anions. The same preparative system was used for monoalkylammoniumtetra-

chlorocuprates(II)136 and acetamidinium tetrachlorocuprate(ll) 137, which is 

chemical evidence for the ionic formulation as weIl as for the possible 

presence of tetracoordinate copper(II) anions. 

Several tetracoordinate copper(II) chloride anions are known, and 

there is Xray structural evidence for the existence of the types: discrete 

distorted tetrahedral, CUCI~- 139,129b; trigonal bipyramidal, CUCI~- 140; 

2-square planar ('long'~bonded, tetragonally distorted octahedral), CuCl4 ; and 

dimeric square planar Cu C1 2- 138,141,142 , 2 6 Electronic d-d bands and sorne 
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charge-transfer bands observed for compounds containing these anions have 

been used to differentiate between possible arrangements. From comparison 

of the spectrum of B (or A, Table 11-19) with the spectra for these types 

(Table 11-21), it is apparent that neither is tetrahedra1 or trigona1 bi-

pyramidal as the d-d bands occur at too high energies. The sol id state 

e1ectronic spectrurn of A indicates the copper absorbing species may be very 

simi1ar to that which exists in methy1ene ch10ride in the absence of excess 

ch10ride ion. That is, the copper species in compound A is probab1y a 

'solvated' form of that in B. Both solids probab1y contain square p1anar 

or distorted square p1anar anions. 

Table II-21 

2-CuC14 

E1ectronic Spectra 

3-CuC15 

for Sorne Copper(II) Ch10ride 

2- 2-
Cu2C16 

CuC14 

Anions. a) 

B b) 

dis crete 144 dimeric 145 
tetrahedra1143 bipyramida1 square p1anar145 square p1anar 

4,800 

5,550 

7,900 

9,050 

23,000 sh 

24,800 

29,000 

34,000 

34,500 

42,400 

8,330-8,500C
) 10,800-11,500sh 10,500 sh 

9,900-10,200 12,900-12,500b 12,800 b 

18,800-18,500 

23,800-24,400sh 22,700-25,000 24,000 

27,030-27,470 34,000 b 33,000 b 

39,060-37,000 

M(NH3)6CuC15 

M(III)=Cr,Co 

44,500 

49,000 

RCuC1 3 
+ + + 

R=R2NH2,K ,Cs 

38,500 

49,000 

10,000 sh 

12,500 

22,700 

25,700 

27,000 

32,000 

" -1 
a) solid state; position of maximum absorption ln cm b) see Table 11-19 

and Figure II-14 for spectra of A, Band C. c) more intense. d) compound 

type 1 empirica1 formu1ae", 
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Thermochromic and p1eochroic behavior simi1ar to that observed 

for A, B and C (11.5.2) has been noted for sol id state compounds containing 

tetragona1 copper(II) ch10ride anions, either approximate1y square p1anar l37 , 

146-148, or distorted square p1anar, cU2C1~- 145, and cited as evidence for 

the existence of this arrangement l37 • However, dichroism has a1so been noted 

for compounds containing discrete flattened tetrahedra1 anions I49 ,129b. 

Thus, it is 1ike1y that on more close examination the use of such behavior 

as a diagnostic too1 will not prove applicable. 

But the empirica1 forrnu1ae of A and B or C, indicate that a 

dis crete tetracoordinate anion arrangement ano10gous to that proposed for 

D and E does not occur, and that A and B, at least, are probab1y simi1ar 

to the dimeric square p1anar compounds (Table 11-21, compound types). 

-1 The presence of a band at 18,500-18,800 cm has been used to 

distinguish between dimeric (Cu2Cl~-) and dis crete (CUCl~-) square planar 

arrangements as indicative of the forrner 145 . On the 'dimer' band basis 

however, A (and C) should be considered to contain cU2Cl~- ions and B 

should not. This is unlike1y considering the ease with which B and A can 

be interconverted in the solid state. It is more probable that a dimeric 

arrangement exists for both A and B, and the 'dimer' band is not an indication 

of the cU2C1~- arrangement, per se, but is related to the distortion from 

square p1anar syrnrnetry in sorne other way. 

The possibility remains that instead of a lattice of discrete 

anions, a pseudotetrahedra1 system occurs, such as that for quaternary 

phosphines (11.5.1). The electronic spectra reported for these cornpounds 

resemb1e those of tetrahedral coba1t(II) and nickel(II) species, so a pseudo-

tetrahedral1y coordinated metal ion structure is proposed. A similar 
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quaternary phosphine of copper(II) would be even more distorted from this 
arrangement, and might possess the d-d band spectra observed for A and B. 
On chemical grounds, however, since the compounds reported are cobalt(II) 
and nickel(II) halides and required rigorously anhydrous preparative cond-
itions as weIl as excess halide ion, this system is very different from 
that used to prepare the copper(II) phosphonitrile compounds (and the cobalt 
(II) compounds). Thus, it is preferable to formulate B and A as the ionic 

+ 2- + 2-compounds, [L ]2[Cu2C1 6 ] and [L ]2[Cu2C16 ].2CH30H. 

II.5.4.4 The Copper(II) COmpound, CU~2Clg.2CH~OH 

The solid state electronic spectrum of C suggests that two forms 
of copper(II) could be present - both tetragonally distorted from square 
planar, and one more so than the other. It is possible that C is a 

methanolate containing trimeric anionic 2- analogous the groups Cu3ClS ' to 

dimeric structures proposed for A and B. Su ch a compound would have a 

similar solid state electronic spectrum to A with smaller components from 
copper(II) in a completely bridged environment. The latter would also be 
derived from square planar symmetry and this is consistent with the electronic 
spectrum of C. Considering the infrared spectra of the phosphonitrile cation 

2- 2-on replacement of the Cl counterion by Cu2C16 and CoC14 ' similar changes 
2-would be expected on replacement by Cu3ClS to those observed. The crystal 

structure of a compound containing molecules with a related trimeric structure, 
Cu3C16 (CH3CN)2' has been reported1SO . Melting point behavior of C indicates 
that on drying decomposition occurs, 50 that the remaining substance is not 
a single compound. Thus, instead of discrete cU3Cl~- ions, C may contain a 
more complex ionic structure involving three-dimensional bridging to form 
infinite chains which decomposes on loss of methanol to a mixture containing 
units of B. 
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II.5.4.5 Further Evidence 

Electron paramagnetic resonance - Several dimeric copper(II) 
compounds exhibiting anomalous magnetic behavior at room temperature, or 
a temperature dependent demagnetization, are known, and electron paramagnetic 
resonance (epr) studies have been used to investigate the nature of the mag­
netic interaction between the bridged copper atoms 151 . Superexchange has 
been suggested as the dominant mechanism152 ,153. 

G-values from epr measurements on polycrystalline samples of A, 
Band C and dried copper(II) chloride are almost the same, and within the 
accuracy of measurement a temperature independent paramagnetism is observed. 
(Table II-16) The average g-value is 2.10 ± 0.01, which is within the 
range expected for an 'unpaired' copper(II) electron in a complex molecule. 
However, this does not rule out the dimeric anion arrangement. No anomalies 
in the magnetic susceptibility of CsCuC1

3 
due to exchange interactions have 

been observed down to 80oK151a, and g-values from epr measurements at room 
temperature on other compounds containing cU2Cl~- dimers are similar to 
those for square planar147 or trigonal bipyramidal 153 chloride anion arrange-
ments, and lie within the 'normal' range. 

Recent single crystal measurements have enabled a closer study of 
the slight differences in copper(II) g-values for compounds with discrete 

155 
anion structures 154'or chloride ion bridges 137 ,148, and similar studies of 
the phosphonitrile compounds and dimerically bridged copper(II) chlorides 
might provide information about the anion arrangement and its nature. 

Metal-chlorine vibrational stretching modes - Bands assigned to 
transition metal-halide stretching modes have been used to assess possible 
structural arrangements156-159. Sorne assignments for copper(II) and 

tetrahedral cobalt(II) chloride anions for solid state measurements are 
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Table 11-22 Sorne Copper(II) and Cobalt(II) Chloride Stretching Frequency 

Assignments for Solid State Infrared Spectra. 

Anion 

bipyramidal 
CuC13-

5 

tetrahedral 
CuC1~-

tetragonal s~uare 
Cu2C16-

square planar 
CuC12-

4 

tetrahedral 
CoC12-

4 

-1 Compound M-Cl stretch (cm ) 

Co (NH3)6CuC15 273 

Cs2CuC14 298 sh, 268 s, 247 m 

planar terminal bridging 
CsCuC1 3 293 s, 287 s, 263 s 

NH4CuC1 3 311 s, 280 s, 230 m 

KCuC1 3 301 s, 278 s, 236 m 

LiCuC1 3·2H2O 295 s, 272 s, 222 m 

CuC1 2 328 m, 275 s 

R2CoC14 300 s, 281 sh 

297 s 

B LCuC1 3 315 w, 303 mw 

D L2CoC14 304 w, 290 w 

E L2CoC14 .CH2C1 2 303 vw, 292 w 

Reference 

1'+'+ 

135 

158 

158 

135 

159 

Table II-17 

" 
" 

shown in Table 11-22 in comparison with tentative assignments for the ionic 

phosphonitrile compounds prepared. Assignment of bands at 304 and 290 cm- l 

to cobalt (II) chloride stretching modes agrees with those reported for 

tetrahedral tetrachlorocobaltate(II) compounds. Considering that the anion 

arrangement for D is flattened tetrahedral in the solid state, it is not 

unlikely that two bands in the expected region are observed. Thus, the 

ionic structures suggested for D and E are substantiated. If B contains 

dimeric cU2Cl~- anions, a third band (attributable to a bridging chloride 

mode) should occur at lower energy, though the limits of measurement may 
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have precluded its observation. The positions of the bands which are 

-1 observed, 315 and 300 cm , suggest that the arrangement for B could be 

tetragonally distorted square planar. At most, it can be concluded that 

these assignments are consistent with other evidence in support of the 

ionic structures proposed. 

II.5.5 Chelate Formation for Arninodiphenylphosphonitrilearninodiphenyl-

phosphonium Ion Reassessed 

Initially, it was considered that the positive charge repulsion 

hindrance to chelation or coordination via the amino groups might not 

prevent formation of covalent bonds with a positive transition metal ion. 

Based on the observation of a single 31p nmr interaction and only a single 

broad interaction attributable to the nitrogen hydrogen atoms, the phosphorus 

atoms are equivalent, and the positive charge can be considered as delocal-

ized over the PNP portion of the skeleton109 . 

The recent preliminary crystal structure report 30 indicates a poss-

ible reason for the non-occurrence of chelation or coordination. The phos-

phorus-nitrogen interatomic distances for the PNP portion are equal and short 
o 

(1.57A), comparable with those of cyclic phosphonitriles, as expected for a 

delocalized multiple bonding system. However, the phosphorus-nitrogen dist-
o 

ances for the P-NH2 bonds are also short (1.65A) compared with that usually 

considered as the single bond value (1.78A). They are of the order calcul­

ated for a phosphorus-nitrogen 'pure' double bond (1.64A)160. This is evi-

dence for a rrs~type bond system involving the whole phosphorus-nitrogen 

skeleton. Thus, the amino group lone-pairs must be even less 'available' 

for donation to any external acceptor site. This substantiates the proposaI 

of ionic structures for the copper(II) and cobalt(II) compounds 
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prepared. It also indicates that formation of a covalent bond to a sulfur 

atom, for example, through an addition mechanism, would require substantial 

rearrangement of the charge distribution for the phosphonitrile, possibly 

resulting in a destabilized skeleton. This might favor chain polymerization, 

thus contributing to the problem of obtaining an experimental compromise be­

tween conditions necessary for reaction and also favorable to intramolecular 

cyclization. 
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III. QUANTUM CHEMISTRY OF PHOSPHONITRILES AND SULFONITRILES 

111.1 Molecular d Orbital Exponents for Phosphonitriles and Sulfonitriles; 

Determination by an Exchange Overlap Variation 

111.1.1 Statement of the Problem and Valence Bond Perfect-pairing Scheme 

for Exchange Optimized Orbital Energies 

A simplification of the exchange-included valence bond perfect-

pairing scheme for energy optimization of d orbital exponents has been made 

to find environment dependent exponent sets suitable for use in simple 

LCAO MO calculations, when suitable energy parameters can also be derived, 

without the computational effort involved in an exchange optimized calculation. 

The derivation is expressed for d orbital exponent optimization but applies 

for any valence shell orbital where no 'outer' orbitaIs are occupied. 

In the VBMO approach, where the bond structure of a molecule is 

formulated as a series of two-centre,two-electron localized bonds, the 

bonding energy contributed by any two-electron pair can be written, 

1 + 

+ J .. 1J 
2 S· . 1J 

(III.l) 

and the total covalent energy of the molecule is, 

+ bond interaction terms (III. 2) 

E; represents the energy of the r th separated atom, 

L. is over aIl bonds, 
1J 

Q .. and J .. are valence bond coulomb and exchange 1J 1J 
integrals, respectively, and 

Sij is the two-centre, one-electron overlap integral. 
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If the separated atom wavefunctions are ~i and ~j, these integrals are; 

Qo 0 = f~i ClHj (2)HI~i ClHj (2) dL l dL2 (III. 3) 1J 
Jo 0 = f~i ClHj (2)HI~j (1) ~i (2) dL l dL2 (III.4) 1J 

So 0 = f~i (lHj (l)dLl (III. 5) 1J 

where the harniltonian is H = HO + Hl, and Hl represents the interaction 

perturbation on bondingo 

The interaction operator for a system cornposed of a central atom A 

surrounded by ligand atoms, Bi' includes nuclear-nuclear, and electron­

electron repulsions as weIl as electron-nuclear attractions between A and 

aIl Bi' To a first approximation, only interactions affecting the valence 

shell orbitaIs of A need be considered in an energy minimization to deterrnine 

the orbital exponents. In particular, for the deterrnination of molecular 

d orbital exponents, only those interactions involving d orbitaIs are needed 

in the minimization, since the effect of d orbital exponent variation on 

other valence shell orbitaIs is small l80 . If the bond interaction terrns and 

(1 + Sij2) are also neglected, then d orbital contribution to the total energy 

gained on bond formation is, 

Ec(d) = E1JoQiJo +~ Jo ° 1j 1J (III. 6) 

as for (III.2) where <Pi refers to a d orbital at A. 

The exchange portion of (111.6) is composed of bonded (paired spins) and 

non-bonded (random oriented spins) contributions; 

Ec(d) = El.JoQl.0Jo + L J - 1/2 L J pq m,n mn p,q 

m and p refer to orbitaIs on A, ~o, 
1 

(III.7) 

n refers to atomic orbitaIs on aIl Bi' ~j' which 

form localized two-electron bonds (ABi ) with ~i' and 

q refers to non-bonded orbitaIs, ~j' 
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When d orbitaIs participate in delocalized molecular orbitaIs, the localized 

bond perfect-pairing scheme breaks down, and a factor, E, is included for 

bonding exchange terms, Jmn , to account for this. 

The inclusion of non-bonded exchange terms ensures that minimum 

inter-orbital repulsion energy and maximum intra-orbital repulsion energy 

are maintained in the minimization to optimize d orbital exponents (1.4.2). 

The variation of the covalent energy contribution of a d orbital 

electron with the d orbital exponent, ~, is 

+ 
a 
~[ E EJmn - 1/2 E J pq] 
o~ m,n p,q (III. 8) 

The coulomb integral portion, EQij' varies with ~i implicitly but slowly 

compared with the exchange integral portion, for values in the bonding range, 

due to compensation between the electron repulsion and nuclear attraction 

terms 183 . As ~d becomes larger and <Pi is contracted, Qij goes through a 

minimum for maximum bonding. If, at the same time, the exchange integral 

portion passes through the same minimum (EQIEJ is constant), the position 

of maximum value for the exchange terms can be used to determine an optimum 

orbital exponent. By considering only the exchange terms, kinetic energy 

effects and sorne potential energy effects (interactions between the d electrons 

and the central atom field) are neglected. This is acceptable for exponent 

values corresponding to maximum overlap at reasonable bond distances. 

Although EQ is commonly assumed as ::<15% of EJ for the total binding 

energy103, it may reach as much as 50%184. The ratio EQIEJ has not been 

tested for sulfonitrile and phosphonitrile bond participation for d orbitaIs, 

since appropriate energy integral values are not readily available. The 

constant relationship has been useful in estimating relative energies where 
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molecular bond structures were similar185 , and this is assumed to be true 

for the chemically similar bond systems studied by the exchange overlap 

variation method derived below. 

111.1.2 An Exchange Overlap Variation (EOV) Method for Determination of 

Molecular d Orbital Exponents 

The exchange integrals, J ij , can be approximated180 as; 

J ij = (~i~jl~i~j) + Sijr~i~j[V(A-~i) + V(B-~j)]dT + Sij2(A-~iIB-~j) 

(III.9) 

~i and ~j are atomic orbitaIs as defined in 111.1.1, 

V(A-~i) represents the electrostatic potential of 

the charge distribution at A minus the contrib­

ution from an electron in ~i, and 

(A-~iIB-~j) represents the interaction of the charge 

distributions A-~i and B-~j. 

When Sij F 0, the second term usua11y domÏilates and is rtegative, thus 

causing bonding. The variation in the exchange portion of (III.8) is deter-

mined by variation of the second term in (111.9), and is thus proportional 

to the variation in overlap between ~i on A and ~j on B. Minimum energy 

corresponds to a maximum value of (111.10); 

a E (d) 
~c 

= ~{E E Smnr~m~n[V(A-~m) + V(B-~n)]dT 
al;; m,n 

- 1/2 p~qSpqr~p~q[V(A-~p) + V(B-~q)]dT} (IILlO) 

If the B's and ~i's (~m'~p) are equivalent centers and A orbitaIs, 

(111.10) reduces to 

~Ec(d) Œ a' {E E kmnlsmnl - 1/2 E ~qISpql} 
al;; ~ m,n p,q-~ 

(IlL 11) 

where aIl knm = ~q. In general, neither the 
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~i's nor B's are equivalent and only if relative amounts of 1 S 1 are 

considered (determined by relative k's) will this strictly hold. The 

integral which the k's represent (from the second term in (111.9)) is a 

measure of the binding energy exchange interaction of an electron associated 

with the charge density distribution represented by Sij' in the net simul­

taneous potential at A and B. It is approximately proportional to the 

average 'valence state' ionization potential of ~i and ~j' If this is not 

very different for aIl pairs of ~i and ~j' constant proportionality to Sij 

can be assumed, and expression (111.11) used in the simplified form. The 

effects of this simplification for d orbitaIs in phosphonitrile and sulfo­

nitrile bonding are discussed in 111.2.4. 

In the approximate molecular environment provided for central 

atom A by Bi which includes only, and aIl, atoms directly bonded to A, the 

exchange overlap variation (EOV) method determines that value of ~ for 

which (111.11) is maximum. In the EOV method, the localized bond model for 

the fragment (ABi) system is chosen to maximize the bonding overlap, and 

minimize the non-bonding overlap to the optimum extent, unless various 

localized models are to be examined. This ensures that EQ/EJ ~ constant. 

111.1.3 Application of EOV Method to Fragment-Simulated Molecular 

Environments 

The problem is to approximate the molecular orbitaIs as a series 

of two-center, two-electron localized bond orbitaIs, and to simplify the 

calculation by considering a representative fragment of the molecule. The 

ring or chain phosphorus or sulfur atom is atom A and aIl immediate bonded 

neighbor atoms, Bi, approximate the molecular environment. The EOV method 
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optimizes the d orbital exponent by applying the variation of (111.11) to 

111.1.3.1 Fragment Systems 

The bond structure for each phosphonitrile or su1fonitrile fragment 

(N(I)N(2)AE(I)E(2), Figure 111-1) is specified by the sigma bond framework 

of localized bonds between valence shell s and p orbital hybrids on A and 

Bi, directed for maximum overlap and conforming as closely as possible to 

the molecular geometry. Ad orbitaIs are considered to participate in 

localized rr bonds only ( of the types outlined in 1.4.3). Molecular fragment 

bond systems are made up of the localized two-center, two-electron bonds of 

a given bond type formed from localized atomic orbitaIs, which may be valence 

shell hybrids or 'pure' atomic orbitaIs. The nomenclature is summarized in 

* Table III-l. 

A fragment coordinate system (x,y,z) is chosen with origin at A, 

and atomic orientation such that atom A and its ring neighbors N(l) and N(2) 

lie in the xy plane, with y bisecting the angle N(I)ÂN(2), e, and N(l) in 

* the positive x direction. (Figure 111-1) To a first approximation, the 

site symmetry is C2v at A for the sigma system localized atomic orbitaIs 

(hN(I),hN(2),hE(I) and hE(2))' whose coefficients are specified by the ring 

~ngle 6. The ring and exocyclic angles at A fit this restriction for most 

cyclic molecules considered, but when the substituents E(l) and E(2) differ, 

the hE(I) and hE(2) orbitaIs might not be exactly equivalent. 

The ring nitrogen atom localized atomic orbitaIs (hA,hArJ for the 

ring cr system bonds were also specified by th~ geometry, with coeffients 

determined by the ring a,ngles AA (I)A' (1), 'YI, and AA (2)A' (2), Y2. 

* A foldout sheet is included on the back page for ease of later reference 
to Table 111-1 and Figure 111-1. 
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Table III-I Nomenclature of Localized Bonds for Sulfonitrile and 

Phosphonitrile Fragments, N(1)N(2)AE(1)E(2), With Orientation 

Specified in Figure III-l. 

Bond system Localized Localized atomic orbitaIs 
bond type at A or A' 

Ring JI 

JI (AN) JIa (AN) A =Ad 2 Ad Ad Ad 2 2 Ad d z' xz' yz' x -y' xy 

JIs (AN) Ad as for JIa(AN) 

Ring 0 

o (AN) °A(AN) Ao=hN(1),hN (2) 

0A 1 (AN) A'-h' h' 0= N(l)' N(S) 

Exocyclic JI 

JI (AE) JIe (AE) Ad=Ad 2,Ad ,Ad 2 2 z yz x-y 

JI~ (AE) Ad=Ad ,Ad xz xy 

Exocyclic 0 

o (AE) 0E (AE) 

y 

-----:~---~x 

, e 
y 1 

2 E (2)' 
Z ~---:~-+L..-__ 

A' (1) 

x 

at N or E 

NJIa=hp 

NJIs=hL 

NOA=hA 

NOA,=hA, 

EJI (ILEJI (2) 

EJI' (1) ,EJI' (2) 

Figure III-I Fragment N(1)N(2)AE(1)E(2) and Next-bonded Neighbors, 

A' (1) and A' (2). 
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Ring n system nitrogen Iocalized atomic orbitaIs (hL,hp) were taken as the 

remaining trigonal-type hybrid specified by the direction, t, which bisects 

the angle y in the plane formed by ANA', and a 2p atomic orbital directed 

perpendicular to this plane at N. 
-+ This direction, P, will not be parallel 

to z for a non-planar ring molecule, in general. 

Exocyclic Iocalized atomic orbitaIs for sigma bonds with hE(I) and 

hE(2) were assumed to be sp hybrids for aIl E's (hEa). For the exocyclic n 

system bonds, localized atomic orbitaIs at each E (En (I),Err (2)Err ,(I), and Err ,(2)) 

consist of two mutually perpendicular p orbitaIs; flone-pair' orbitaIs for 

halogen substituents, and one flone-pair' and one formally rr bonded for 

oxygen substituents. The best approximation for this combination is not 

readily chosen, particularly for sulfur with two different exocyclic 

substituents. To a first approximation, the rre bond system can be neglected 

except for non-bonded exchange interactions for the halogen substituent 

cases, but the sulfur-oxygen substituent must be included explicitly as 

formally n bonded in the localized bond model. The combination was specified 

as one directed in the yz plane perpendicular to the exocyclic bond at 

E (En), and one para11el to the x axis (Err')' 

111.1.3.2 Specific Formulation 

For each Ad' the non~zero overlaps for the fragment system 

neighbor atom localized orbitaIs can be divided into bonding or non-bonding 

depending upon the sign correspondence with ring rr systems. The ring rr 

system was considered bonded in aIl cases. This is easily specified for 

planar rings, where dxz and dyz participate in the rra system, and dz2, 

dx2~y2, and dxy in the rrs system. For non-planar cases, where aIl d orbitaIs 

may participate in each system, the sign convention was chosen so that the 
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net contribution (for the sum of rra and rrs overlap vaiues) over each ring 

bond was bonding. Then, for ~ given neighbor atom, the correspondence of 

sign for aIl non-zero overlaps with a particular d orbital, to the chosen 

sign convention, determines whether such overlap is bonding or non-bonding. 

D orbital participation in sigma bonds is neglected, so inclusion of 

bonding-oriented overlaps for nitrogen or exocyclic localized atomic orbitaIs 

in these systems as non-bonding will introduce an artificial non-bonded 

exchange destabilization. Hence, these overlaps were not included. AlI 

overlaps for nitrogen localized atomic orbitaIs, hA" were included as 

non-bonding. Two exponent sets were determined from maximization of 

(III-11) according to these specifications, labelled EOV and Eovrr in 

subsequent discussion: 

EOV - aIl rre bonding overlaps were neglected, except with 

oxygen, Err(O), for which they were included as bonding. 

EOvrr - aIl rre overlaps were included as bonding or non-bonding 

according to the sign convention. 

Subject to these specifications, (III-11) can be written for a 

phosphonitrile fragment, for example; 

(III .12) 

where the S terms refer to overlap values for a given Ad 

exponent, ~, for overlaps between Ad and the appropriate neighbor atom 
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localized atomic orbital hp, hL' Eo' NoA ' NoA,' and En' respectively. The 

sums are over aIl neighbor atoms N(l), N(2), E(l) and E(2). The k's relate 

overlap integrals to the exchange interaction energy (111.1.2). Since the 

variation was carried out for the total fragment,and non-bonding overlap 

values are either relatively small or an approximately equal proportion of 

the bonding overlap values for each Ad orbital, the sirnplified expression 

with aIl k's equal to one was used. 

The expre~sion for a sulfonitrile case is similar, but the L terrns 
En 

for E (0) are included as bonding and multiplied by a factor -2. 
n 

The factor m must be included to account for the phase change which 

occurs in the ring molecular na system when it is approximated by a series 

of localized two-center bonds. For a maximum delocalization sign system, 

a phase change 'node' remains where n is odd, if n is the number of sulfo-

nitrile or phosphonitrile units in the ring. m represents the average arnount 

by which the sum of two localized na bond overlaps must be decreased in order 

to consider their contribution to the fragment bond structure as a fraction 

of the total molecular structure. "For the fragment system, 

m = n Â/2 
------~-n 

where Â = 1; n,odd 

Â = 0; n,even. 

111.1.3.3 EOV Calculation; Forrnulae for d Orbital Overlaps, Molecular 

Coordinates, and Calculation Details 

(1) Forrnulae for d orbital overlap values for the localized bond model 

fragment system: 

a) localized atomic orbitaIs - The forrnulae for the localized 

atomic orbitaIs in the coordinate system (111.1.3.1) for appropriate valence 

shell atomic orbital basis sets for each atom (s, Px' Py, Pz' dz2, dxz , dyz, 
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dx2_y2' d ), neg1ecting ch10rine d orbitaIs, are: xy . 

i) at A(cr system) 

hN(l)= >.s (A) + ~[sin(e/2)px(A) - cos (e/2)p (A)] 
Y 

hN (2) = >.s (A) - ~[sin(e/2)px(A) - cos (e/2)py (A)] 

hE(l)= cts(A) + S[cos(~/2)py(A) + sin(~/2)pz (A)] 

hE (2) = ctS (A) + S[cos(~/2)py(A) ~ sin(~/2)pz(A)] 

where >.2 = 1/2(1 - cot2(e/2)) 

~2 = 1/2(sin2(e/2))-1 

ct2 = 1/2(1 - cot2(~/2)) 

S2 = 1/2(sin2(~/2))-1 

ii) at N(l) or N(2) where Y= YI or Y2, respective1y 

hA = >"s(N) + ~'[alPx(N) + a2Py (N) + a3Pz(N)] 

hA' =. Â' s (N) + ~'[b IPx (N) + b2Py (N) + b 3Pz (N) ] 

hL = ct's(N) + S'[CIPx(N) + C2Py (N) + C3pz(N)] 

hp = dlPx(N) + d2Py (N) + d3pz(N) 

where >.,2 = (-cosy) / (1 - cosy) 

~,2 = (1 - cosy)-l 

ct,2 = (1 + cosy)/ (1 - cosy) 

S,2 = (-2cosy)/(1 - cosy) and 

a's, b'S, c's, and d's are direction cosines for the appropriate 

loca1ized atomic orbital direction (A, A', t, and P) with respect 

to the fragment coordinate system (x,y,z), and are obtained from 

atomic coordinat es and distances (R) in the usua1 way as; 



a 

b 

c 

d 
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1 2 

(xA-~)/RAN (y A -yN)/RAN 

(xA 1 -~)/RA IN (y AI -YN)/RA IN 

±tlt2 t2 

±(a2b3-a3b2)/siny ±(a3bl-b3al)/siny 

d3(al-b 1) - d1(a3-b3) 

t2 = (1 + t1 2 + t3 2)-1/2 

3 

(zA-zN)/RAN 

(zA 1 -zN)/RA IN 

t3 t 2 

±(alb2-bla2)/siny 

The + sign applies to N(l), the - sign to N(2), to specify positive 

directions away from the ring and in the positive z direction for 

the rrs and rra system orbitaIs, respectively. AlI localized atomic 

orbitaIs for a given center have been chosen to form an ortho-

normal set. 

b) overlaps between localized atomic orbitaIs - Overlap integrals 

for the localized atomic orbitaIs can be expressed in terms of primitive 

overlap integrals for the local coordinate system defined by the interatomic 

axis. The calculation of primitive overlap values is outlined in Appendix 

A. Overlaps are then obtained from the following formulae, where SaIs and 

srrls represent appropriate primitive overlap values,and aIl localized atomic 

orbital coefficients (À,~,a,S), direction cosines (a,b,c,d) and angles 

(e,~,y) are as previously specified ((l)a)). 
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i) overlaps not involving d orbitaIs (for reference in 111.2) 

Ring a; a A (AN) 

SaCAN) = ÀÀ'Ss(A)s(N)a + Àl.l'[cos(6/2)-sin(6/2)]Ss(A)p(N)a 

+ l.lÀ'[sin(6/2)-cOS(6/2)]Sp(A)s(N)a - 1.l1.l'Sp(A)p(N)TI. 

Exocyclic a;aE(AE) 

À ~ l.l 
SaE(AE) = rz[Ss(A)s(E)a + Ss(A)p(E)a] + 72[Sp(A)s(E)a + Sp(A)p(E)a]. 

ii) overlaps involving d orbitaIs 

These are obtained via the appropriate transformation matrix, T, 

discussed in appendix A for the calculation of overlap values, 

such that 

- SAdNaA' SAdNaA" SAdEa or 

- SAdTIa ' SAdTIs ' SAdETI represent the appropriate 

combination of primitive overlap values, where T and SAda or 
~ 

SAdTI components are: 

with exocyclic a system orbitaIs -

f.;in 2 (1/>/2) - ~ 
o 

I3cos (1/>/2) sin (cp/2) 

13 
- ~os2(CP/2) 

o 

l ~ 
SAda =/:2[Sd(A)s(E)a + SdCA)p(E)a] 
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with exocyclic IT system orbitaIs -

I3sin(~/2)cos(~/2) 

o 
TITe(AE)= cos2(~/2) - sin2(~/2) 

cos (~/2)sin(~/2) 

o 

o 
sin(~/2) 

o 
o 

cos (~/2) 

~AdEIT = Sd(A)p(E)IT 

= Sd(A)p(E)IT 

with ring nitrogen atom orbitaIs; IT systems -

where, for example, if Ad=dz2 and Px(N)=Px, etc., 

Sdz2ITa = dlSdz2px + d2Sdz2py + d3Sdz2Pz 

The values for SAdP(N) terms were obtained directly from the 

calculation of overlap values for the fragment systems(part (3) of this 

section), and represent overlap values between d orbitaIs at A and s or 

p orbitaIs at N in the fragment coordinate system. 

with ring nitrogen atom orbitaIs; cr systems -

T = 
NdA 

I 
2 

o 
o 

~[sin2 (6/2) -cos2 (6/2)] 

+l3sin(6/2) cos (6/2) 

S - À'Sd(A)s(N)cr + ~'Sd(A)p(N)cr AdNcrA -
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and S N = TN S N (sigma) + TN SAdN (pi); where, Ad aAI aAI Ad aAI (JAl (JA' 

o 
:':b3 sin (6/2) 

-b3 cos (6/2) 

SA~N ~{À'Sd(A)s(N)(J 
'"'0 aAI 

(sigma) _ ~I[±bLsin(6/2)-b1COS(6/2)]Sd(A)p(N)(J} 

2sin(6/2)cos(6/2) [±b,cos(6/2)+b2sin(6/2)] 

[sin2(6/2)-cos2(6/2)][blcos(6/2)~b~sin(6/2) 

and 

SAdNaAI= ~ISd(A)p(N)rr 
(pi) 

(2) Molecules and related fragments, atomic coordinat es from Xray 

crystallography: 

The EOV method was used to determine molecular exponent sets for 

a11 cyclic molecules containing chlo'Ï'Ïne or fluorine substituted phospho-

nitrile or sulfonitrile units for which Xray crystallographically determined 

geometries were available (Table 111-2). To specify the ring nitrogen local-

ized atomic orbital directions completely, the coordinates of the next-bonded 

(A') atoms must be known (Figure 111-1). For planar rings, this presents no 

difficulty, and the appropriate atomic coordinates can be found from inter-

atomic distances and angles reported. However, to use the reported distances 

and angles in the same way for a non-planar ring fragment, the distances 

between A and AI(l) or A'(2) are required to specify the angles between the 

N(1)AN(2) plane and the AN(l)AI (1) or AN(2)AI (2) planes. These are not given 

directly, so the atomic coordinates for each fragment must be derived from 

the fractional atomic coordinates reported, by a series of transformations 
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Table 1II-2 Fragment Geometries From Xray Structural Determinations for Cyc1ic Phosphonitri1es and Su1fonitri1es. 

Fragment Molecule Details of Geometry; bond distances and ang1esa) 
0 0 

and reference RAN(A) RAE(A) e YI Y2 $ b) 

N2PF 2 (NPF 2) 3 186 1.560(11) 1.521 119.4 120.3 99.1 p1anar 

(NPF2)4 187 1.510 1.51 122.7 147.0 99.9 p1anar 

N3P3(C6H5)2 188 1.555(4),1.539(5) 1.531(5) 120.6(3) 120.1 120.8 96.9(2) 

N2PC1 2 (NPC1 2) 3 77 1.590 (17) 1.98 120.0 120.4(8) 102 p1anar 
t1 1.590(17) 1.97(2) 120.9(1.1)118.3(8) 120.9(8) 101.8(5) 

(NPC12)4 i 189 1.555,1.562(12) 1.992(4) 120.5(7) 137.2(8) 133.6(8) 103 

(NPC12)4 4 190 1.569(9) 1.989(4) 121.2(5) 131.3 102.8(2) c) 

(NPC1 2) 5 191 1.521 (15) 1.961 118.4 159.0(10) 133.6(10)102.2 p1anard) 

N3P3C15F 192 1.563(7) 1.963(5) 118.5(5) 121.9(3) 100.5(2) 

N3P3(C6H5)2C14 193 1.554,1.579(5) 1.998 117.5 122.4(3) 119.2(3) 100.3(1) 

N3P3(C6HS)4C12 194 1.554(9) 2.017 118.2(5) 120.3(5) 121. 4 (5) 98.5 (2) 

NPC1 2 (NSOC1) 2 73 1.585(13) 1.957(6) 115.3(7) 122.1(8) 104.4(3) 

N2SOC1 a- (NSOC1) 3 79 1.569(8) 2.003(4),1.407(10)e)112.9(5)120.0C6) 107.0 (5) 

NPC12 (NSOC1) 2 73 1~538,1.577(13) 2.007(6),1.415(14) 115.6(7) 123.4(8) 120.3(8) 105.7(6) 5(1) 

" 1.579,1.542 (13) 2.028(6),1.427(12) 114.3(7) 120.3(8) 120.6(8) 106.3(5) S(2) 

N2SC1 (NSC1) 3 195 1.607(7) 2.117(4) 113.4(4) 123.0(4) 124.9 (4) 

N2SF (NSF) 4 196 1,66(1) ,1.54(1) 1.602 111.7(6) 123.9(6) 

a) see Figure III ... 1 for meaning of symbo1s; angles in degrees. b) p1anar; coordinates derived for assumed 

p1anar geometry, otherwise coordinat es obtained from fractiona1 atomic coordinat es reported. c) The symmetry 

centre of the m01ecu1e as reported is 1/4,1/4,3/4. Cl atom coordinates are reported for another molecu1e, so 

values used were ca1cu1ated from RpCl and $ for site symmetry C2v ' d) average RpN and extreme ring angles y. 

el E=oxygen for second value listed, otherwise E=halogen. 

.... 
N 
0 
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to convert them into the fragment coordinate system. 

To check the variation between results obtained for an assumed 

planar geometry and the crystallographically-derived geometry, cooidinates 

for both cases were used for (NPF2)4 and (NPCI2)3. Molecules of the former 

are planar within crystallographic error, and the difference in results for 

this case was used to estimate an uncertainty range for optimum exponent 

values. 

(3) Calculation details: 

a) A pro gram was coded in FORTRAN IV to use the subroutine OVERLP 

(discussed in Appendix A) to calculate overlap values for the atomic orbital 

basis set specified at each atom for the fragment coordinate system. Valence 

shell sand p orbital exponents used are shown in Table 111-3. Average 

exchange optimized exponents for phosphorus and sulfur orbitaIs were obtained 

from Mitchell's results 180 ,181, and other exponents used were Clementi and 

Raimondi best atom exponents 197 • 

Table 111-3 Valence Shell sand p Orbital Exponents 

for Fragment Overlap Calculations 

Atom ~s ~p 

N 1.924 1.917 

0 2.246 2.227 

F 2.564 2.550 

Cl 2.356 2.039 

P 1.65 1.42 1 
S 1.93 1.64 chloro substituents 

P 1.65 1.48 1 f1uoro substituents 
S 1.94 1.68 
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The main pro gram was coded to calculate d orbital overlap values for variation 

of ~d in the fragment system for the nitrogen localized atomic orbitaIs, from 

the formulae in part (l)ii of this section. Values for SAdTIa and SAdTIs were 

calculated for phosphorus and sulfur exponents from 0.050 to 2.200 and 0.050 

to 2.500, respectively. 

b) For the same exponent ranges, primitive overlap values obtained 

from the overlap variation calculation were used with formulae in part (l)ii 

to calculate values for SAdEo' SAdErr,TII' SAdNoA ' and SAdNoA" 

c) For each fragment, the value of ~d which corresponded to a 

maximum in expression(III.ll) was determined, either by a large scale plot 

of the results, or by linear extrapolation based on relative rate of increase 

to the maximum. Results were obtained for € values of 0.85 and 1.00, and 

compared with exchange optimized exponents for (NPF2)3' (NPF2)4 and (NPC12)3 

(111.1.5). The values calculated for € = 1.00 are listed in Table 111-4 

(111.1.4), and discussed in section 111.1.5. 

Overlap values for d orbital exponent variation for a typical 

molecule are included in Appendix B. 
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111.1.4 Resu1ts; Mo1ecu1ar d Orbital Exponent Sets 

Table 111-4 EOV Optimized P and S d Orbital Exponents for Cyc1ic Ha1o­

Phosphonitri1es and Su1fonitri1es. a), 

Molecule 

(NPF2)3 
pl anar 

(NPF2)4 
pl anar 

MO 

EOV 

EOVII 

MO 

EOV 

EOVII 

MO 

EOV 

EOVII 

N3P3 (C6H5) 2F4 MO 

EOV 

EOVII 

(NPC1 2) 3 

p1anar 

(NPC1 2)3 

MO 

EOV 

EOVII 

MO 

EOV 

EOVII 

Phosphorus or su1fur d orbital exponent, ~. 

Ad: dz2 dxz dyz dX2_y2 dxy 

0.93 1.12 

(0.57)b) 1.12 

0.15 

0.90 

0.90 

0.92 

(0.65) 

0.20 

0.91 

(0.40) 

0.90 

(0.50) 

1.16 

1.15 

1.15 

1.18 

1.15 

1.15 

1.16 

1.13 

1.14 

1.16 

1.12 

1.12 

0.99 

1.12 

1.11 

1.02 

1.13 

0.55 

0.55 

1.15 

0.65 

0.65 

1.15 

0.64 

0.64 

1.12 

0.57 

0.57 

1.11 

0.21 

0.21 

1.11 

0.18 

0.18 

1.03 

0.90 

0.97 

1.08 

1.08 

1.14 

1.08 

1.09 

1.12 

1.02 

0.94 

0.95 

1.13 

0.90 

0.97 

1.01 

0.83 

0.89 

0.75 

0.19 

0.19 

1.58 

1.58 

0.76 

0.77 

0.75 

(continued) 

a) from (111.11) for k's equa1, E=1.0; where no maximum occurred before ~~O, 

no value is 1isted. EOV, EOVII are sets specified in 111.1.3.2 and MO is 

the set derived from maximum m ISAdIIa 1 + ISAdITs l, without non-bonded contri­

butions. bl values in brackets determined for neg1ect of non-bonding SAd~; 
for EOV set as in 111.1.3.2 use value shown in EOVII. 



- 124 -

Table III-4 (continued) 

Molecule Phosphorus or su1fur d orbital exponent 

Ad: dz2 dxz dyz dx2_y2 dxy 

(NPC1 2)4 ï MO 0.90 1.13 1.14 0.95 0.85 

EOV (0.13) 1.13 0.40 0.96 

EOVIT 1.09 0.40 0.92 

(NPC1 2)4 li MO 0.90 1.12 1.12 1.05 ~1. 70 

EOV (0.22) 1.11 1.01 

EOVIT 0.97 0.98 

{ (NPC1 2)4} MO 0.88 1.14 1.14 1.05 1.55 

p1anar EOV (0.10) 1.14 0.30 0.95 

EOVIT 1.01 0.30 1.01 

(NPC1 2)5 MO 0.90 1.15 1.15 1.06 0.95 

EOV 1.15 0.23 1.04 

EOVIT 1.02 0.23 0.98 

N3P3FC1 5 MO 0.90 1.13 1.13 1.02 0.75 

(Cl subst.) EOV (0.37) 1.12 0.20 0.92 

EOVIT 1.00 0.20 0.93 

N3P3(C6H5)2C14 MO 0.92 1.12 1.13 1.04 0.78 

EOV (0.48) 1.11 0.17 0.91 

EOVIT 0.98 0.17 0.90 

N3P3(C6H5)4C12 MO 0.90 1.12 1.13 1.03 0.75 

EOV (0.50) 1.14 0.91 

EOVIT 0.98 0.93 

NPC1 2(NSOC1)2 MO 0.90 1.12 1.12 1.04 0.76 

(P) EOV (0.40) 1.13 0.14 0.92 

EOVIT 0.96 0.14 0.93 

(continued) 
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Table III-4 (continued) 

Molecule Phosphorus or sulfur d orbital exponent 

Ad: dz2 dxz rlyz dx2_y2 dxy 

NPC1 2(NSOCl)2 MO 0.93 1.13 1.14 1.03 0.82 

(S (1)) EOV (0.42) 1.16 0.95 

EOVII 1.07 0.93 

MO 0.92 1.14 1.13 1.02 0.82 

(S (2)) EOV (0.46 ) 1.19 0.99 

EOVII 1.05 0.97 

Cl-(NSOCl)3 MO 0.92 1.13 1.14 1.02 0.82 

EOV (0.43) 1.18 0.98 

EOVII 1.00 0.96 

(NSCl) 3 MO 0.86 1.06 1.09 1.01 0.78 

EOV (0.42) 1.09 0.92 

EOVII 0.97 0.92 

(NSF) 4 MO 1.09 1.08 1.09 1.11 1.04 

EOV 1.11 0.61 1.09 

EOVII 1.11 0.61 1.09 
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111.1.5 Discussion 

(l)Accuracy of Results and Uncertainty Range for Optimized Exponents: 

The precision of the calculated overlap values is at least six 

figures. However, the accuracy is determined by the coordinate input, and by 

approximations inherent in the evaluation of overlap integrals( Appendix A). 

When the exponent is considered to be a variable parameter, the coordinate 

input uncertainty can be used to establish an overlap value uncertainty 

range. This is ±O.OOOS units,from a comparison of fragment overlap values 

for crystallographic geometries where AN(l) and AN(2) bond distances are 

equal within experimental error. 

Exponent value uncertainty introduced by the approximations of 

the exchange overlap variation method cannot be assessed except by comparison 

with results reported for an actual exchange-included energy minimization 182 , 

which also involves approximation uncertainty. The variation in results for 

crystallographically-determined and assumed-planar geometries is ±O.Ol units 

for bonding d orbital exponents. Total bonded overlap values calculated 

using the molecular exponent sets (III.2) are not insensitive to this 

exponent uncertainty range, but trends obtained for a series of molecules are. 

(2) COmparison of the Molecular Exponent Sets Determined: 

A comparison of EOV method exponents with exchange energy optimized 

exponents (ME, Table 111-5) shows that the former are in general agreement 

as an indication of which orbitaIs remain important for bonding (considering 

size characteristics only), when non-bonded orthogonality is taken into 

account. There are two criteria which may be used to determine which EOV 



- 127 -

Table III ... 5 Optimized d Orbital Exponents for P1anar Cyc1ic Phosphonitri1es. 

Molecule PhosEhorus d orbital exponent 

Ad: dz2 dxz dyz dx2_y2 dxy 

(NPC12) 3 MOa) 0.91 1.12 1.11 1.13 0.72 

MQ 1.07 0.96 0.95 1.11 1.21 

ME 0.25 1.34 0.23 1.24 0.21 

EOV 0.40 (0.34) 1.12 0.21(0.12) 0.90(0.90) 

EOVII - (- ) 0.99(0.97) 0.21(0.12) 0.97(0.98) 

(NPF2) 3 MO 0.91 1.12 1.13 1.03 0.75 

MQ 1.18 0.89 1.19 1.18 1.21 

ME 0.36 1.15 0.31 1.05 0.24 

EOV 0.57(0.50) 1.12 0.55(0.42) 0.90(0.86) 0.19(0.10) 

EOVII 1.16 (1.16) 0.55(0.42) 0.97(0.90) 0.19(0.10) 

(NPF2) 4 MO 0.90 1.15 1.15 1.08 1.58 

MQ 1.18 1.02 1.20 1.18 1.21 

ME 0.32 1.23 0.32 1.13 0.25 

EOV - 1.15 0.65(0.60) 1.08(1.08) 

EOVII - 1.18(1.18) 0.65(0.60) 1.14 (1.14) 

a) MO - maximum over1apICmIsAdIIai +ISAdIIs1)max . 
MQ - Mitchell e1ectrostatic approximation l e=0.85 182 

ME - Mitchell exchange optimized approximation, e=0.85 182 

EOV,EOVII - Exchange Overlap Variation approximation, e=1.0(e=0.85). 

method set is in better ,agreement with exchange optimized values: 1) The 

correspondence for each d orbital, and 2) the ratio of 'bonding' orbital 

exponents, ~dxz/~dx2_y2' For 1), there is little difference between using 

e=0.85 and e=1.0 to account for deloca1ization breakdown of perfect-pairing, 

except for the ch10rine case, where the latter value gives c10ser resu1ts. 
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With either € value, the ratio, ;d /;d 2 2, is in better agreement for the xz x-y 

EOVTI sets (where TIe bonding overlaps have been included). This does not 

imply that exocyclic TI bonding is important necessarily, but does imply that 

it should not be excluded as a possibility in the halophosphonitriles. The 

improved ratio agreement for EOVTI sets is slight, however, and may be a 

result of the particular simplifications inherent in this method. Since it 

was not established a priori that, for 'non-planar' molecular environments, 

the 'destabilization' effects of non-bonding exchange overlap would occur 

to the same extent as for these planar cases, both EOV and EOVTI optimized 

sets were determined. From Table 111-4, it can be seen that similar 'destab-

ilization' effects do occur for aIl cases for both sets. (Both were used in 

subsequent bonded overlap calculations (111.2) to further test for diff-

erences.) Exchange energy optimized exponents were insensitive to an € 

range of 0.6-1.0 182; and since it is an arbitrary parameter, a value of 

1.0 was used in aU subsequent exponent determinations as providing sets in 

better ,agreement with exchange energy optimized results for the chloro­

phosphonitrile in particular. 

The simplification which is of greatest importance is that of 

assuming the same exchange overlap integral proportionality for each d 

orbital in overlaps with different substituent localized atomic orbitaIs, and 

a constant proportionality over the applicable overlap range. The latter 

will not likely affect the maximum position, since the proportionality can 

, be approximated as an implicit linear function of the overlap value. The 

former should be important only where non-bonding overlaps are large 

compared with bonding overlaps (dz2, ~z' and dxy). However, approximate 

weights for non-bonding overlap values relative to those for TI bonding overlap 
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values are ~ 1.0 for aIl cases except chlorine Err (Table 111-6, lII.2.4), 

where the relative we,ight is 0.9. Thus, the same or greater destabilization 

would be introduced for aIl orbitaIs if this weighting scheme were used. 

Since the agreement for (NPCI 2)3 with exchange energy optimized exponents 

would th en be worse, it is more likely that neglecting sorne of the overlap 

values as bonding compensates for the equal-weight simplification for the 

fluorophosphonitriles, and may over-compensate for the chlorophosphonitrile. 

The actual relative weight which should be used depends upon the appropriate 

exchange energy integral values which this level of approximation was designed 

to de tour , and the agreement obtained with energy-minimized results indicates 

that the EOV method optimization for exponents is successful in this context. 

The exchange overlap variation is applicable only where overlap 

values are large eno,ugh to maintain the exchange integral proportional to 

the overlap integral (II!.!. 2). As the orbital exponent approaches zero 

(expanded orbital), the overlaps involving that orbital approach zero, and 

the approximation no longer holds. In sorne cases (Table 111-4), the dz2, 

dyz' and dxy orbitaIs are completely 'destabilized' on the inclusion of 

non-bondi?g overlaps (compare sets labelled MO and EOVIT, for example). At 

the low overlap value range where maxima for these diffused orbitaIs do occur, 

only relative significance can be attached to the actual value. That is, the 

EOV method provides a good indication of which d orbitaIs can be expected to 

be important for bonding (dxz and dx2_y2 for the phosphonitrile and sulfonitrile 

molecular environments investigated), and which may be destabilized when the 

non"bonded orthogonality requirement is considered. A relative indication 

of the bond covalent energy contributed by d orbital TI bonding can also be 

obtained from the value of the EOV method expression (111.11) at optimum 

exponent, and this is discussed and applied in section 111.2. 
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The assumption that the d orbitaIs at A can be considered as 

participating in the ring and exocyclic II bond systems only may also be an 

important limitation. The dz2 orbital, especially, is oriented for consider­

able overlap in both the exocyclic II and ring cr (NcrA) systems, and dxy is 

oriented for relatively large bonding overlaps with the latter system for sorne 

cases. If such overlaps were included as bonding, the optimized exponents 

might be higher for these orbitaIs, although for dxy non-bonding (NcrA ,) 

overlaps are also large and account for its complete 'destabilization' in 

most cases. On an equal weight basis, only very large bonding overlaps would 

counteract this. The extent to which the d orbitaIs should be included as 

bonding cannot be finally assessed without an energy-minimized calculation 

for a complete molecule. Therefore, it is noted that these exponents are 

optimum for one particular choice of localized bond structure, and should be 

used accordingly. This restriction is not so limiting as it first appears, 

as considerable experimental evidence can be successfully interpreted within 

this localized bond model (I.4.4). For energy level calculations by a 

simple approximate LCAO MO method, the choice of exponent for orbitaIs which 

are otherwise determined to be diffuse is not a major factor, if any, affect­

ing the results, since the energy of an electron in such an orbital would be 

correspondingly less favorable for bonding. It is more important to use 

a consistent set for examining trends in calculated values for a series of 

molecules. Hence l the molecular phosphorus and sulfur d orbital exponents 

determined by the EOV method (Table III-4) are proposed for use in investiga­

tions of bond structure in these molecules. 
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111.2 Bond Structure of Phosphonitriles and Sulfonitriles From Localized 

Bond Overlap Values 

111.2.1 Introduction and Previous Calculations 

Use of the localized bond model fragment overlap values in the 

study of bond structure does not imply that the question of either'island'or 

cyclic IT system delocalization is settled in favor of localization. It merely 

provides an approach through which possible molecular bond system contributions 

to the total covalent bond structure can be assessed. 

Although the bond structure of phosphonitriles and sulfonitriles has 

been discussed qualitatively using this model, the lack of good molecular 

orbital sizes and energies has restricted 'quantitative' calculations. 

Overlap values for several possible configurations of an eight-membered 

cyclic phosphonitrile have been calculated165 • Use of a d orbital exponent 

of 0.47 in aIl cases precluded any quantitative conclusion. However, the 

principal qualitative conclusion,that other d orbitals,besides those oriented 

for bonding overlap in the 'classical' IT system CITa)' must be considered for 

the d-p TI bond structure, remains valid. This was shown most conclusively 

by Mitche11 182 who calculated ring bond overlap values for cyclic trimeric 

° 
and tetrameric phosphonitriles for a generalized planar geometry (RpN=I.58A, 

6=120°, y=120 or 150°; n=3 or 4) and a d orbital exponent range, 0.25-1.25. 

Ring bond overlap values were also reported for (NPCI 2)4 4 for the same expo-

nent range~ No extension to the prediction or comparison of molecular 

energy associated characteristics was made from these overlap values or from 

the exchange energy optimized d orbital exponent sets. 
. . 
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The relative importance of various bond systems in terms of molecular 

bonding energy and charge separations cannot be more fundamentaIly assessed 

without reliable estimates of valence shell orbital energies, particularly for 

d orbitaIs in the molecule. However, overlap value calculations for the 

localized bonds should provide insight into bond structures. The overlap values 

on which the present work is based represent a substantial advance on previous 

calculation, and, with the d orbital exponent sets proposed from the Exchange 

Overlap Variation calculation, provide an estimate of covalent bond system 

contributions to the total bond structure. 

111.2.2 Bonded Overlaps As a Measure of Covalent Bond Energies 

If bond energy is loosely defined as the relative gain in electronic 

energy on formation of a bond, it can be partitioned into the sum of covalent 

and ionic contributions. The sum, neglecting bond interaction terms, of 

localized covalent bond energies over aIl such bonds of a molecule is propor­

tional to its covalent energy, Ec (111.1.1). In the localized bond model, the 

exchange energy contribution is proportional to the total covalent energy. 

A total 'bond' between two atoms, A and B, is made up of aIl the localized 

two~electron bonds between them, and within the exchange overlap approximation, 

the sum of appropriately weighted overlap values over aIl the localized bonds, 

including non-bonding overlap values, is proportional to the molecular 

covalent energy (III .1. 2) . The sum of appropriately weighted overlap values 

over localized bonds between A and B is proportional to the covalent energy 

contribution of the total 'bond' AB to the molecular covalent energy. Such 

localized bond overlap values are here termed bonded overlaps with the impli­

cation that these are maximum when the overlap integrals are evaluated for 

EOV optimized exponents. 
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For a series of molecules with chemically similar bond structure, 

bonded overlaps for the various bond types, systems and total structure are 

proportional to the relative covalent energy contributions to the localized 

bond structure. Thus, the minimum total covalent energy corresponds to the 

maximum total bonded overlap for each molecule and for each localized bond. 

The localized atomic orbital basis must meet this requirement. The criterion 

of maximum total overlap has been investigated for a localized basis atomic 

orbital set202 ,203, and shown to be good if aIl valence shell electrons 

participate in bonds 204 ,20S. Since the localized bond model used (111.1.3.1) 

to investigate phosphonitriles and sulfonitriles does not strictly maximize 

bonding overlap,and minimize non-bonding overlap energy, other factors may 

have to be taken into account when minimum-energy properties, such as 

molecular configuration, are studied. 

111.2.3 Experimentally Observed Properties Related to Bonded Overlaps 

For a series of molecules formed of predominantly covalent, chemical­

ly similar bonds, such as the cyclic halophosphonitriles, and for which exper­

imentally determined geometry is used to specify the localized atomic orbital 

directions, the ionic contributions per bond rnay be considered as constant. 

Variations in relative total bonded overlaps per bond type should reflect the 

bond ene.rgy associated properties for the series. 

Infrared stretching frequencies are a measure of total bond energies 

(covalent plus iQnic). When the ionic energy contribution is 'known' for a 

localized bond, or is a constant proportion of the total bond energy for 

similar bonds for an atom pair AB, the infrared stretching frequency of AB 

is proportional to the covalent energy. The total bonded overlap for a 
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phosphonitrile or su1fonitrile ring bond should be linearly pl'oportional to 
the infrared frequency assigned to ring stretching modes (positive slope). 

The bonded overlap value establishes the participation of a 
particular bond system on an energy basis. Hence, d orbital charge density 
at the nucleus cannot be directly considered in this model, and no correl­
ation of individual rra or rrs bonded overlaps with 31 p chemical shift is 

expected. If the bonded overlap for each of the rra and rrs bond systems is 
indeed a measure of its contribution to the bond structure at phosphorus, the 
total IT system may be considered as it affects the value of the 31p chemical 
shift. For the same exocyclic substituent (e.g. for chlorophosphonitriles) , 
assuming a constant sigma system framework at each phosphorus atom in a series, 
the chemical shi ft observed should be a linear function (with positive slope) 
of the total IT bonded overlap. Where possible exocyclic d orbitalnbonding, 
p orbital IT bonding and d orbital cr bonding are neglected, this correlation 
should exist for the total ring IT bonded overlap. 

The bond model predicts the larger, non-planar rings to be stable 
because the wider ri,ng nitrogen angle allows IT s system bonding to compensate 
for the 1055 in rra system bonding due to non-planarity. If the ring IT system 
were the only covalent energy contribution determining the molecular config­
uration, ITs system bonded overlap should be a linear function of ring nitrogen 
angle for each series (positive slope). 

The expected correlations can be tested within the limits of the 
experimental measurement and the theory. They will be used as a framework 
within which the use of optimized molecular d orbital exponents and the 
exchange overlap approximation can be evaluated, and bonded overlap values 
used to investigate bond structure of phosphonitriles and sulfonitriles. 
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111.2.4 Bonded Overlaps; Calculation and Estimated Weighting Factors For 

Their Comparison 

It is assumed that the crystallographically-determined geometry 

defines a maximum bonded overlap criterion for the sigma framework localized 

bonds which is a good approximation to the optimum localized sigma bond struct-

ure. 

(1) Bonded overlaps: 

Including non-bonding exchange overlap for d orbitaIs, expressions 

for the calculation of bonded overlaps were derived from EOV method formulae 

and localized bond sigma overlap formulae (111.1.3.3(1)). For optimized d 

orbital exponents in a total fragment (two AN and one or two AE bonded pairs), 

bonded overlaps are; 

ni(AN) = N~a A~ (mkna/SAdNna/ - ; [~akaE/SAdEo/ - N;AkOA/SAdNOA/ 

n~ (AN) 

(IlI.13) 

(III.14) 

(III .15) 

(III.16) 

where bonding Ad overlap with NaA and Ea are neglected, 

X = 2 or 0 for Eovn and EOV determined d orbital exponents, 
y 

respectively, for Ad bonding overlaps; otherwise, X = 2 . 

For En n'CO), X = 2 in both cases; and , 
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y is a factor to proportionate the total non-bonding overlap 

integrals into bonding IT system contributions for a given d 

orbital. 

AlI other symbols are as defined in 111.1.3.1, and the k's 

are appropriate weighting factors discussed below. 

The values calculated per fragment unit are divided by the number 

of fragment bonds of a particular bond type to obtain bonded overlaps per 

bond (represented in further discussion without the superscript f). 

(2) Estimated weighting factors: 

The factors which relate an overlap integral to its exchange energy 

contribution can be approximated as noted in 111.1.2 as; 

k$j(A$iB$j) Œ Z$i +Z$j 
2 

(III.17) 

where Z~s are valence state ionization potentials for orbitaIs 

$i and $j of the overlap integral, centred at A and 

B, respectively. 

Thus, $i= Ad and 

$j= NaA , NaA " Ea, En,n" Nna' NITs 

and for each orbital Ad, the relative weights can be written, 

for na bond system; 

k$j (Ad$j) ZAd + Z$. 
= J = kil (Ad$j) 

kn (AdNn ) ZAd + ZNna 
a 

a a 

(III .18) 

for IT s bond system; 

k$j (Ad$j) ZAd + Z$. 
J , 

= = kns(Ad$j) 
kns (AdNns) ZAd + ZNns 

(III. 19) 
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Table 111-6 Estimated Weighting Factors For Exchange Over1ap 

Approximation. (ZA~ = 2.00ev; A=P or sa)) . 

Loca1ized Relative weighting factor; 
$ atomic orbital , , A k' 

j b) krra(Ad$j) krrs(Ad$j) verage rr 

p 

sp 

p 

sp 

p 

sp 

1.00 

1.26 

1.26 

1.40 

2.00 

1.00 

1.40 

1.20 

1.69 

1.00 

1.00 

1.00 

1.11 

1.60 

0.79 

1.10 

0.94 

1.34 

1.00 

1.13 

1.13 

1.26 

1.80 

0.90 

1.25 

1.07 

1.52 

a) Average neutra1 atom ZAd for P,S used with neutra1 

atom Z$j206 and 1inear extrapolation for s-p hybrids20~; 

k' ca1cu1ated from (111.18) and (111.19). 

b) s-p hybrid type for $j. 

Valence state ionization potentia1s, ZAd' may be different for 

each d orbital depending upon the mo1ecu1ar environment. Mo1ecu1ar Z's 

are not known, though expected in the range 2-9 ev for phosphorus and 

su1fur atomic d orbita1s206 . For most cases ca1cu1ated, the total of rra 

and ils over1ap values for a given d orbital over both nitrogen bonds was 

found to be approximate1y the same. So estimated weighting factors (Table 

111-6) and non-bonding/bonding over1ap contributions were considered; and 

it was noted that the simp1ified expression (111.11 with aIl k's equa1 to 

one) cou1d be used to derive the optimized exponent sets (111.1.3). 
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However, when the sum of ITa and ITs bonded overlaps is compared 
for a series of structures, the weighting factors must be re-assessed, 

since the difference between k~a and k~s may be important. That is, the 
use of equal weights for non-bonding overlap values remains an acceptable 
simplification for a given bond type, IT a or ITs ' but the relative weights 
of ITa and ITs (summed over aIl d orbital contributions) should be included 
to compare total bonded IT overlaps for a series of structures where the 
ratio of the two IT system contributions may not be constant. 

Table 1II-7 Estimated Weighting Factors For Bonded Overlap 
Comparison Between Different Bond Types and Atom Pairs (AB) 

Bond type and 
atorn pair 

ITa(PN) 

ITs (PN) 

cr (PN) 

ITa (SN) 

ITs (SN) 

cr (SN) 

crE (PCl) 

crE (PF) 

crE (SCl) 

crE (SF) 

ITE (SO) 

crE (SO) 

Zq,i (A) Zq, . (B) 
(ev) J 

1.9 

1.9 

13.0 

2.0 

2.0 

15.3 

13.0 

13.0 

15.3 

15.3 

2.0 

15.3 

14.4 

18.7 

18.7 

14.4 

18.7 

18.7 

20.9 

31.2 

20.9 

31.2 

17.6 

25.8 

Relative weighting , 
factor, k a) 

1.00 

1.26 

1.94 

1.01 

1.27 

2.09 

2.08 

2.71 

2.22 

2.85 

1.20 

2.52 

a) k' = kt(AB)/kITaCPN) from expression (111.18); neutral 
atom ZI s206; t represents the bond type. 
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Estimated weights relative to that for bonded overlap in the 

phosphonitrile TIa system (Table 111-7) indicate that individual phospho-

nitrile and sulfonitrile TI system overlaps can be compared on an equal 

we,ight basis. Exocyclic ° bonded overlaps for phosphorus and sulfur chlorine 

or phosphorus and sulfur fluorine, but not for both, can be compared with 

almost equal weight. Using the estimated weighting factors, comparable totals 

for bonded overlap for ring atom pairs (Lring' LTI) and for total molecule 

or fragment units (LT) are; 

or 

LTI(AN) = TIa(AN) + 1.26TIs (AN) 

Lring (AN) = LTI (AN) + kA ° (AN) 

AN - PN or SN 

k ' A = 

Lexo(SO) = 1.20TIe (SO) + 2.52oE(SO) 

1.94, A=P 
2.09, S 

LT = fi [Lring(PN) + kE 0E(PE)] ; kE = 2.08, E=Cl 
2.71, F 

(III. 20) 

(III .2la,b) 

(III. 22) " 

(III. 23a) 

2.22, E=Cl(III.23b) 
2.85, F 

n = the number of bonded pairs per molecule or unit, 

TI(AB) and o(AB) terms are bonded overlaps as defined 

in III.2.4(1). 

These estimates apply only to an approximation for relative 

covalent bond energies: Ionic bond energy contributions are not considered. 

111.2.5 Details of Bonded Overlap Calculations and Results 

111.2.5.1 Cyclic Phosphonitriles and Sulfonitriles, Crystallographic 

Configurations 

Individual overlap values for each atom pair, using molecular 

exponent sets, EOV and EOVTI, for d orbitaIs (Table 111-4), were determined 
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from the overlap variation calculation (111.1.3.3), and the bonded overlap 
for each bond system was calculated per fragment from formulae (111.13)-
(111.17) with aIl k's equal to one. (Typical calculation figures for planar 
and non-planar molecules are included in appendix B.) These were eonverted 
to an average per bond basis and are listed in Tables 111-8 and 111-9 for 
EOV and EOvrr exponent sets, respectively. Bonded overlap totals were calculated 
using the estimated weighting factors in formulae (III.20)-(III.23b) and are 
shown in Table III-ID. 

111.2.5.2 Cyclic Molecules, Hypothetical Configurations 

(1) Planar chlorophosphonitrile tetramer 

For a planar octahedron, aIl the ring angles must equal 135°. 
However , a geometry of alternating ring angles, a and y, can be specified 
for arbitrary, equal ring bond distances. Since the ring phosphorus angles 
for aIl known cyclic phosphonitri1e cases are close to 121 0 (117-123°), a was 
fixed at this value and y then specified as 149°. Average bond distances 

n for (NPC12)4 i and ~ were usedj RpN and RpCl = 1.56 and 1.98 A, respective1y. 

An exchange overlap variation calculation was applied to this 
configuration, and optimized d orbital exponents derived as in 111.1.3 (results 
in Table 1II-4). Bonded overlaps were calculated as for the crystallographically 
determined configurations, (NPC1 2)4 ï and 4 (111.2.5.2), and included in 
Tables 111-8 and 111-9 for comparison. 

(2) Bis (dichlorophosphonitrile)oxochlorosulfonitrile, { (NPC1222NSOCIJ 

The missing link in the series, (NPC12)3 -+ (NSOCl)3' was 
approximated as a molecule composed of one average sulfonitrile and two 
phosphonitrile units based on the known mixed ring, dichlorophosphonitrile 
bis(oxochlorosulfonitrile). Total bonded overlaps were calculated for 
Eovrr exponent set results and are shown in Table 111.10 for comparison. 
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Table 1II-8 Bonded Over1aps For Phosphonitri1es and Su1fonitri1es Using EOV Optimized d Orbital 

Exponents. (average per bond per unit a)) 

Ring bond systems (AN = PN or SN) Exocyc1ic bond systems (AE = PC1,F 

Molecule or SC1,F,O) 
(J (AN) ITa(AN) IT s (AN) LIT (AN) Lring(AN) ITe(AE) (JE (AX) (JE (SO) 

(NPF2) 3 0.6750 0.2948 0.2414 0.5990 1.9085 0.5404 

(NPF 2)4 0.7241 0.4035 0.2703 0.7441 2.1488 0.5412 

p1anar 0.7230 0.3900 0.2942 0.7607 2.1633 0.5412 

N3P3(C6H5)2F4 0.6794 0.2575 0.2748 0.6037 1.9217 0.5365 

t-' 

(NPC1 2) 3 0.6623 0.2466 0.2025 0.5017 1.7866 0.6152 
.j:>. 
t-' 

p1anar 0.6612 0.2681 0.2245 0.5509 1.8336 0.6152 

(NPC1 2)4 ï 0.6943 0.0678 0.3926 0.5624 1.9093 0.6085 

4 0.6857 0.3614 0.0642 0.4424 1.7726 0.6128 

p1anar 0.7029 0.3337 0.2794 0.6857 2.0493 0.6106 

(NPC1 2) 5 0.7102 0.3034 0.2925 0.6720 2.0498 0.6288 

N3P3FC15 (Cl) 0.6713 0.2659 0.2351 0.5624 1.8647 0.6235 

(continued) 

a) Except for LIT and Lring J values are unweighted and must be combined with factors from Table 111-7 

for overall comparison on an energy basis. Details of geometry in Table 111-2. 
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Table 111-8 (continued) 

Molecule a (AN) II (AN)' Ils (AN) ~1I (AN) ~ring(AN) Ile (AB) aE (AX) aE (SO) a ~ 

N3P3(C6H5)2C14 0.6692 0.2334 0.2358 0.5305 1. 8288 0.6110 

N3P3(C6H5)4Cl2 0.6739 0.2843 0.2153 0.5556 1.8630 0.5990 

NPC1 2(NSOC1)2 (P) 0.6642 0.2385 0.1925 0.4810 1.7700 0.6338 

(S(l)) 0.6722 0.1954 0.2594 0.5222 1.9271 0.3430 0.5539 0.6648 

(S(2)) 0.6684 0.1787 0.2189 0.4545 1.8514 0.3295 0.5369 0.6616 

1-' 

(NSOCl) 3 CL 0.6765 0.1936 0.2274 0.4801 1.8940 0.3467 0.5539 0.6712 .;.. 
N 

(NSC1) 3 0.6405 0.1741 0.2347 0.4698 1.8084 0.4938 

(NSF) 4 0.6503 0.3565 0.1671 0.5670 1.9261 0.4903 
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Table III-9 Bonded Over1aps For Phosphonitri1es and Su1fonitri1es Using EOvrr Optimized 

d Orbital Exponents. (average per bond per unit a)) 

Ring bond systems (AN = PN or SN) Exocyc1ic bond systems (AE = PC1,F 
or SC1,F,O 

Molecule a (AN) lIa (AN) Ils (AN) LII (AN) Lring(AN) Ile (AX) Ile (SO) 0E (AX) °E(SO) 

(NPF2) 3 0.6750 0.3075 0.2697 0.6473 1.9568 0.2791 0.5404 

(NPF2)4 0.7241 0.4264 0.2883 0.7897 2.1944 0.2918 0.5412 

p1anar 0.7230 0.4048 0.3095 0.7948 2.1974 0.3016 0.5412 

N3P3(C6H5)2F4 0.6794 0.2818 0.3006 0.6606 1.9786 0.2713 0.5365 

.... 
(NPC12) 3 0.6623 0.2530 0.2542 0.5733 1.8582 0.3588 0.6152 

~ 
tI-l 

p1anar 0.6612 0.2690 0.2770 0.6180 1.9007 0.4217 0.6152 

(NPC12)4 ï 0.6943 0.1022 0.4161 0.6265 1.9734 0.3928 0.6085 

Li 0.6857 0.3897 0.1114 0.5301 1.8604 0.3935 0.6128 

p1anar 0.7029 0.3440 0.3042 0.7273 2.0909 0.4180 0.6106 

(NPC1 2)5 0.7102 0.3050 0.3152 0.7022 2.0800 0.4435 0.6288 

N3P3FC15 (Cl) 0.6713 0.2708 0.2718 0.6133 1.9156 0.3903 0.6235 

(continued) 

a) Except for Ell and Ering, values are unweighted and must be combined with factors from Table 111-7 

for overall comparison on an en~rgy basis. Details of geometry in Table 111-2. 
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Table 1II-9 (continued) 

Molecule ° (AN) na (AN) ns (AN) En (AN) Ering(AN) ne (AX) ne (50) 0E (AX) 0E (50) 

N3P3(C6H5) 2C14 0.6692 0.2421 0.2744 0.5878 1.8860 0.4133 0.6110 

N3P3(C6H5)4C12 0.6739 0.2859 0.2512 0.6024 1.9098 0.4123 0.5990 

NPC12(NSOC1)2 (P) 0.6642 0.2528 0.2320 0.5451 1.8336 0.4237 0.6338 

(5 (1)) 0.6722 0.2027 0.2734 0.5472 1.9521 0.4078 0.3492 0.5479 0.6648 

(S (2)) 0.6684 0.1905 0.2304 0.4808 1.8778 0.3833 0.3412 0.5369 0.6616 
t-' 
.j:>. 

(NSOC1) 3 Cl 0.6765 0.2013 0.2418 0.5060 1.9199 0.4053 0.3522 0.5539 0.6712 .j:>. 

(NSC1) 3 0.6405 0.1918 0.2464 0.5023 1.8409 0.3760 0.4938 

(NSF) 4 0.6503 0.4153 0.1804 0.6426 2.0017 0.1465 0.4903 
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Table 111-10 Bonded Over1ap Tota1s As a Measure of Covalent Energy For 

Phosphonitri1es and Su1fonitri1es a) . 

Molecule 

(NPF2) 3 

(NPF2)4 

N3P3(C6HS)2F4 

(NPC1 2) 3 

(NPC1 2)4 ï 

li 

p1anar 

(NPC1 2)5 

Ering(AN) 

3.914 

4.389 

3.957 

3.716 

3.947 

3.721 

4.182 

4.160 

N3P3FC15 (Cl) 3.831 

N3P3(Ç6H5)2C14 3.772 

N3P3(C6HS)4C12 3.820 

NPC1 2 (NSOC1)2 (P) 3.667 

(5(1)) 3.904 

(5 (2) ) 3.756 

(NSOC1) 3 a 

(NSC1) 3 

(NSF) 4 

tota1s; 

3.856 

3.682 

4.003 

Eexo 
(AX) (50) 

2.929 

2.933 

2.908 

2.559 

2.531 

2.549 

2.540 

2.616 

2.594 

2.542 

2.492 

2.637 

1.216 2.094 

1.192 2.077 

1.230 2.114 

1.096 

1.397 

(NPC1213 *11.148. 7,677 

{(NPC12)2NSOC1} *11.164 

NPC1 2 (NSOC1) 2 *11.327 

a-(NSOC1)3 *11.568 

6.478 2.086 

5.045 4.171 

3.690 6.342 

AH 170b) ET 
(kc~î/ /mo1ecu1e monomer mole) * 

6.843 

7.322 

6.865 

6.276(0)b) 4.863(0) 

6.478(0.2) 4.052(0.8) 

6.270 

6.722 

6.776(0.5) 3.750(1.1) 

6.4S5 

6.314 

6.323 

6.304 

7.214 

7.025 

7.100 

4.778 

S.400 

20.592 

29.288 

18.827 

25.912 

25.080 

26.888 

33.880 

21.300 

14.334 

21.600 

18.827 

19.728 

20.543 

21.300 

a) per unit except where noted *. b) difference from (NPC12)3 in brackets. 
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111.2.5.3 Linear Trich1orophosphonitri1etrich1orophosphonium Ion, 

C2v Syrnmetry 

The ion, [C1 3PNPC1 3]+, was approximated as a fragment, Figure 

III-l, with N(2) as the in-plane ch10rine (atom 4, Figure 11-12; E(l) and 

E(2) are atoms 5 and 6),and e = 115°. EOVll optimized d orbital exp~nents 

were ca1cu1ated for this C2v-derived configuration for PNP chain angles, 

YI' from 120° to 160°, in increments of 5°. The sign convention and method 

of including non-bonding overlap was emp10yed as described (111.1.3). 

The major difference from the variation as app1ied to a ring fragment is 

that on1y one in-plane atom pair (PN) was considered as TI bonding. 

Table III-11 Exchange Over1ap Optimized d Orbital Exponents For 

IC13PNPC1 3]+, C2v Syrnmetry 

Orbital and exponent 
dz2 dxz dyz dx2-y2 

MOa) 0.85-0.89 1.13 1.13 1.04-1.08 

EOVTI 0.93 0.43 0.91-0.95 

a) MO; maximum bonding over1ap on1y. 

EOVTI; non-bonding overlap inc1uded as in 111.1.3. 

The range shown refers to PNP = 120° to 160°. 

dyz 

0.65-1.60 

Using the optimized exponents determined, bonded over1aps were 

ca1cu1ated as described (111.2.4) (Table III-11). The change in distance 

of close~approach for the chlorine atoms in the C2v configuration(and C2 

configuration (Figure 1I-12))was calcu1ated from the variation in inter-

atomic distances with chain angle, Y = 120°- 160°. 
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Table III-12 Bonded Overlaps + Calculated For [C13PNPC13] J C2v Symmetry 

pIQp (y)a) (J (PN) Ils (PN) I:II (PN) 
degrees 

I:chain (PN) II -(PCl) e I:T/unit 

120 0.6642 0.2706 0.6903 1.9788 0.4911 5.8810 

130 0.6809 0.2894 0.7139 2.0348 0.4954 5.9371 

135 0.6867 0.2952 0.7212 2.0534 0.4977 5.9557 

140 0.6913 0.3002 0.7276 2.0687 0.4995 5.9710 

145 0.6950 0.3053 0.7340 2.0823 0.5015 5.9846 

150 0.6979 0.3078 0.7372 2.0911 0.5030 5.9934 

155 0.7002 0.3063 0.7353 2.0937 0.5021 5.9960 

160 0.7019 0.2983 0.7252 2.0869 0.4981 5.9892 

maximum 
152 ±2 0.699 0.308 0.738 2.094 0.503 5.996 

·a) Values per bond except where noted; additional values constant for angle 

variation: (JE (PCl) in-plane 0.6297 

(JE (PCl) out-of-plane 0.6232 

lIa (PN) 0.3493. 
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111.2.6 Evaluation of the EOV Bonded Overlap Calculation 

When bonded overlaps per bond type for crystallographically deter­

mined geometries of (NPCI 2)3 and (NPF2)4 are compared with those for assumed 

planar geometries (Tables 111-8 and 111-9), the discrepancy can be attributed 

to coordinate input uncertainty (111.1.3.3(2)). The discrepancy range, ±O.015 

units, is termed calculation error in the following discussion. 

Bonded overlap results using EOV and Eovrr optimized d orbital exponent 

sets were tested for correlation against experimental observables (Tables 1-1 

and 111-2; Values used were for solid state if available,and the average for 

a fragment unit to compare with overlap per bond.). Results from the EOV set 

were consistently lower than those from the EOVrr set; however, both showed, 

the same correlations. Since the latter set makes fewer approximations in 

including bonded exocyclic rr overlap more explicitly, better when assessing 

properties of the sulfanuric halides, only correlation plots for results of 

this set have been included (Figures 111-2 to 111-5). 

Bonded overlaps for ri,ng s.igma bonds are similar for the phospho­

nitriles (mean 0.68 ±0.02, 2.4%) and phosphorus-nitrogen bond distances for 

the molecules are within 1.5% of the mean. Theoretically, only the total 

bonded overlap can be assumed proportional to a covalent bond energy, and, of 

the ring unit types (phosphonitrile, sulfanuric chloride, thiazyl chloride), 

sufficient points to establish a correlation are only'available for the 

phosphonitriles (Figure II1-2). The correlation is inversely linear as ex­

pected (standard deviation in overlap entirely, ±0.03), and suggests that the 

localized bond model including ring rr bonds is acceptable, so that total system 

bonded overlaps can be compared as an indication of possible cr and rr bonding 

contributions to the total covalent energy. 



e 

1.52 

,....., 
0$ 1.56 

r:;r.-:;;' 

<1> 
eo 
rn 
~ 
<1> 

~ 

1.60 T , 
$ , , 

T 

, 
1 

" 

1 
1 ... 

... 
1 
1 
1 
1 

$ , 
1 
1 
~ 

units: 

[;] fluorophosphonitrile 

o chlorophosphonitrile 

~ sulfanuric chloride 

o thiazyl halide 

• 
[!J 

1.80 1.90 2.00 

Lring CAN) 

2.10 2.20 

Figure 111-2 Ring Bond Distance, RAN' Compared With Total Bonded Overlap, LringCAN) For Cyclic 

Phosphonitriles and Sulfonitriles. 

...... 

.j:>. 
10 



- 150 -

It is more desirable to use experimentally observed properties which, 
although they should also correlate with bond distances and angles, are not 
explicitly included as input for the calculation. Total bonded overlaps (Ering) 
for the phosphonitriles show a linear correlation with a positive slope for infra­
red ring stretching frequencies except for N3P3(C6HS)2F4 and (NPC1 2)4 4 (Figure 
III~3; standard deviation in overlap ±O.OIS including N3P3(C6HS)2F4 but excluding 
(NPCI2)44). The former differs from the other fluorophosphonitriles in its 
phenyl group substitution, which might result in a lower 'average' ring 
stretching frequency observed from that for complete fluorine substitution, 
through a decrease in ionic character for the ring bonds. The assignments for 
both sol id state forms of CNPCI 2)4 are not well-established, but it is unlikely 
that the value for 4 would be lowered sufficiently for a fit. Application of 
the bonded overlap calculation as used for these non-pl anar molecules is 

discussed further in (III.2.7). 

Few of the phosphonitrile 3 1p chemical shift measurements apply to 
molecules for which overlaps were calculated. However, there is a possibly 
linear correlation for total rr bond system overlap and chemical shift for the 
chlorophosphonitriles except (NPC1 2)4 (Figure III-4). (This deviation is 
discussed in III.2.7). 

These correlations as expected where bonded overlaps can be 'theoret­
icallyl related to experimental observables, indicate that as calculated they 
are a measure of relative covalent bond energies within the localized bond 
model used. 
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111.2.7 Discussion 

111.2.7.1 Trends For 1ndividual Bond Systems 

The variation in phosphonitrile ring rr system values (~rr) is 

greater than that for the cr ?ystem (111.2.6 and Table 111-9), although approx-

imately constant for each series (fluoro or chloro), compared with the 

component rra and rrs system variations. On an equal weight basis, rr and rr 
. .,... ,a s 

bonding contributions are the same (within calculation error) for each of the 

planar chlorophosphonitriles. For non-planar chlorophosphonitrile tetramers, 

(NPCI 2)4 ï and 4, there are large differencesj a greater rra contribution for 

4 and a greater rrs contribution for Ï. The rr bonding component difference is 

also marked for the fluoride tetramer, but not the trimer, and the sulfonitrile 

rings. For sulfanuric units and the thiazyl chloride trimer, rrs > rra' though 

only slightly more 50 than calculation error, but for thiazyl fluoride and 

phosphonitrile fluoride tetramers, rra »rrs. The experimentally determined 

geometry accounts for this difference in the thiazyl tetramer compared with 

other sulfonitriles, as it is made up of alternati,ng long and short bonds. 

The latter can be interpreted within the bond model as strong, alternate, rra 

type double bonds. 

For 'delocalized rr system' ring molecules, however, where equal bond 

distances are observed, the rr bonding model predicts that as the rings become 

larger, and the ring nitrogen angles wider to absorb the strain, a resulting 

larger rrs contribution can compensate for the 1055 in rra bonding. rrs system 

bonded overlaps compared with ring nitrogen ~ngle, y, (Figure 111-5) show 

qualitative agreement when a line is drawn through the origin and the trimeric 

deviate from the trend. These molecules are the most non-planar of the 
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phosphonitriles (and sulfonitriles) studied. 

If the TI systems alone account for the behavior, these results 

indicate that either the covalent energy gain from increased ITs contribution 

does not compensate for the lost TIa contribution (this affects k'), or the 

coulomb (Q)/exchange (J) ratio for the total covalent bonding energy can be 

assumed constant for aIl planar phosphonitriles, but not for non-planar cases 

(III.l.l). The ring bonds for (NPC1 2)4, ï or 4, or N3P3(C6H5)2F4 are not 

chemically anomalous; so the ratio Q/J is probably constant for both non­

planar and planar phosphonitriles. Linear correlations exist for Ering(PN) 

with RpN for the phosphonitriles and also with the infrared ring stretching 

frequencies (except (NPC1 2)4 4) (Figures III-2 and III-3). This suggests 

that the IT s non-planar deviation is due to relative weighting for ITa , ITs and 

the cr systems. The weights of ETI and cr may be the same as assumed for each 

bond type (SN and PN), but the relative weight of ITa and ITs system contribu­

tions could be in error. Where bonded overlaps for ITa and ITs systems are 

approximately the same (e.g. cyclic planar phosphonitriles) , the linear 

correlation for total bonded overlap (Ering) will not be affected, but ITs 

bonded overlap correlation would be. 

The deviation may be due to the relative bonding d orbital contrib­

utions to the IT systems. The basic assumption of equal weights for aIl d 

orbital overlap values in each component (ITa,ITs ) was made because relative 

molecular d orbital energies are not known. For planar cases, the set of d 

orbitaIs involved in ITa is independent of that in TIs , and the systems are 

composed mainly of dxz and d~2_y2 overlaps, respectively, because non-bonding 

exchange interaction 'destabilizes' the other potentially IT bonding orbitaIs. 

'Destabi.lization' of these orbitaIs also occurs for non-planar cases according 
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to the EOV method approximation. However, for these cases, dxz and dx2_y2 

are both invo1ved in each ring rr system. Thus, the exchange interaction for 

these orbitaIs, which may be different, should be inc1uded as a possible 

difference in kd 2 2 and kd . x -y xz 

Interpretation of experimental resu1ts (1.4.4) is consistent with 

a relative1y weaker rrs system contribution to the ring rr energy. This con­

clusion neg1ects cr system changes, and for p1anar cases infers that the molec-

u1ar energy of dx2_y2 is 10wer than that of dxz • A relative weighting scheme 

of kdx2_y2<kdxz decreases rrs with respect to rra for (NPC12)4 ï and increases 

the separation between Ering (i.e. Err) or ET for ï and 4.* For ï there is 

better agreement with 31p chemical shift and ring nitrogen angle correlations. 

The 4 deviation from infrared stretching frequency correlation is not improved, 

Qualitatively betteragreement for the phenylfluorophosphonitrile, 

but not (NSF)4 or (NPCI2)4 4, would be found for the ring angle correlation. 

This deviation is not unexpected for the thiazy1 fluoride tetramer, where rra 

system bonding determines the molecular configuration 'entirely'. It suggests 

that the stabi1ization of the 4 form originates as weIl in the large contribution 

to rra of dx2_y2 bonded overlap. This contribution, by definition, is not 

included in the rrs bonded overlap, which in turn is lower than expected for 

the ring nitrogen angle of (NPC1 2)4 4 or (NSF)4' For the ï form, there is a 

re1ative1y large contribution to the rrs system of dxz bonded overlap, and both 

forms have simi1ar total rr contributions which are sufficient to make the total 

ring bond contribution greater than, or equal to, that of the trimer (NPC12)S' 

* The effects of this weighting scheme can be visualized from the examp1e 

ca1culations in appendix B. 
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The assumption of different energies (and thus different arnounts for 

exchange over1ap contributions) for dxz and dx2_y2 (and possibly dz2,dyz and 

dxy) can only be checked by accurate ab initio energy minimization for 

molecular cases and remains a question for the future. However, results of 

the bodded overlap calculations agree with other interpretations in suggesting 

that the net bonded exchange energy contribution of dx2_y2 electrons is less 

than that of dxz in these molecular environments, and hence that for planar 

molecules,the in-plane rr bonding is weaker than the out-of-plane rr bonding. 

II1.2.7.2 Bonded Overlap Totals; Relative Covalent Energies and 

Configurational Stability 

The trends in bonded overlaps have been noted for individual bond 

systems for bonds between like pairs of atoms (e.g. PN or SN). Within the 

weighti,ng scheme CI II. 2 .4) 1 total bonded overlaps can be compared as a measure 

of relative total covalent energies per molecule or unit (Table III-lO). 

The only experimental data are from a differential thermal analysis study of 

the relative heats of polymerization of (NPC1 2)n n=3_717~ These were converted 

and reported as heats of formation for vapor phase mo1ecules (shown in Table 

In~lO for comparison). Bonded overlap totals per unit for these molecules 

increase as expected for n=3-5. 

From interpretation of the reported heats of formation17~ the 

contribution of a 'weaker' rrs system accounts for the slower increase in 

relative heat of formation with increasing n than expected from changes in 

the rra system only. Variations in the Ci system were neglected. However, 

differences in ring and exocyclic Ci system bonded overlaps account for a 

substantial part of the variation in total overlaps for these molecules, 
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indicating that the (J system should be neglected only with caution. Calculated 
overlap values,combined with reliable estimates of actual energy contributions 
corresponding to the different localized bond types,would provide a check on 
the validity of this assumption. 

(1) Chlorophosphonitrile tetramer configurations: 

Molecules of the chlorophosphonitrile tetramer exist in two sol id 
state forms; Ï, the stable form at room temperature and 4, a metastable form 
unstable above 70°C. Rings of both forms are non-planar although phosphorus­
nitrogen bond distances are equal for each within experimental error189 ,190. 

The total bonded overlap (LT) for the Ï form is greater than that 
for the 4 form, consistent with the experimental evidence (Table III-lO; 6.48 
and 6.27). The value per unit for 4 is approximately that for the trimer, 
(NPC12)3 (6.28). The exocyclic bond system differences (2.53, 2.55, 2.56) 
are much less than those for the ring bond systems, indicating that relative 
ring ene,rgy differences account for the covalent bond contribution to 

configurational stability. However, bonded overlaps calculated for a planar 
geometry (LT = 6.72) are larger than those calculated for either observed 
geometry, indicating that other factors (steric considerations) also contribute 
to the actual configuration. 'Steric considerations' are responsible for the 
Q/J ratio, and unless aIl overlap values are considered explicitly in the 
calculation, this ratio can only be assumed constant for chemically similar 
molecules of knoMl geometry (III.l.2). These results for the hypothetical 
planar geometry reinforce this point. 
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(2) Covalent energy contributions to stability for the series, 

a-(NSOCl)3 + (NPC1 2 )3 and for sulfanuric or thiazyl sulfonitri1es: 

Bonded overlap totals per molecule (Table III.lO) suggest that the 

missing link in the series, {(NPC12)2NSOCl }, should be at least as stable as 

the other known members. The ring bonded overlap tota1s for the series are; 

Il.15, Il.16, Il.33 and Il.57 for (NPC12)3 + a-(NSOCl)3' respectively. Even 

if kd 2 2 < kd were incorparated in the calculation, qualitative1y little x -y xz 

difference in the trend would be obtained, since deviation from planarity 

and consequent d orbital TI system 'mixing' is not large for the known mixed 

ring and should be less for {(NPC12)2NSOCl}. The total values a1so suggest 

that the exocyclic oxygen TI system makes a substantia1 contribution to the 

total covalent ene.rgy for mo1ecules containing a sulfanuric unit. 

In this connection, it is interesting to note the results for 

thiazyl chloride trimer compared with those for the su1fanuric chloride trimer 

and the thiazy1 fluoride tetramer. The ring totals per unit for these 

molecules are 3.68, 3.86 and 4.00, respectively; but the molecu1ar totals per 

unit are 4.78, 7.10 and 5.40. The difference in total exocyclic sigma bonding 

for the chlorosulfonitriles is ~ 12 % (oE(SCl) for a-(NSOCl)3>(NSCl)3)' but 

leaves a minimum additional energy conferred by the oxygen substituents of 

85 % of the difference between the sulfanuric chloride and the thiazyl chloride, 

and 30 % of the total for the sulfanuric chloride. The ring energy per unit 

provides 75 % of the total for both thiazyl compounds, cornpared with 54 % for 

the sulfanuric chloride. Although this is an approximate cornparison, it is 

consistent with the chemistry of these sulfonitriles (1.3.2) and with the 

observation that a chloro-sulfanuric unit is readily forrned from a thiazyl 

chl.oride unit '+ 7 ,'+ 8.. The ring energy per unit contributes 60 % of the total 
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for the chlorophosphonitrile trimer compared with 54% for the sulfanuric 

chloride trimer, in agreement with chemical evidence that the phosphonitrile 

ring is more stable than the sulfanuric chloride ring (1.3.3). 

The exchange overlap application of the II bonding model successfully 

correlates with chemical and physical properties for sulfonitriles as weIl 

as phosphonitriles. Thus, the II bonding model is acceptable for sulfonitriles. 

These calculations related to covalent bonding energies apply to ground state 

configuration molecules and relative reaction stabilities cannot be assessed. 

However, the possibility that the missing member of the series, bis(dichloro­

phosphonitrile)oxochlorosulfonitrile, might be stable if a suitable preparative 

route could be found, has not been negated. 

(3) The ionic linear phosphonitrile, [C13PNPC13]+, C2v symmetry: 

From infrared spectra of compounds of [C13PNPC13]+, the ion may 

possess C2v ,or distorted C2v ' symmetry (11.4.4). Possible configurations 

can be considered in the bonding model for phosphonitriles as the result of 

a balance between gain in Ils system bond energy with wider chain angle PNP 

(y), and steric requirements. The latter can be estimated from the relative 

distances of close approach of the chloro-substituents. (IIa and Ils bonding 

is defined with respect to the plane formed by the chain PNP bonds). 

Optimized d orbital exponents (Table III-11) indicate similar non­

bonding overlap destabilization for dz2, dyz , and dxy as in the cyclic units. 

A slight variation occurs in the ratio of d orbital exponents for the bonding 

orbitaIs, dxz and dx2_y2, which is ~1.0 for the range compared with 1.1 for 

the cyclic chlorophosphonitriles. The non-bonding (NcrA ,) overlap destabilization 

for dx2_y2 in the linear ion fragment is less than that of a ring fragment, . 
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because the angle y is larger. 

The infrared assignment (II.4.4) indicates a stronger phosphorus-

nitrogen bond for the ionic phosphonitrile compared with that of the cyclic 

phosphonitrile, (NPC1 2)3. In the bonding mode1 this is explained in terms of 

a strong rra system and an additiona1 rrs contribution which resu1ts in a total 

bond strength similar to that of the chlorophosphonitrile tetramer, ï form. 

In agreement with this, rra and rrs bonded overlaps are 0.308 and 0.349, 

0.254 and 0.253 for optimized y [C1 3PNPC1 3]+ and (NPC1 2)3, respective1y. 

rrs bonding for the ionic phosphonitrile is slightly overestimated by the assump­

tion of C2v symmetry. (Distortion allows a smaller angle to balance the 

steric requirements of inter-ionic chlorine-chlorine interaction, II.4.4). 

However, the total bonded overlap is 2.09, 1.86 and 1.90 for [C13PNPC13]+, 

(NPC12)3 and (NPC12)4 i, respectively; which is in qualitative agreement 

with the infrared stretching frequencies assigned (1325, 1212 and 1297 cm-l). 

Although the variation in bonded overlap values in the angle range 

is not large compared with estimated calculation error, it can be considered 

as 'real' since the error is coordinate input determined. This calculation 

treats such input as a parameter by varying the angle y. A maximum in 

bonded overlap occurs for the ils system and the total covalent energy 

contribution per unit (ET) between 150° and 155° (152°±2°) (Figure 111-6 and 

Table 111-12). A force constant estimation for C2V' symmetryllO predicts an 

angle of 140°, rather than 120 or 180°. As the angle is widened, C2v becomes 

a more favored configuration than C2 because only one chlorine-chlorine 
o 

distance is less than 5.0 A compared with two for C2. The most important 

non~bonded neighbor atom interaction for C2 (intra-ionic distance of close . v 

approach) is that between Cl(l) and Cl (4) (Figure 11-12), the in-plane 

chlorine substituents for the fragment calculation. From the change of 
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this interatomic distance in C2v ' the angle should be wider than 1470 to 
o 

accommodate the sum of the Van der Waals radii for two chlorine atoms, 3.62 A 

(Figure III-7). The solid state configuration is probably slightly distorted 

C2v' but little change in PNP angle from the C2v value is expected; and this 

bonded overlap approximation to covalent energy predicts a chain angle of 

150-155 degrees for the trichlorophosphonitriletrichlorophosphonium ion. 



e e 

6.00 
1 --'Ii 

.., 
1 
1 
1 
1 
1 
1 

5.961- l'!II'''' 1 
1 
1 
1 

total 

bonded overlap, 
/ 5.921 I:T per unit 

5.88 

120 ISO 140 150 l5S 160 

PNP chain angle, y (degrees) 

Figure 111-6 Total Bonded Overlap Variation With Chain Nitrogen Angle For Trichlorophosphonitrile­

trichlorophosphonium Ion, [ClSPNPClS]+' C2v Configuration. 

..... 
0\ 
~ 



e 

interatomic 
distance, 

cl(l)-Cl(4) 
o 

(A) 

e 

4.00 

3.60 ...... - - - - - - - - - - - - - - .. - - - -
1 
1 
1 
1 

3.00 1 
1 

• 1 
J 
1 
t 
1 
1 

• 1 2.00 , , --120 140 147 160 180 
PNP chain angle, y (degrees) 

Figure 111-7 Variation of In-plane Chlorine-chlorine Distance of Close Approach With Chain Nitrogen 
Angle For [C13PNPC13]+, C2v Configuration. 

1-' 
0\ 
.j:o. 



- 16S -

SUMMARY AND CLAIMS TO ORIGINAL RESEARCH 

Possible reaction routes have been investigated for the preparation 

of mixed phosphonitri1e and su1fonitri1e compounds. An improved preparation 

of cyclo-dich1orophosphonitri1ebis(oxoch1orosu1fonitri1e), NPC12(NSOC1)2, has 

been described based on the pyro1ytic decomposition of the product of a 

reaction between trich1orophosphonitri1etrich1orophosphoniurn hexach1oro-

phosphate and amidosu1furic acid. (II.l,2) 

Properties of the mixed ring compound, NPC12(NSOC1)2' have been 

further investigated. 35C1 nuc1ear quadrupo1e resonance frequencies observed 

have been assigned to specifie ch10rine atoms using the results of a pub1ished 

Xray·ôiffraction study. Group frequencies have been assigned for the main 

bands in the infrared spectrurn of the mixed ring and those reported for Q-

and S~ sulfanuric ch10ride trimers based on a comparison and the reported 

assignment for cyclo-dich1orophosphonitri1e trimer. (II.3) 

Group frequencies have been assigned for the solid state infrared 

spectra of the linear compounds, C1 3PNS02C1, [C13PNP(Cl)2NPC13][PC16] and 

[NH2 (C6HS) 2PNP (C6HS) 2NH2]Cl; and the assignments for C13PNPOC12, C1 3PNPSC1 2 

and [C13PNPC13][PC16] have been reassessed for the region 42S-4000 cm-1 . 

Assignments were interpreted on the basis of a bond structure model for 

phosphonitri1es. (II.4) 

Two new compounds, [NH2(C6HS)2PNP(C6HS)2NH2]2[CoC14] and 

[NH2(C6HS)2PNP(C6HS)2NH2]2[CoC14].CH2C12, have been iso1ated and characterized 

by spectrometry as exarnp1es of the genera1 series of quaternary amine 

transition meta1 ch10ride sa1ts. TIlree other cornpounds containing the same 
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cations, with empirical formulae, CuP2N3C2SH320C13 (1), CuP2N3C24H2SC13 (II) 

and CU3P4N6CSOH6402ClS (III), have been isolated and studied by spectrometry. 

The formulae, [NH2(C6HS)2PNP(C6HS)2NH2]2[Cu2C16] and [NH2(C6HS)2PNP(C6HS)2NH2]2 

[Cu2C16].2CH30H, are proposed for II and l, respectively, by comparison with 

the cobalt compounds and interpretation of the electronic spectra. (II .5) 

An optimization method for the determination of molecular orbital 

exponents has been derived from the relationship of the two-center, two­

electron exchange integral to the two-center, one-electron overlap integral 

for a localized bond (EOV Method). Molecular d orbital sets for two 

variations of a II bonding model for cyclic fluoro and chlorophosphonitriles 

have been determined and compared with the results of Mitchell's exchange 

energy optimization for the planar molecules; (NPC1 2)3' (NPF2)3 and 

(III .1) 

Molecular exponent sets derived for phosphonitriles and sulfonitriles 

were used in a calculation of bonded overlap values from the exchange overlap 

approximation, and the relationship of these values to covalent bond and 

molecular energies discussed. The EOV optimization method was evaluated 

from correlation of the calculated results with experimental properties and 

shown to be an acceptable approximation for the molecules investigated. The 

method applied to the ionic linear phosphonitrile, [C13PNPC13]+, for C2v 

configurations predicts a chain nitrogen angle of 150-155 degrees. (III. 2) 
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APPENDIX A. CALCULATION OF OVERLAP VALUES 

A subroutine, OVERLP, was coded to determine overlap integral values 
for specified types (quantum number t) of valence shell single-term Slater-
type atomic orbitaIs for any number of atoms, from two to a main program­
specified dimension for the overlap value array. OrbitaIs which may be included 
for a principal quantum number n of 1,2 or 3,are s, sp, and spd sets, respect­
ively. Orbital exponent values are required for each atom and a different 
value for each orbital type for a given atom may be specified, although a 
single-center, orthonormal, degenerate set is assumed for each orbital type. 

The set of orthonormal valence shell atomic orbitaIs at each atom a, 
~a' is defined with respect to a molecular coordinate system, x,y,z. 
Additional subroutine input requires numbers of atom types (defined according 
to the orbital types to be included in the valence shell), atomic numbers, 
and z,x,y coordinates for each atom. 

Overlap integrals in a local coordinate system, x,y,~ (defined by 
the interatomic axis 2) between orbital sets on each pair of atoms, a,b (a#b), 
are considered in turn. The method proposed by Mulliken et al. 19B was used 
to calculate primitive overlap integral values, and these are ternporarily 
stored for transfer to the molecular coordinate system. Formulae ernployed 
were derived from tahles reported by Lofthus l99 • The coordinate system 
transformation is accornplished by a subroutine, SPRING, which determines the 
elements of a rotational transformation matrix, T, which takes the local 
coordinate system orbital set(~a) into the molecular coordinate system set(~a)' 
for each atom pair. 

Thus, since the overlap integrals are defined as Sij' where 
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t 5ij = I~i(a)~j(b) dT and 

~a = T~a 

i and j refer to atomic orbitaIs at atoms a and b, respectively 

in x,y,z and 

5· . 1J 

~a defines the atomic orbital set at a with respect to ~,Y,2. 

- ,.. t t 
= ITij!i(a)~j(b) Tij dT 

t - - t = TijSijTij where 5ij = ~i(a)~j(b) dT 

5ij _is the primitive overlap integral between atomic orbitaIs, 

~i and ~j(in the local coordinate system), 

t denotes the transposed matrix and its elements. 

The rotational transformation matrix for p orbitaIs, Tp ' is that for 

the coordinate system itself; 

Tp 

The angles 0 and Q are Euler angles for the coordinate system rotation, and 

correspond to those in Goldstein200 with ~=O, 0=0 and ~=Q + ~/2. The trans-

formation matrix for d orbitaIs, Td, was derived from the appropriate radial 

functions of the real set, dz2' dxz ' dyz' dx2_y2 and dxy; It is shown at the 

end of this section. 

The overlap value transformation formulae are expressed in terms of 

primitive overlap values (50, sn, SÔ ) and transformation matrix elements, TP .. 
1J 

and TD .. , as; 
1J 

s with s 5s(a)s(b) = 5sso 

p with p 

i and j are z,x,y coordinates 

, 
51 = -Sppo 

5i = 53 = 5ppII 
which define the p orbitaIs 

with respect to the molecular coordinate system. 



d with d 

s with P 

s with d 

p with d 
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54 = 
, 

Ss = Sddo 

Sdi (a) dj (b) 
, 

s' SddCJ = mh,sTDimTDjmSm 1 = 

Si , 
-SddII = S3 = 

i and j define d orbitaIs z2, XZ, yz, x2_y2,xy from 

1 to S, respectively. 

Ss (a)pi (b) = -TPilSspo i = 1 to 3 

Spi (a)s (b) = TPilSpsCJ 

Ss (a)di (b) = TDilSsdCJ 

Sdi (a)s (b) = TDil SdsCJ 

Spi (a) dj (b) 
, 

S' SpdCJ = m~l,3 TPimTDjmSm = 1 
S' 

, 
-SpdII 2 = S3 = 

, 
Si =-SdpCJ Sdi (a)pj (b) = m=l,3 TDimTPjmSm 
S' 

, 
SdpII 2 = S3 = 

The primitive overlap values refer to the sign convention where ~(a) 

is directed to ~(b) and vice versa. 

Two other associated subroutines are requiredj ABCALC and BOFFEN. The 

first calculates, from recursion forrnulae, the A and B values (functions of 

orbital exponents) required for the determination of primitive overlap values 198 • 

The second is used to generate B's when the standard recursion formula with 

double precision is not accurate enough (pt '= 0.2) . This is accompli shed by a 

series expansion for the highest B value required and a reverse recursion 

formula to generate the lower B values 201 • 

The subroutines OVERLP, SPRING, BOFFEN, and ABCALC are listed below. 

Important storage location narnes are defined in the listings. A main program 

to calculate overlap values when d orbital exponents of a central atom are 

varied in a molecular fragment was used with these subroutines, and is on file 

with Dr. M.A.Whitehead, Department of Chemistry, McGill University. 



JI --
The rotational transformation matrix, Td; 

}. .. (3 cos20-1) 
2 

13 cos0sin0 0 13 . 20 - sJ.n -2 . 0 
• 

13 sin0cos0cosn cosn(sin20-cos20) -cos0sinn -sin0cos0cosn -sin0sinn 

13 sin0cos0sinn sinn (sin20-cos20) cos0cosn -sin0cos0sinn sin0cosn 

~ sin20 (cos2n-sin2n) cos0sin0(sin2n-cos 2n) -2 sinncosnsin0 ~(cos2n-sin2n)(1+coS20) 2 cos0sinncosn 

13 sin20cosnsinn -2 cos0sin0cosnsinn sin0(cos2n-sin2n) cosnsinn(1+cos20) cos0(sin2n-cos2n) 

where dz2 d22 

dxz djtz .... 
00 

dyz dyz 0 
= Td 

dx2_y2 d~2 -2 x -y 
dxy d~~ xy 

and coordinate systems and rotational angles are defined in the text, Appendix A. 
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SUBROUTINE OVERLP(KAT,X,NM3,NM2,NMH,NOR,NUMX,NUMY,S,FS) 
. C KAT~ATOMItNO;NM3,NM2,N~H=NC.ATCMS WITH SPD,SP,S ORBITALS IN 

C VALENCE SHELL;X=ConPDINATES;NOR=NO.ORPJTALS;NUMY=DIMENSION OF 
C MATRICES S,FS; NUMX=DIMENSrCN OF ATCNIC NOS. AND COOPDINATFS 

DI ME NS ION· KAT C NUMX ), X (3, NUMX) , S C NUMY, NUMY) , F S (NU MY, NUMY) 
o on'IE N S 1 Cl N N Q (1 8) , Z r: D ( 5 1 ) ,C ( S , 5 ) , ST Cl 4 ) , F S T ( 14 ) 
DIMF.NSION TP(3,3),TD(5,S) 
DOUBLE PRECISION A(7J,B(7) __ 0 __ 

C NQ=PRINtipAOL QUANTU~ NU~BER, lEC=ORBITAL EXPONENT FOR SLATER 
C TYPE ORBITAL 
C ST,FST = TEMPORAP.Y STCRAGE LOCATIONS FOR OVERLAP AND CUSACH'S 
C ~AClQRS_lN_~O~A~ ÇQçRçI~ArE SYSTEM ~ER ATCM PAIR. 

COMMON MA,MB,KATI,KATJ,FACTOR,R 
COMMON ZZ,XX,yy,MAl,MBl 
COMMON ZED 
COM~ON NN 
DATA NQ/2*l,8*2,8*31 
WRITE(6,29)ZED(NN) 

29 FJR~AT(lHl,35H EXPONI.:NT OF 3D SET FOR. ATOM ONE IS,F6.3) 
WRITE(6,30) 

30 FORMAT (lHO,58H PRIMITIVE OVERLAP VALUES FROM TFMPORARY STO~AGE LOC 
lATIONS) 

DO S 1 =1 , NUM Y 
DO 5 J=l,NUMY 
S(I,J)=O.O 

5 FS(I,J'=O.O , 
C CALCULATE OVERLAPS FOR LOCAL COORDINATE SYSTEM 

NAT=NM3+NM2+NMH 
DO 500 I=2,NAT 
KATl=KAT(J ) 
NQA=NQ(KAT 1) 

Z.~1=ZfD( KATI' 
lA2=ZFDrKATI+17) 
ZA3= zr [le KATI +34) 
IFCi-NM3)60,60,61 

60 MA1=5 
GO TO 68 

61 I~CI-(NM3+NM2)'63,63,62 
63 MA1=3 

GO TO 68 
62 MAl=l 

C ASSIGN EXPONENTS FOR CVEPLAPS 
68 JJJ=I-i 

DO 500 J=l,JJJ 
KATJ=KAT(J' 
NQB=NQ(KATJ) 
Z81=ZEO(KATJ) 
Z82=ZF:()(KAT J+17) 
ZB3=ZEDCKATJ+34) 
IF(J-NM3)65,65,66 

65 M01=5 
GO TO 69 

66 IF(J-(NM3+N~2)'67,67,64 
67 MB 1=3 

GO TO 69 
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64 MBl=l 
C COMPUTE INTERATOMIC DISTANCE,R, IN ANGSTROMS 

69 ZZ=X(l,J'-X(l,!' 
XX=X(2,J)-X(2,IJ 
YY=X( 3 ,J '-X( 3,1) 
R=SQRT(ZZ**2+XX**2+YY**2) C AXES ARE OROERED l,X,Y, ORBITALS ARF OROERfO PZ,PX,PY AND OZ**2,OXZ , 

C OX**2-V**2,OXY OYl! C COMPUTE MULLIKEN PARAMETF.RS 
C ASSIGN FFFECTIVF. PRINCIPAL QUANTUM NOS. 

MA=NQA 
MB=NQB 

C COMPUTE C MATRIX FOR S,P OVERLAPS 
MO=~A+MB 
Ml=MO-1 
M2=MO-2 
DO 40 K=l, Ml 
DO 40 L=l,Ml 

40 C (K, U =0. 
C(l,l'=I" 
IF(KATJ.EQ.l'GO TO 70 
SGN=l. 
00 45 N=1,M2 
IF(N.fQ.MA)SGN=-1. 
00 45 1<=1,N , 
L=N+ l-K 
C(K+l,L'=C(K,LJ 

45 C(K,L+l)=G(K,L+1'+C(K,LJ*SGN 
C SET TEMPORARY STORAGE LOCATIONS eQUAL TO ZERO 

10 00 15 K= l , 14 
ST(K'=O. 

15 FSTlK)=O. 
C COMPUTE OVERLAP BETWEr:N S ORBITALS 

CALL ABCALC(lAl,lBl,A,B) 
DO 16 K=1, ~l 
L=MO-K 

16 ST(lJ=ST(l'+C(K,LJ*(A(K+2)*B(L)-A(KJ*B(L+2») 
ST(1)=0.5*ST(1,*FACTOR 

C IF BOTH ATOMS H COMPUTE ONLY THIS INTEGRAL 
IF(MBl.EQ.l' GO TO 300 

C COMPUTE INTEGRALS FOR WHICH FIPST IS S,SECOND P CALL ABCALC(ZAl,lB2,A,B) 
00 11 K=l, "11 
L=MO-I< 

11 ST(2'=ST(2'+C(K,L'*(A(K+l'*(B(L)-B(L+2"+B(L+l)*(A(Kl-A(K+2))) ST(2)=0.866025404*ST(2'*FACTOR 
C NOW COMPUTE P WITH S,P 

IF(MA1.EQ.l'GQ TO 250 
'CALL ABC~LC(ZA2,lBl,A,B) 
00 18 K= l, Ml 
L=MO-K 

78 ST(3)=ST(3'+C(K,L,*(A(K+l'*(8(l'-B(L+2')+B(l+1'*(A(K+2)-A(K'" 'ST(3)=0.666025404*ST(3J*FACTOR 
C CO~PUTF P WITH P 



C 
C 

C 

C 

C 

C 

";'" 183 -:-. 

CAlL ABCALC(lA2,lB2,A,BJ 
DO 79 K=l, Ml 
L=MO-K 
ST(4'=ST(4'+C(K,lJ*(A(K'*S(l'-A(K+2'*B(l+2)' 

79 ST(S)=ST(5'+C(K,lJ*(A(K+2'-A(K"*(B(l'-8CL+2" 
ST(4)=1.5*ST(4)*FACTOR 
ST(5)=0.75*ST(5J*fACTOR 
FOR INTFGRAlS INVOlVING [1 ORRITI\lS MUST REDE-I=INE liS M'm USE 
NEW C MATRJX . . .. 

250 IF(MBl.lT.5'GO TO 300 
CAll ABCAlC(ZAl,lB3,A,B' 

COMPUTE NEW C MATRIX 
100 IF (MAl.EQ.IJGO TO 105 

MO=MA+f.1B 
Ml=MO-3 
M2=MO-4 
00 101 K=I,Ml 
DO 101 l=l,Ml 

101 C ( K, l , =0 • 
C(I,1)=I. 
SGN= 1. 
DO 102 N=1,M2 
IF(N+l.EQ.MA'SGN=-l. 
00 102 K=l,N 
l=N+I-K 
CCK+l,U=C(K,l' 

102 C(K,l+l)=C(K,l+!'+C(K,l'*SGN 
CO~PUTF. INT~GRAlS INVOlVING 0 ORBITAlS FIRST IS,3D SIGMA SP::SIAl CAS' 

IF(MAl.NE.l'GO TO 107 
105 ST(6'=~(5'*(3.*B(3)-B(ll '-A(3,O(3.*B(5'-3.*B(1)'-4.*A(4,*B(2' 

1+4.*A(2J*B(4'-A(1'*(3.*S(3J-B(5J' 
ST(6'=O.559016994*ST(6'*FACTOR 
GO TD 300 

101 DO 110 K=l,Ml 
l=MO-2-K 

110 ST(6)=ST(6)+C(K,l'*(A(K+4'*(3.*B(L+2'-B(lJ'+6.*(~CK+3'-A(K+l')* 
1(B(L+3'-B(l+l')+A(K+2)*(3.*BCL+4)-10.*BCL+2'+3.*B(L' )+A(K)*(3.* 
2 B ( L + 2' -8 ( l +4 ) , ) 

ST(6'=0.559016994*ST(6,*FACTOR 
CALl ABCALC(ZA2,lB3,A,B' 
0050K=1,Ml 
l=MO-2-K 
ST(7)=$T(7'+C(K,lJ*(8(l+l'*(3.*A(K'-A(K+4'-2.*A(K+2)+B(l+3'*(3.* 

lA(K+4'-2.*A(K+2'-A(K')+A(K+3'*(-2.*A(L+2)+3.*BCL+4'-B(L,)+A(K+!J* 
2(-2.*S(L+2'-B(l+4J+3.*S(l'" 

50 ST(}O'=$T(10'+C(K,l)*«A(K+4'-2.*A(K+2'+A(K)'*(B(L+3'-B(L+l')+( 
lB(L+4)-2.*S(l+2'+B(l)'*(A(K+3}-A(K+!») 
ST(7)=0.968245837*ST(7,*FACTOR 
ST(10)=1.677050983*ST(lO,*FACTOR 
IF ONLY ONE 4TOM WITH 0 ORBITAlS N~ED ONLY THESF INTEGRAlS 
IF(~Al.lT.5)GO TO 300 
COMPUTE REMAINING INTEGRALS 
CALL ABCAlC( ZA3,lBl,A,BJ 
DO 111 K=l,Ml 
l=MO-2-K 
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111 ST(8J=ST(8)+C(K,l>.(A(K+4J.(3.*B(L+2J-BCLJ)+6.*(A(K+3J-ACK+1J'*C IBCL+1J-BCL+3»+A(K+2J*C3.*B{L+4'-lO.*B(L+2)+3.*SCL'J+A{KJ*(3.* 2 B ( L + 2) -B (L +4 ) ) ) 
STC8J=O.559016994*ST(8)*FACTOR 
CALL ABCALCCZA3,lB2,A,Bl 
DO 112 K=1,M1 
l=MO-2-K 
ST(9)=ST{9)+CCK,LJ*CBCL+IJ*CACK+4'+2.*ACK+2'-3.*A{K)'+B(l+3'*C-3.* lA(K+4!+2.*A(K+2'+A(KJ)+A(K+3)*(3.*BCL+4'-2.*BCL+2'-BCL»+ACK+l'*( 23.*BCl)-2.*SCl+2)-BCl+4"J ' If2 STC11J=STC11'+C(K,L'*(A(K+4'-2.*ACK+2)+ACK»*fBCl+IJ-BCl+3)'+C IBCL+4)-2.*BCl+2)+BCl)'*CACK+3'-ACK+IJJJ 
ST(9,=O.968245837*ST(9J*FACTOR 
ST(11)=1.677050983*ST(11J*FACTJR 
CALL ABCALC(ZA3,lB3,A,B) 
00 113 K=I,Ml 
l=MO-2-K ' ST(12'=STC12J+CCK,lJ*CACK+4'*CB(LJ-6.*BCL+2J+9.*BCL+4)J+~C<+2'* lC-6.*B(LJ+4.*B(l+2J-6.*S(L+4J)+A(KJ*C9.*BCLJ-6.*BCL+2)+BCL+4»} ST(13)=STC13'+CCK,lJ*CACK+4)*CBCL+4J-8CL+2J)+ACK+2)*CBCLJ-BCL+4J) l+ACK)* CBCl+2 )-ACL»' 

113 ST(14)=STC14)+C(K,l)*CACK+4J-2.*ACK+2J+ACK»*CBCLJ-~.*BCL+2J+ 
1 B CL +4' , 
ST(12J=0.625*ST(12J*FACTOR 
STC13,=3.75*STC13J*FACTOR 
ST(14,=O.9375*STC14'*FACTOR C COMPUTE FST ING~GRALS FOR CUSACHS MODIFICATION 

300 DO 305 K=!,14 
305 FSTCK'=C2.0-ABSCSTCK'J)*STCK) 

, WRITEC6,31J(STCK),K=I,14) 
31 FOR~AT(lH ,14F9.5J 

CONTINUr: 
C NOW COMPUTE OVERlAP INTEGRALS AND CUSACHS FACTORS IN MOlECUlAR SYST~M IFCMBl.lQ.l)GO TD 340 

CALL SPRINGCTP,TD) 
340 IFCMAl-3)350,351,352 
350 II=NM3*8+NM2*3+J 

GO TO 360 
351 II=NM3*5+4*I-3 

GO TD 360 
352 11=9*1-8 
360 IF{MBl-3l361,362,363 
361 JJ=8*NM3+3*NM2+J 

GO TD 365 
362 JJ =5*tH-13 +4~:J-3 

GO TO 365 
363 JJ=9~cJ-8 
365 TWINK=MA1+MBI 

S( II ,·JJ)=,~TC 1) 
FSCII,JJ)·=FSTC1J 
IF(TWINK.EQ.2)GO TD 500 
00 370 K=1,3 
JJK=JJ+K 
S( IJ,JJK)=-TP(K,1>*STC2) 



c 

c 

c 

c 

c 

370 FS(II,JJK)=-TP(K,1)*FST(2) 
IF(TWINK.EQ.4)GO TO 500 
IF(MAl.EQ.UGO TO 380 

'" 185 ~ 

NOW FIND P WITH SAND P WITH P INTEGRAlS 
DO 371 K=I,3 
Il K= II +K 
S{ITK,JJ)=TP(K,lJ*ST(3) 
FSCIIK,JJ)=TPCK,lJ*FST{3) 
00371 l=I,3 
JJl=JJ+l 
S(IIK,JJL):-TP(K,lJ*TPCL,l'*ST(4J+CTPCK,2J*TPfl,2)+TPCK,3J*TP(l,3) i , *ST( 5 J 

371 FS(IIK,JJLJ=-TPCK,lJ*TPCl,lJ*FSTC4)+(TP(K,2J*TPCL,2)+TP(K,3)* ITPCl,3J)*FST(5) 
IF(MB1.EQ.3JGO TO 500 
NOW FIND S WITH 0 INTEGRAlS 

380 00 381 K=I,5 
JJK=JJ+3+K 
S(II ,JJKJ=TD(K,U*ST(6) 

381 FS(II,JJKJ=TOCK,IJ*FST(6) 
JF(TWINK.EQ.6'GO TO 500 
NOW FINO P WITH 0 INTEGRALS 
00 382 K=I,3 
II K=I 1 +K 
DO 382 l=I,5 
JJL=JJ+3+l 
S(IIK,JJlJ=TP(K,l'*TO(l,lJ*ST(7,-(TP(K,2)*TO(l,2'+TPCK,3J*TO(L,3') I*STCIO' ° 0 

' 362 FSCIIK,JJLJ=TP(K,IJ*fO(L,I,*FST(7'-CTPCK,2'*TO(L,2'+TP(K,3)* 1 TD ( L , 3 » *F S T (1 0 J . IFCTWINK.EQ.8'GO TD 500 
NOW FINO D WITH S,P,O INTEGRALS 
00 385 K=1,5 
II K= II +3+K 
S(IIK,JJJ=TOCK,IJ*STC8) 
FSCIIK,JJJ=TO(K,lJ*FST(8J 
DO 384 l=l,3 
JJL=JJ +L 
S(IIK,JJLJ=-TO(K,lJ*TP(L,l J*ST(9'+(TO(K,2J*TP(L,2,+TO(K,3J*TPCL,3J 1J *ST ( lU 

384 FSCIIK,JJL'=-TO(K,lJ*T~(L,lJ*FST(9'+(TO(K,2J*TP(L,2'+TD(K,3)· ITP(L,3JJ*FST(11k 
DO 385 M=1,5 
JJM=JJ+3+M 
S(IIK,JJMJ=TO(K,IJ*TO(M,lJ*ST(l2J-(TO(K,2J*TO(M,2J+TO(K,3J*TD(M,3J 1J*ST(l3J+(TD(K,4J*TO(M,4J+TD(K,5,*TO(M,5J)*ST(14J. 385 FS(IIK,JJM'=TD(K,1'*TDCM,lJ*FST(l2J-(TO(K,2,*TD(M,2'+TO(K,3J* lTO(M,3'J*FST(13J+CTD(K,4J*TO(M,4'+TD(K,5'*TD(M,5')*FST(14J 500 CO NT 1 N lJE 
ASSIGN OIoAGONAL ELEMENTS AND SYMMETPIZE 
00 510 K=l,NOR 
S(K,K'=l. 

510 FSCK,K)=l. 
DO 515 K=2,NOR 
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Ll=K-l 
DO 515 l=l,ll 
S(L,K)=S(K,L) 

515 FS(L,K)=FS(K,l) 
WRITE(6,33) 
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33 FORMAT(lHl,15H OVERLAP MATRIX/IHO) 
CALL PRINT(S,50,NOR) 
CONT INUr: 
RETURN 
END 

SUBROUTINE SPRING(TP,TD' 
C CCMPUTE~ TRANSFORMATICN MATPJCES FOR ROTATId~ CF GRAITAL SrT 
C IN MOLECULAR COORDIN~T[ SYSTEM TO ONE IN LOCAL COORDINATE 
C SYSTEM DEFINED BY JNTERNUCLEAP /lXJS BET\oiFFN ATO~l PAIR USH!G 
C EULER ANGLES AS IN GOLDSTEIN WITH PSI=O, THETA=THETA, PHI= 
C GAMMA +PI/2 ; RIGHT HANDED SYSTEMS 

DIMENSION OUMMY(6) 
CONMON OU~IMY 

COMMON ZI,XX,Yy,LINDA,lINDB 
SEP=SQ~T(ZZ**2+XX**2+YY**2) 
SXY=SQRT(XX**2+YY**2) 
IF(SXY-0.000001)10,10,15 

10 CGA.MMA=I.0 
SGAMMA=O.O 
CTH~TA=SIGN(I.0,ZZ' 
STHC:TA=O.O 
GO TO 20 

15 CTHFTJ\=ZZ/Sr:P 
STHETA=SXY/SfP 
CG .I\M MA = X XI S X y 
SGAIvIMA=YY/SXY 

20 TP(l,I)=CTHETA 
TP (1, Z '=STHF. TA 
TP(l,3)~O.O 

TP(Z,l'=STHETA*CGAM~A 
TP(Z,Z'=-CTHfTA*CGAMMA 

. TP (2 t 3 ):- S GA MMA 
TP(3,1)=STH~TA*SGAMMA 

TP(3,Z)=-CTHETA*SGAMMA 
TP(3,3)=CGAMMA 
IF(LINO~.~Q.3)GO TO 25 
TWIG=CGAM~A**2-SGA~MA**2 
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TD(1,1)=1~5*CTHETA**2-0.5 TO(1,2J=1.132050S*CTHETA*STHETA TO(2,1)=TD(1,2)*CGAMMA TD(3,1)=TD(1,2'*SGAMMA TD(4,1)=0.86602540*STHETA**2*TWIG TO(5,lJ=1.1320508*STHETA**2*CGAMMl*SGAMMA IF(lINOA.EQ.l)GO TO 25 TOO,3)=0.0 
TO(2,2J=CGAMMA*(STHETA**2-CTHETA**2) TO(2,3)=-CTHETA*SGAMMA TO(3,2'=SGAMMA*(STHETA**2-CTHETA**2) TD(3,3)=CTHETA*CGAMMA TO(4,2)=-CTHETA*STHETA*TWIG TO(4,3}=-2.*STHETA*SGAMMA*CGAMMA . TO(5,2)=TO(4,31*CTHETA TO(5,3)=STHETA*TWIG 
IF(LINDA.lF..3)GO TO 25 . TDn ,4)=O.8660254*STHETA**2 T0(1,5)=0.0 
TO(2,5)=-STHETA*SGAMMA TO(3,S)=STHETA*CGAMMA TO(2,4)=-CTHF.TA*TO(3,5' 
TO(3,4)=TD(2,5)*CTHETA TD(4,4'=O.S*TWIG*(1.+CTHETA**2) TO(4,5)=-TO(2,3'*2.*CGAMMA TO(5,4)=CGAMMA*SGAMMA*(1.+CTHETA**2) TO(5,5)=-CTHETA*TWIG 

25 CONTINU!: 
RETURN 
E"IO 
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SUBROUTINF: ABCALC(ZA,ZB,A,BJ 
C USES RECURSION FORMULAE TO GENfRATE A'S A~b BIS AS FUMeTIONS C OF ORBITAL EXPONENTS ZA,ZB­

DIMFNSION OENOM(3' 
DIMENSION OUMB(5' 
DOUBLE PRECISION A(7"B(7),P,T,PT,BPLUS,BMINUS,A9PT COMMON MA,MB,KI,KJ,FACT,DIST 
COMMON rUMB 
DATA DfNOM/2.,24.,720./ 

ë CLEARS A ANC B ARR~Y FOR ADDITION TO AeCALC DO 100 K=1,7 
A(K'=O.O 

100 B(K)=O.O 
P=(ZA+ZB)*OIST/l.058342 
T={ZA-lB'/(ZA+ZB) 

C COMPUTE A-S AND B-S WITH SUBSCRIPT JNCREASED BV ONE FRO~ LJFTHUS A(l)=DEXP(-P)/P . FORMULAf SGN=l. 
B ( U =2. 
M=MA+MB+l 
IF(lA.F.Q.ZBJGO TO 24 
PT=P*T 
BP LUS=D~ XP (PTJ 
Br., T NUS =0 EXP ( - PT' 
B(lJ=(BPLUS-BMINUS,/PT 
ABPT=DABS(PT) 
IF(ABPT.GT.0.2JGO TO 24 

. CALL BOFFf:N(B,PT,BPLUS,BMINUS,ABPT,M' 
GO TO 20. 

24 DO 25 K=2,M 
XK=K-l 
SGN=-SGN 
IF(lA.F.Q.Z8JGO TO 21 
B(KJ=(SGN*BPLUS-BMINUS+XK*S(K-l)J/PT 
GO TO 25 

.21 B(K)=(l.+SGN'/(XK+l.) 
25 CONT 1 NUE 
20 Dn 26 K=2,M 

XK=K-l 
26 ACK)=A(l'+XK*A(K-IJ/P 

C COMPUTE FACTOR MULTIPLVING SUMMATION FOR INTfGRALS FACT=P*(P*(l.+T),**MA*(P*(l.-T),**MB* 
IDSQRT«l.-T*T'/(DENOM(MA'*DENOM(MB»)) 

R'?TUPN 
END 
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SUBROUTINf BOFFEN(BO,BrTA,8PL,B~I,AB8FTAtNrlM) 
C COMPUTES 8 S FO~ CAS[ WHfRE OROINARV RECURSION FORMULA WITH COUPLE 
C PRECISION NOT ACCU~~Tr ENOUGH - USES SERIES EXPANSION FOR rlIG~FST 
C REQUIRED, THEN REVERSE ~ECURSION FORMULA AS OUTLIN~D SV OFF~NHARTl 

DIMENSION DUMMV(ll)' . 
DOUBLE PRFCISION BO(7),a[T~,BPL,BMI,ABBFTA,BX,T1,T2,SI,S2,S3,S4,FN 
CO~IMON DUW<1Y 
N=NDH1-1 
B X =- A fi 8:: TA 
TI =1.0 DO 
T2=1.000 
SI =1. 0 DO 
S2=1. 0 DO 
DO 12 1=I,N 
Tl=T1*ABBETA/I 
T2=T2*BX/I 
Sl=SI+Tl 

12 S2=S2+T2 
Tl=T1*AR8ETA/( 1+1) 
FN=Tl 
S3=Tl 
T2=T2*8X/C 1+1) 
S4=T 2 
MN=ND rr-I+ 1 
DO 13 K=r.,~!, 500 
Tl=Tl*ASBFTA/K 
S3=S3+Tl 
IFCT1/S3-Cl.0D-12))20,13,13 

13 CONTINU:: 
20 DO 14 L=MN,50C 

T2=T 2>:c8X/L 
S4=$4+T2 
IFCDA8S(T2/S4)-(I.GD-12tt21,14,14 

14 CONTINU!: 
21 BOCNDI~)=(S3*S2-S1*S4J/(FN*NDIM) 

JF(BfTA'22,22,23 
22 BOCNDI r·"=DI~BS( BO(NDI'", J 
23 SGN= 1. 0 

DO 25 J=I,N 
JJ=NDI M-J 
SGN=-SGN 

25 AO(JJ)=(SGN*BPL+PMI+eETA*SOCJJ+IJJ/JJ 
R[TUP,~: 

END 
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APPENDIX B. RESULTS FOR TYPICAL MOLECULES 

B.l Overlap Variation With d Orbital Exponent: 

Results of the calculation described in 111.1 are included 

for (NPF2)3 in the following. AlI overlap values have been multiplied by 
105. Nomenclature is that of section 111.1 (Figure and Table 111-1). 

The si~ns of overlap values are noted below each column; upper and lower 
signs refer to overlap with N(l) and N(2) or F(l) and F(2), respectively. 
Results of calculations for aIl molecules studied are on file with 

Dr.M.A.Whitehead, Department of Chemistry, McGill University. 

B.2 Bonded Overlap Calculation: 

Calculation figures are included for the planar molecule, (NPC12)3, 
and non-planar molecules, (NPC12)4 i and 4, for crystallographic configurations. 
Overlap values were determined according to IIL2 for optimized exponents; 
(1) EOV, (2) EOVIT. The values shown are sums over fragment bond contributions 
multiplied by the appropriate factor for bonded overlap calculation, 111.2.4, 
= 1 if bonding or -1/2 if non-bonding. Overlaps with NOA orbitaIs are not 
included since they were neglected as bonding-oriented for these molecules 
(see 111.1.3.2). AlI overlap values have been multiplied by 105. 



• • 
B.1 d Orbital over1ap vaI'i~t~o~~ith_s, (NPF2)3: 

Ring II lla(PN),lls(PN); surn over two bonds;(PN(1),PN(2)) Exocyc1ic II lle(PF),ll~(PF); 1/2 surn over two bonds. 
LlsAdllal or LlsAdlls l 1/2L 1 SAdEll 1 or 1/2LlsAdEll,1 

sd z2,lls xz,lla yz,lla x2_y2,lls xy,lls z2,lle 
, 

x2-y2,lle 
, xz,lle yz,lle xy,lle 

0.05 00042 00060 00034 00078 ! 00040 00014 00013 00004 00008 00011 
0.10 00382 00542 00316 00714 00358 00135 00121 00032 00078 00101 0.15 01256 01822 01064 02374 01160 00465 00419 00112 00269 00350 
0.20 02740 04070 02378 05246 02492 04067 00959 00258 00616 00803 0.25 04782 07280 04254 09284 04273 01952 01756 00471 01127 01470 0.30 07258 11324 06618 14288 06376 03102 02789 00749 01791 02336 0.35 10002 16010 09356 19980 08626 04475 04024 01081 02584 03370 .... 

~ 0.40 12858 21120 12342 26070 10872 06018 05412 01453 03475 04532 .... 
0.65 24668 46414 27122 54240 18420 14351 12906 03466 08286 10807 0.90 28338 61816 36122 68400 17796 20323 18277 04908 11734 15304 1.00 27772 64510 37696 69850 15856 21635 19456 05225 12491 16291 1.10 26426 65508 38280 69420 13422 22358 20106 05399 12908 16836 1.20 24552 65106 38044 67540 10756 22564 20292 05449 13027 16991 1.30 22366 63604 37168 64606 08064 22340 20090 05395 12898 16822 1.40 20044 61286 35812 60968 05496 21774 19582 05258 12572 16397 1.50 17712 58392 34122 56912 03144 20950 18840 05059 12096 15776 1.60 15462 55132 32216 52662 01066 19942 17934 04816 11514 14168 1. 70 13356 51668 30194 48388 00714 18814 16920 04544 10862 14168 2.10 06800 37916 22158 32958 05050 13999 12589 03381 08082 10542 2.20 05630 34812 20342 29740 05562 12862 11567 03106 07246 09685 

+ - + - + + - + + -+ + + + + + or - + + or -



• • 
B.1 (continued) 

With exocyc1ic orbita1s,Eo With ring nitrogen orbitaIs, NoA and NoA ' 
1/2ElsAdEo l 1/2ElsAdNoAI 1/2E 1 SAdNoA' 1 

Ç;d z2 yz x2_y2 z2 x2-y2 xy z2 x2-y2 xy 

0.05 00003 00008 00004 00001 00001 00002 00022 00003 00022 
0.10 00032 00074 00032 00007 00006 00011 00193 00028 00197 
0.15 00120 00275 00117 00000 00000 00001 00634 00100 00680 
0.20 00293 00674 00286 00050 00043 00076 01383 00270 01552 
0.25 00571 01313 00558 00180 00153 00272 02418 00534 02838 
0.30 00962 02215 00940 00420 00358 00634 03662 00908 04511 
0.35 01467 03379 01435 00794 00675 01198 05046 01395 06515 ~ 

10 0.40 02082 04792 02036 01310 01114 01977 06487 01985 08775 N 

0.65 06254 14398 06116 05766 04903 08702 12446 05901 21308 
0.90 10687 24607 10452 11492 09771 17341 14298 09796 31106 
1.00 12155 27985 11888 13565 11534 20469 14012 10996 33601 1.10 13363 30768 13070 15336 13039 23141 13328 11931 35244 1.20 14292 32907 13979 16815 14297 25374 12388 12588 36191 1.30 14943 34406 14615 17924 15240 27047 11287 12992 36476 1.40 15333 35302 14996 18691 15893 28207 10113 13166 36207 1.50 15486 35655 15146 19142 16275 28884 08936 13139 35488 1.60 15432 35531 15093 19306 16415 29133 07802 12947 34448 1. 70 15204 35006 14870 19226 16347 29012 06738 12621 33145 2.10 13165 30312 12876 17236 14655 26010 03431 10549 26736 2.20 12503 28788 12229 16494 14024 24889 02841 09948 25375 

+ + + - -+ +or- + + + 
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B.l (continued) 

Primitive overlap value variation for d orbitaIs: 

E;d Sd(P)s(N)a Sd (P)p (N) a Sd (P)p (N) n Sd(P)s (F)a Sd (P)p (F) a Sd(P)p (F)n 

0.05 00048 -00037 00034 00030 -00018 00017 

0.10 00435 -00326 00314 00286 -00163 00158 

0.15 01455 -01033 01055 00982 -00526 00546 

0.20 03232 -02172 02357 02240 -01124 01251 

0.25 05748 -03641 04216 04084 -01911 02289 

0.30 08892 -05284 06558 06470 -02806 03638 

0.35 12504 -06934 09272 09306 -03714 05249 

0.40 16409 -08441 12231 12476 -04546 07059 ...... 
0.65 

1.0 
35249 -10891 26878 29365 -05540 16833 tI-l 

0.90 46131 -04575 35798 41191 -00473 23838 

1.00 47877 -00730 37358 43924 +02585 25376 

1.10 48322 +03297 37936 45083 05829 26224 

1.20 47911 07218 37703 45421 09031 26466 

1.30 46665 10825 36834 44917 12016 26203 

1.40 44864 13989 35491 43751 14666 25540 

1.50 42683 16640 33816 42090 16910 24573 

1.60 40269 18759 31928 40079 18715 23391 

1. 70 37735 20362 29922 37844 20082 22068 

2.10 27839 22510 21958 28366 21793 16420 

2.20 25624 22261 20160 26133 21504 15086 
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B.2 Bonded over1aps for optimized exponents; fragment tota1s for d orbital over1aps: 

Orbital and 
(NPG1 2) 

Value of over1ap with neighbor atom or~ita1; Net value; bonded over1ap 

exponent m Nna Nn s Nap, GIa GIn or GIn' na (PN) ns (PN) TIe (PG1) 

z2 

(1) 

(2) 

xz 

(i) 1.11 53643 01132 -02781 50919 01074 

(?) 1.02 53148 01131 -02754 46696 51698 01100 45422 

yz 

(1) 0.18 01508 00034 -00096 -00669 -00597 00176 00004 ..... 
\0 

(2) 0.18 01508 00034 -00096 -00669 -00597 00969 00022 -00810 
~ 

x2_y2 

(1) 0.83 -01288 63931 -07967 -17032 -01782 39426 

(2) 0'.89 -01645 67156 -08845 -18558 36681 -02072 49710 27152 

xy 

(1) 

(2) 

Sum over (1) 49313 40504 

d orbital contributions: (2) 50595 50832 71764 



• • 
B.2 (continued) (NPC12)4 ï 

Orbital and Value of overlap with neighbor atom orbital; Net value; bonded overlap 
exponent Nil a Nils Nap • Cla Clilor Cln• Ila (PN) Ils (PN) Ile (PCl) 

z2 

(1) 

(2) 

xz 

(1) 1.13 54688 29466 -09269 48665 26220 

(2) 1.09 54700 29470 -09198 53745 51052 27505 50161 

yz 
..... 

(1) 0.40 12301 05249 -01644 -07891 -03237 03349 01429 \0 
CJ1 

(2) 0.40 12301 05249 -01644 -07891 -03237 05618 02397 -03237 
x2_y2 

(1) 0.96 -32628 61810 -03102 -13769 -38455 50866 

(2) 0.92 -32607 61291 -03485 -13372 36354 -36234 53326 31631 

xy 

(1) 

(2) 

Sum over d orbital (1) 13559 78515 

contributions: (2) 20436 83228 78555 
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B.2 (continued) (NPC12)4 4 

Orbital and Value of over1ap with neighbor atom orbital; Net value; bonded overlap exponent NUa Nns Nap , CIa C1n or C1n , II (PN) a Ils (PN) Ile (PN) 

z2 

(1) 

(2) 

xz 

(1) 1.11 49294 -29555 -10602 42667 -33530 
(2) 0.97 48040 -28805 -10332 56841 46778 -29561 46509 

yz 
...... 
~ (1) 
0\ 

(2) 
x2_y2 

(1) 1.01 35313 55303 -00412 -14210 29616 46378 
(2) 0.98 34976 58164 -00117 -13951 36130 31171 51835 32199 

xy 

(1) 

(2) 

Sum over (1) 72283 12848 
d orbital contributions: (2) 77949 22274 78708 
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Table III-I Nomenclature of Localized Bonds for Sulfonitrile and 

Phosphoni trile Fragments, N (l)N (2)AE (1) E (2), lVi th Orientation 

Specified in Figure III-l. 

Bond system Localized Localized atomic orbitaIs 
bond type at A or,A' 

Ri,ng rr 

JI (AN) rra (AN) A =Ad 2 Ad Ad Ad 2 2 Ad d z' xz' yz' x -y' xy 

Ils (AN) Ad as for JIa(AN) 

Ring a 

a (AN) aA (AN) Aa=hN(I),hN(2) 

aA' (AN) A'-h' h' a= N(l)' N(S) 

Exocyclic JI 

JI (AE) JIe(AE) 

JI~ (AE) 

Exocyclic a 

a (AE) aE (AE) 

----~~---~ x 
E(l) 

Z ~(-~n-~-----

N (1) , 

at N or E 

Nrra=hp 

NJIs=hL 

NaA=hA 

NaA , =hA, 

EJI(ILEJI(2) 

EJI' (lLEJI , (2) 

Figure 111-1 Fragment N(1)N(2)AE(1)E(2) and Next-bondcd Ncighhors, 
AI (I) and AI (2). 
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Cillorine-35 Nuclear Ouadrupole Resonance in Inorganic Molecules 
containing Phosphorus and Sulphur 

By M. Kaplansky. R. Clipsham. and M. A. Whitehead.· Radiofrequency Spectroscopy Laboratorv. Depart-
ment of Chemistrv. McGiII University. Montreal 2. Canada 

The a5CI n.q.r. frequencies of ClaPNPOCI2• ClaPNS02CI. (SNOClh. S:PNaOaCI •. and C,HsPCI,. are reported. 
The frequencies are related to the chemical bonding of the nCI. by qualitative comparison with previously reported 
35CI frequencies in similar molecules. Where possible. the frequencies are related to the crystal structure of the 
molecule. 

THE synthesis of inorganic heterocyclic mixed ring 
systems lied to a number of intermediates which were 
amenable to n.q.r. The frequencies are of interest as 
they permit the testing of sorne new theories of d-or­
bitals.z This preliminary report of frequencies and 
their qt~alitative interpretation continues previous work 
on the n.q.r. of 35CI bound to phosphorus and sulphur.a 

The compounds which gave 35Cl frequencies were 
ClaPNPOC1:a, ClaPNSOzCI, Gl-(SNOC1)a, and C8H6PCI4• 

The molecules which did not givc n.q.r. spectra were 
rClaPNPCI3l'lPCleJ-, [ClaPNPCI2NPCla] + [PClfll-. and 
CI3PNPSClz' A preliminary result for the SzPN30:P4 
ring is given. 

EXPERIMENTAL 
Trichlorophosphazosulphuryl chloride wa,<; prepared by 

Kirsanov's procedure.' PaNCll: was prepared 6 and from 
1 R. Clip~ham. R. Hart. and M. A. Whitehead. in the press. 
1 R. Clipsham and 1\1. A. Whitehcad. in the prcss. 
a E. A. C. Lucken and M. A. Whitehead. f. Chnn. SIIC •• 1961. 

::!459; M. A. Whitehead. Ca nad. J. Chem .• 1964.42. 1212. 

it l'4XaCll" ClaP~PSCI2' anù ClaPNPOCI1.' C,H6PCI. 
and (C.H6laPCla were made by the addition, under dn' 
nitrogen, of the required amount of chlorine gas (1: '1 
molar ratio) to the PhPCII and Ph.PCI respectively in 
solution in dry CCI,. The solids precipitated were re­
crystallized from dry benzene in the absence of moisturc. 

The ct-(SNOCl)a ring was prepared by pyrolysis 7 of 
ClaPNSOaCl while the SzPNaO.Cl ring was prepareù by 
a modification of this procedure. l 

The spectra were run' at 77°K. The frequencies were 
fixed as described' for UN n.q.r. and arc shown in the 
Table, with relative line intensities where significant. 

• A. V. Kirsanov, J. Geu. Che",. U.S.S.R .• 1962,22. 101. 
6 M. Becke-Goehring and W. Lehr, Che",. Ber .. 1961.94, 1591. 
• W. Lehr and M. Bccke-Gochring, Z. a1lor!:. Chl·IlI., 1963. 

325.287. 
7 A. Vandi, T. !\Ioc\ler, and T. L. Brown. ItlOrg. CIIt'III., 1963, 

Il. RDD. 
a M. Kaplansky and M. A. Whitehead, Ca nad. J. Che",., 

1967.411. 1680, 
1 C. T. Yim. M. A. Whitehead. and D. H. 1.0. Canad. J. 

Ch,'''''' 1968.48, 3595. 
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units of both types and this has been confirmed in the 
X-ray study.2 The WOl"k discusseq in titis al"tic1t' \Vas 
performed during the course of an investigation into 
the preparation and characterization of such mixed 
rings in an attempt to gain further insight into the 
bonding involved in inorganic compounds containing 
phosphorus and/or suIfur atoms. 

The preparation reported by van de Grampel and 
Vos is based on a pyrolytic decomposition of trichloro­
phosphazosulfonyl chloride (CIaPNS02CI, mp 32-36°, 
purified). This decomposition has been reported orig­
inally to yield a mixture of cyc1ic trimeric sulfanuric 
chlorides3 and a subsequent report has confirmed this. 4 

Ali of our attempts to prepare the mixed ring, as re­
ported by van de Grampe1 and Vos, were unsuccessful. 
However, pyrolytic decomposition of unpurified tri­
chlorophosphazosulfonyl chloride (slush at room tem­
per-ature) produced a mixture of a-sulfanuric chloride, 
a-(NSOCI)3 (crude yield, 25%), and the mixed ring 
NPCI2(NSOCI)2 (crude yield, 10%). Separation of the 
mixed ring could be achieved only after a long process 
of fractional crystallization with considerable loss. 

An alternative method of preparation was discovered 
which yields the mixed ring without the concurrent 
production of cyc1ic trimeric sulfanuric chlorides. The 
product of a Kirsanov reaction between trichloro[(tri­
chlorophosphoranylidene)amino lphosphorus(V) hexa­
chlorophosphate, [CIaPNPCla + j(PCI6 -l, and sulfamic 
acid, NH2S020H, is a Iiquid consisting of phosphorus 
oxytrichloride, an impure substance which may be a 
linear compound, ChPNPCI2NS02Cl, by analogy 
with the preparation of trichlorophosphazosulfonyl 
chloride.s The reaction proceeds in a manner similar 
to that preparation. Attempts to purify.this product 
failed as it decomposes with further polymerization on 
distillation. However, if the decomposition is carried 
out at low pressures (1 mm) and temperatures of about 
150°, POCh is liberated and NPCI2(NSOClh can be 
isolated from the polymerie residue remaining. Simi­
larly, it is possible to obtain the mixed ring by starting 
with6 [ChPNPCI2NPCIa+j(PCIs-l. NPCh(NSOClh 
can be obtained in crude form by extraction from the 
residue with carbon tetrachloride and purified by 
recrystallization of the crude material from nonpolar 
solvents or by vacuum sublimation (5()-60°, 1 mm). 
It is stable to hydrolysis by atmospheric moi sture in 
the solid state. In solution, however, particularly in 
polar solvents, it is susceptible to hydrolysis. 

Experimental Section 
Materials.-AII chemicals used were reagent grade. Carbon 

tetrachloride used for extraction was dried over calcium hydride 
at room temperature. Spectrograde solvents were used for re­
crystallizations and solution infrared measurements. Sulfamic 
acid was dried over phosphorus pentoxide prior to use. Am­
monium chloride was dried at 1200 and then stored over silica gel. 

(2) J. C. van de Grampel and A. Vos. Ac/a Crysl .• in pr..,... 
(3) A. V. Kirsanov. J. Ce". Che",. USSR. Il,93 (1952). 
(4) A. Vandl, T. Moeller. and T. L. Brown. hart. Che", .• l, 899 (1963). 
(6) A. V. Kirsanov. J. Ge". Chem. USSR, Il, 101 (1962). 
(6) W. Lehr and M. Beclte-Goehring, Z. AlIOI't. AU"",. Chem., III, 287 

(1963). 

Phosphorus pentachloride and ammonium chloricle used in the 
initial reaction step were pulverized and weil{hcd ill a glove hag 
nnder dry N, atmosphere. Sulfamic Reid \Vhen required wa.; 
weighed in the glove bag and then transferred to a drybox for 
pulverization and addition to the linear phosphonitrilic chloride 
product. Ali reactions and manipulations of products were car­
ried out under moisture-free conditions untit the crude mixed-ring 
product wasobtained. 

[C~PNPCI,+) [PCle-) and [CIaPNPCl,NPCIa+) [PCle-).-These 
linear phosphonitrilic chlorides were prepared from the controlled 
reaction of PCb with NH.CI according to the methods outlinec\ by 
Becke-Goehring and Lehr.e.7 Without further purification of 
reagent grade solvents, sym-tetrachloroethane and nitrobenzene, 
yields of 85% [C\'PNPC\,+](PCle-) and 25% [ChPNPClt -

NPCh+J(PCle-) wcre obtained from tile appropriate prepara­
tions. 

NPCh(NSOCI)2.-The mixed ring was prepared by a series of 
reactions starting with [CI,PNPC\'+J(PCle-) or [CI3PNPClt -

NPC\'+J(PCle-). The linear phosphonitrilic chloride was sub­
jected to a Kirsanov reaction in al: 1 molar ratio with sulfamic 
aeid. The resulting product was pyrolyzed for many hour!'l. 
after which NPCI:(NSOClh was isolated from the polymeric 
reaction product. For example, 120 g of [C\,PNPC\,+) [PCle-l 
and 21.8 g of NH2S020H were heated at 100° in a 5OO-ml round­
bottomed flask fitted with a condenser until the reaction mixture 
had liquefied and most bubbling from the production of HCI had 
ceased. Total reactioll time was approximately 6 hr. The 
product, a pale yellow viscous liquid containing granules of un­
reacted NH2S020H, was filtered under dry N2 • Using dried 
carbon tetrachloride for washing, the filtrate was transferred 
to a single-necked, round-bottomed 5OO-ml flask fitted with a 
Vigreux COIUIlIll, distillation head, and condenser. This was 
conllected to a Dry Ice-ethanol slush trap Icadillg to a vacuum 
pump. The contents of the flask were heated slowly at approxi­
mately 1 mm pressure until all the carbon tetrachloride and most 
of the POCIa from the Kirsanov reaction had been collected 
in the slush trap. Then the temperature was raised to about 
1550 (oil bath tempcrature) and pyrolysis begun. The Iiquid 
gradually became more brown and viscous as decomposition 
proceeded until, after a total heating time of approximately 32 
hr, the polymcric residlle begall to foan!. Wh Cil the flask was 
cooled and brought to atmosphcric prcssure with dry N~, treclike 
crystal formations appeared on the upper portions of the flask. 
During the pyrolysis, the liquid which refluxed in the column was 
first colorlcss and then gradually became bright yellow. POCI, 
from the decomposition was collected in the slush trap with a 
sUlall amount of yellow-orange material which was not char­
acterized. 

The crystallille material was scraped from the column or ex­
tracted with the flask contents in warrn carbon tetrachloride. 
After evaporation of the solvent in the atmosphcre, neec\lelike 
crystals of NPC!:(NSOCI)2 were obtaincd contamillated with a 
colorless liquid and a white solid from hydrolysis of that portion 
of the polymeric resirlue which was soluble in the carbon tetra­
chloride. This crude product wa" recrystallizcd Crom n-hexane, 
cyclohexane, or n-heptane. The purified product had a mc1ting 
point of 96.5 0 (uncor) without decomposition. A single crystal 
examined with a Weissenbcrg camera employing Cu Ka rac\iation 
was found to have the lattice parameters of the reported struc­
turai determination,2 and the space group P:!';n was confirmed; 
yield, 15% of the theoretical value, based on rcacted NHtSOiOH . 

Anal. Calcd for NPCI.(NSOCl).: S, 20.62; P, 9.96; N, 
13.51; CI, 45.60; 0,10.30; mol wt, 310.9. Foulld: S,20.67; P, 
9.79; N,13.25; CI, 45.59; mol wt, 311 (mass spcctromctry). 

a-(NSOCI), and 1t-(NSOCI),.-5amplcs of thcse sulfalluric 
chlorides for nqr measurements were prepared, as dcscribed by 
Vandi, Moeller, and Brown,' from pyrolysis of trichlorophos­
paazosulfonyl chloride and each was idelltified by comparison of 
its ir spectrurn reported therein. A sam pie of the {J fonn 
obtained from a separation by vacuum sublimation was used 

(7) M. BecIo:e-Goehriq and W. Lehr, Che",. &r., N, la91 (1981). 
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without recrystallization. Samples of thc a fOrln wcre purificd 
by recrystallizatioll frolll ,,-hcxanc. 

Infrared Measurements.-Solution spectra werc recorde, 1 
for the region 4D00-420 cm -Ion a Pcrkin-Elmer 337 grating 
infrared spectrometer using matched KBr cells of O.l-mm path 
length. Solid-state spectra were recorded on .. his instrument and 
also on a Perkin-Elmer 521 grating infrared spectrometer for the 
range 4000-:!44 cm- I using KBr or CsBr pellets or Nujol mulls 
between KBr or CsBr disks where appropriate. Ali spectra were 
obtained using polystyrene film bands for calibration of the wave 
number scale. Values listed for positions of maximum absorp­
tion were reproducible to within 2 cm- I • 

Nuclear Quadrupole Interaction Measurements.-A modified 
Dean-type externally quenchcd superregenerative oscillatorB 
was employed with phase-sensitive detection and strip chart 
recording. The frequencies of the interactions were determined 
by observation of zero beat of the oscillator fundamental with a 
very loosely coupled BC 221 frequency meter precalibrated 
against WWV. Thc interactions have a recorded line width of 
about 6 kHz at half-height, so with a low level of frequency 
modulation and by operation in the quasi-incoherent mode it was 
simple to tune to the line center thereby obtaining the frequency 
with a reproducibility of ±0.0005 MHz. In this manner the 
interaction frequencies reproduced the reported CI quadrupole 
moment ratio to beUer than :1:0.001 %. However, due to the 
limitation imposed by temperature fluctuations, the reported 
interactions arc presumed to have an accuracy of only ±O.OO:! 
MHz. Salllples of 0.9-1.9 g sealed under vacuum in glass 
ampoules were used. 

Variation with temperature of the interactions was followed by 
allowing the sample, in a copper container, to warm. This 
method is simpler than employing stepwise slush measurements 
but imprecision in the measured temperature is greater. Tem­
peratures were determincd using a copper-constantan thermo­
couplc and a HoncyHell portable potcntiomctcr. 

Results and Discussion 

The X-ray structural analysis2 showed that molecules 
of NPCI2(NSOClh are in a distorted chair configuration 
with both sulfur chlorine substituents axial. The most 
striking feature is the considerable distortion from C. 
molecular symmetry resulting from intermolecular 
interactions between exocyc1ic atoms. If a mixed­
ring molecule possessed C. symmetry, the chlorines 
bonded to the sulfur atoms would be chemicaUy equiv­
aient, whereas those bonded to the phosphorus atom 
would Ilot. 

~CI(31 

Ct!4'~SW 
NO 

'OCI(21 

Figure l.-l\Iolecule of NPCI2(NSOClh. The black solid circ1es 
designate oxygen atoms. 

Infrared Data.-The main bands in the infrared spec­
tra of the mixed ring in the solid state and in solution 
in polar and non polar sol vents are listed in Tab!e 1. 
The compound is appreciably soluble in Nujol, -the 
resulting spectrum being that obtained from solution 
in a non polar solvent. Since the spectra obtained 

(8) C. DeaD:aad M. Pollad:. Rn. Sei.l,ul'.,I., 630 (1958). 

from Nujol muUs are thus concentration dependent, 
this 1I1\1st he taken into accoul1t whC'11 \Isin~ the Nujol 
muU technique to obtain spectra of solid samples. The 
spectrum in the solid state is very similar to that in 
polar solvents. However, relative intensities and 
positions of maximum absorption for certain bands in 
the solution infrared spectra change gradually with 
solvent polarity. This variation can be foUowed from 
spectra of solutions in mixtures of carbon tetrachloride 
and acetonitrile as solvent; the over-aU change can be 
seen from a comparison of the solution spectra for 
non polar and polar solvents in Table 1. 

T.iBLE 1 

INFRARED SPECTRA OF NPCh(NSOCI)2" 
~-----:Soln-----~ 

Solid Cyc:\obexane Acdonitrile 

1348 W, shb 1348 s 1340 sh 
1336 s 1335 s 1328 s 
1312 w, sh 1280 w 
1179 vs, br 1177 vs 1182 vs 
1138 s, br 1142 s 11395 
1028 ms 1035 m 1029 s 
855 sh 915 m 
840m 840mw 841 mw 
722 s 720llls 724 ms 
666 w 666 w 668w 

650 w, sh 
640s 624 s 635 s 
562 s 558 s 564 s 
548m 537 s 540m 
488 IllW 484 mw 487mw 
442 w 437 w 435 w 
410 w 
348w 
310 w 

a Values (in cm- I ) of maximum absorption for main bands ob­
served. b Abbrcviations: vw, very weak; w, weak; mw, 
medium wcak; 111, medium; ms, medium strong; s, strong; vs, 
very strong; sh, shoulder; br, broad. Relative intensities werc 
estimated from absorbance scale. 

Nqr Data.-The 35CI nuclear quadrupole resonance 
(nqr) spectra reported in Table II are those observed 
at room temperature in order to approach the tem­
peratures of the available X-ray structural analysis. 
The spectrum of the mixed ring consists of four intcnse 
interactions of equal magnitude. Four further weaker 
interactions are attributable to 37CI. Considering the 
35CI room-temperature nqr spectra of cyc1ic trimeric 
phosphonitrilic chloride, (NPCI2h, and the a form of 
sulfanuric chloride, a-(NSOCl)3, enables the inter­
actions observed for the mixed ring to be identified 
\Vith the phosphorus and sulfur chlorine atoms of the 
molecule. The frequency of the weighted average of 
the nudear quadrupole interactions of (NPCI2h is 
27.745 MHz. The weighted average of the interactions 
of a-(NSOClh is :36.243 MHz. Thus the lower fre­
quency pair of interactions results irom chlorines 
bonded to the phosphorus atom, and the higher fre­
quency pair of interactions, from chlorines bonded to 
the two sulfur atoms of the mixed-ring molecules. 

The observation of two separate phosphorus chIorine 
frequencies and also two separate frequencies from the 
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TABLE II 

FREQUENCIES (IN MHz) OF THE &ICI NUCLEAR QUADRUPOLE 
INTERACTIONS OF SoME CYCLIC INORGANIC COMPOUNDS AT 294 °K4 

NPCb(NSOCI), 

28.660 
29.&'36 
34.521 
35.472 

a·(NSOCI). 

36.138* 
36.454 

p.(NSOCI),b 

36.134 
36.445 
3ï.55 

(NPCI.jaC 

27.880* 
27.812 
27.684 
27.608* 

4 Ali interactions for each compound are of equal intensity 
except those marked with an asterisk which are of twice the 
illtellsity of the others for that compound. b As the temperature 
of observation approaches the me1ting point (320 0 K), the inter­
actions become less sharp and lose intensity. The highest fre­
quency interaction is particularly atfected. cM. Kaplansky, 
Ph.D. Thesis, McGill University, 1967. 

chemically equivalent su]fur chlorines is in agreement 
with 4ihe solid-state structural determination. 2 The 
multiplicity of the su]fur chlorine frequencies results 
from intermolecular interaction reflected in molecular 
distortion from C. symmetry. 

The frequencies of the respective interactions appear 
to vary smoothly and exhibit the usual diminution with 
increasing temperature, implying that no phase transi­
tion nor major molecular reorientation occurs within 
the temperature range studied. 

In the process of structural refinement2 it was found 
that considerably larger corrections for thermal motion 
were required for two of the chlorine atoms, CI(l) 
and CI(4), than the corrections calculated using the 
rigid-body approximation. The tempe rature depen­
dence of frêquencies for molecular crystals has been 
considered by various authors. 9 At a given tempera­
ture, nuclear quadrupole interactions for two chlorine 
atoms in equivalent bonding situations but otherwise 
inequivalent environments (i.e., inequivalent non­
bonding situations) should be separated by a frequency 
difference proportional to the relative amount of ther­
mal averaging of the electric field gradient at each 
nucleus. Contributions to the field gradient, either 
direct or indirect, from the nonbonded environment, 
become important only in ionic crystals. lO The de­
crease in frequency of interaction with increasing tem­
perature can be accounted for qualitatively by an in­
crease in the amplitude of thermal motion which effects 
a greater averaging of the electric field gradient at the 
interacting nucleus. Considering the relative slopes 
and positions of the plots of nqr frequencies vs. tem­
perature for the mixed ring (Figure 2) for the two pairs 
of interactions, it is possible to relate the higher fre­
quency sulfur-chlorine interaction to CI(4) and the 
lower frequency phosphorus-chlorine interaction to 
CI(l). 

These assignments will now be discussed in terms of 
CUITent chemical concepts. The Townes-Dailey theory 
of nuclear quadrupole coupling considers the major 
contributions to the electric field gradient within the 

(9) (a) H. Bayer, Z. Physik, 110, 227 (1951); (b) T. Kushida, G. B. 
Benedek, and N. Bloembergen, Phys. Rev., IN, 1364 (1956); (c) H. D. 
Stidham, J. Chem. PhYl., "l, 2041 (1968). 

(10) R. Ikeda, A. Sasane, D. Nakamura, and M. Kubo, J. PhYl. Chem., 70, 
2926 (1966). 
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Figure 2.-Temperature dependence of MCI nuclear quadru­
pole interactions of Nl'CI,(NSOCI), uetween the temperature of 
liquid nitrogen and 294°K. 

framework of the LCAO-VB approximation. An in­
crease in chlorine s character and an increase in ionic 
character of the u bond to a chlorine atom results in a 
reduction of the frequency of the quadrupolar inter­
action. Any 71' bonding involving the doubly filled 
chlorine valence atomic orbitaIs would reduce the field 
gradient at the chlorine nucleus thus further reducing 
the frequency. 

To a first approximation the u-bond hybrids at either 
a phosphorus or a suIf ur atom in a ring system sueh as 
NPCI2(NSOClh are tetrahedral. The electronegativity 
of a phosphorus tetrahedral hybrid is lower th an that 
of a su]fur tetrahedral hybrid;1I hence a phosphorus­
chlorine bond would be more ionie than a su]fur­
ehlorine bond, and the frequency of interaction for 
phosphorus chlorines would be lower th an that of sulfur 
chlorines. An estimation of the departure from Sp3 
hybridization at the central atom can be made from a 
consideration of the determined bond angles. Reduc­
tion of the exocyclie angle from 1O!).4 ° at a ring phos­
phorus or su]fur atom reflects a decrease in s character 
of the central atom exocyclie hybrids. The elect.ro­
negativity of a hybrid of sand p orbitaIs decreases with 
decreasing s character;1I thus reduction of the exocyclic 
angle leads to lower 35CI nqr frequency. A comparison 
of the exocyclic angles for NPCI(NSOClh, (NPCI2)a, 
and a-(NSOCI)a indicates that there are slight differ­
ences whieh may account for the difference in average 
frequeneies for the sand p ehlorines. The average 
CIPCI angle in (NPCI2)a is 102° 12 while the CIPCI angle 
in NPCI2(NSOClh is 104.4°. The OS Cl angles in 
a-(NSOCI)a and in NPCI2(NSOClh are 10813 and 106°, 
respectively. Thus the interactions for the mixed-

(11) ]. Hlnze and H. H. Jaff~, J. Am. Chem. SOt., 84,540 (1962). 
(12) A. Wilson and D. F. Carroll, J. Chem. SOt., 2548 (\960). 
(13) A. C, Hazell, G. A, Wiegers, and A. Vos At/a C,~sl 10 186 

(1966). ' ~., 
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ring phosphorus chlorines should occur at a higher 
average frequency than those observed for (NPCI2h 
and the interactions for the sulfur chlorines should 
occur at a lower average frequency than those for 
a-(NSOCI)a; this is observed. It is therefore apparent 
that a CT bond inductive effect is present. 

The endocyclic bonding in such cyclic inorganic 
compounds is complex and has recently been described 
by MitcheIl.14.15 It is characterized by 'Ir and 'Ir' sys­
tems in addition to the CT bonding. Exocyclic 'Ir bonding 
(discussed subsequently) wiII be in competition with 
the 'Ir and 'Ir' systems. Evaluation of the magnitude of 
the asymmetry parameter at the Cl atom is unlikely 
to yield further information on the bonding as both 
the CI lone-pair orbitaIs can become involved in the 
exocyclic 'Ir bonding according to symmetry considera­
tions. 

The a5CI nqr spectrum of a-(NSOCI)a shows a single 
interaction and another half as intense separated by 
0.316 MHz. This is in agreement with the solid-state 
structural determination la which places two-thirds of 
the chlorine atoms per unit ceIl in different crystaIlo­
graphic sites from the remaining third although aIl 
chlorine atoms are chemicaIly equivalent. The a5CI 
nqr spectrum of ,8-(NSOCI)a, Table II, shows three 
interactions of equal intensity; two are closely spaced 
and the third is much further removed. It is thus 
consistent with the suggestion of Vandi, MoeIIer, and 
Brown,· inferred from dipole moment studies, that 
the molecular configuration is chair with two chlorines 
axial and one chlorine equatoriaI. 

The frequency separations of both pairs of inter­
actions in the mixed ring are large compared with 
those of a-(NSOCI)a and (NPCI2h or (NPCI2k 16.17 
In soIid-state NPCI2(NSOClh there is a significant 
difference in the sulfur-chlorine interatomic distances 
(S(I )-CI(3), 2.007 A; S(2)-CI(4), 2.028 A) due to a 
distorted Ca symmetry. The a5CI coupling constant 
increases with increasing bond length for covalent bonds 
due to a decrease in the chlorine CT-bond sand ionic 
characters. 18 This effect is considerable for a car­
bon-chlorine bond and can account for the sepa.ration 
observed between the sulfur-chlorine interactions. 

The phosphorus-chlorine interatomic distances are 
identical within the limits of error. Dixon, et al., 17 

have assigned the interactions observed for the two 
known forms of (NPCI2)4 on the basis of varying 
amounts of exocyclic 'Ir bonding estimated from the 
"polar" angle between the exocyclic bond and the 
direction perpendicular to the plane of the ring segment 
NPN. The angle de termines the amount of overlap 
between occupied chlorine p orbitaIs and suitably 
oriented unoccupied phosphorus d orbitaIs. For exam­
pIe, "polar" angles calculated for the chair fOrln 19 of 

(14) K. A. R. Mitchen, J. Chem. Soc., A. '~tl8:1 (1!108). 
(15) K. A. R. Mitchen, Chem. Rou., 69, 157 (106\1). 
(!H) M. Kaplansky, Ph.!>. The.is, McGiII University, 1!11l7. 
(17) M. l>ixon, H. D. E. jenkins, j. A. S. Smith, and D. A. Tong, Trans. 

Faraday Soc., 18, 2853 (11107). 
(8) j. Duchesne, J. Chem. Phys., 20, 1804 (11152). 
(10) A.j. Wagner and A. Vos, Ac/a Cry,'., B2', 707 (1008). 

(NPCI2). an:: CI(I), 43.9°; CI(2), 32.8°; CI(3), 40.4°; 
Cl(4), 37.0°. The room-temperature interaction fre­
quencies (in MHz) can be assigned as 27.224, 28.597, 
28.093, and 28.150, respectively.16 The "polar" angles 
for the mixed-ring phosphorus chlorines are: CI(l), 
39.0°; CI(2), 36.0°. The assigned frequencies are 
28.660 and 29.836 MHz, respectively. Any 'Ir effect 
is thus in the correct direction to explain the separation. 
However, in (NPCl2)4 for example, separations of 1.373 
and 0.057 MHz are related to "polar" angle differences 
of 11.0 and 3.1 0

, while the separation of 1.786 MHz 
must be related to an angle difference of 3.00

• The 
relative positions of the interactions for a-(NSOCI)a 
cannot be accounted for by invoking similar 'Ir bonding 
involving the chlorine atoms. As has been noted, 
these interactions can be assigned unambiguously from 
the intensity ratios. The "polar" angles calculated 
for a-(NSOCI)a (CI(I), 30.1 0

; CI(2), 31.4°) would 
place the interactions in the reverse o:der to that ob­
served. Therefore the effect, if it occurs, must be 
masked by s01J1e opposing effect. 

Such chemicaIly eqûivalent groups of chlorines 
would have differences in thermal averaging of their 
electric field gradients reflecting crystal-packing effects. 
A measure of mean-square amplitude of vibration, u 2, 

in a given direction for an atom can be determined 
from the anisotropic thermal parameters, UfjJ found 
from a structural refinement according to Cruickshank20 

u2 = L:L: UfJlfl J 
i j 

1 = 11, 1" h is a unit vector defining the direction of 
vibration. Choosing directions of vibration along the 
bond to a particular chlorine atom, perpendicular to 
the plane defined by the exocyclic substituents and the 
atom to which they are bonded and perpendicular to 
the bond to the chlorine in this plane, values of u2 for 
each chIorine atom were determined. A qualitative 
comparison of the "net motion" of each chlorine atom 
with respect to that of the atom to which it is bonded 
in the same directions leads to the conclusion that the 
thermal motion of CI(I) is greater than that of Cl(2) 
for N PCI2(NSOClh. From similar calculations for 
(NPCI2)4 and a-(NSOCI)a based on the U,j values 
reported for the structural refinements,12,19 the ob­
served nqr interactions can be assigned to particular 
chlorine atoms. For (NPCI2)4, the assignment and 
relative separations faIl in the same pattern as that 
based on the 'Ir etTect. 17 In addition, the separation 
and relative position of the two interactions observed 
for the crystaIlographicaIly inequivalent chlorines of 
a-(NSOCI)a can be explained on this basis. 

Thus, both a 'Ir etTect and consideration of relative 
thermal averaging fit the assignment of phosphorus­
chlorine interactions, while the 'Ir effect alone cannot 
explain the assignll1ent for the sulfur chlorines in these 
ring compounds. 

It must be noted that relative thermal averaging 
calculated for CI(3) and CI(4) of NPCI2(NSOClh 

(20) D. W. j. Cruickshank, ibid., 9,749,754 (1956). 



2436 T. L. CHARLTON AND R. G. CAVELL 

would position the interactions assigned to these 
chlorines in the reverse order, inplying that the differ­
ence in bond lengths in this case is of much greater 
importance in determining interaction frequencies. 21 •22 

(21) An alternative approach to the assignmeot or the lower rrequency 
pair of interactioos was suggested by a referee: CI(I) and CI(2), having 
difl'erent crystallographic environmeots, ha,·e difl'ereot average moments 
of inertia with respect to the principal direction of their field gradieot tensors 
and hence difl'erent temperature dependences of their electric field gradients 
and nqr Crequcocies. Using the momeots of ioertia and a detailed calcula· 
tioo on an assembly of quantum mechauical harmooic oscillators the zero­
poiot vibratiooal contribution to the electric field gradient could he sepa· 
rated out. This was Ilttempted by Ragle" using a value Cor the restoring 
Coree coostant Cor 1,2.dichJoroethaoe, a simple and relatively well·under­
stood molecule, aod Cound to he about 1.2% oC the value oC the coupling 
coostant. For CI(I) and CI(2) the splitting amounts to about 3.6% of the 
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average oC the estimated coupliog coostants and it is unlikely that the difl'er­
enee in their respective zero-point vibrational cootributions could even 
Ilpproach 3.6%; thus tbis alternative approach would not reverse the assign­
meots_ Further calculatioo is not possible without knowledge oC the restor­
ing forces io the molecule. 

(22) ]. L. Ragle, J. Phys. Chem., 63, 1395 (1959). 


