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I. INTRODUCTION 

Vibrational data have proved very useful in discussions 

of the structures of organic derivatives of the Group Vb 

elements. Although summaries have appeared of the vibra- 

tional data of these compounds l,R , they have been far from 

complete and have been mainly concerned with an analysis of 

infrared data with little Baman data being included. 

In the following review, the infrared and Raman data ap- 

pearing up to the middle of 1973 are summarized and COmpared 

for the organic derivatives of phosphorus, arsenic, antimony 

and bismuth. 

II. NRUTRAL AND CATIONIC ALKYI, COMPOUNDS 

A. Methyl 

Vibrational data have been reported for the (CH3j3M de- 

rivatives of all of the Group Vb elements. The frequency 

ranges expected for the modes arising from the methyl groups 

are summarized in Table 1. The frequency variations of these 

modes with increasing mass of the central atom 3-7 are illus- 

trated in Figure 1. The U(CH) modes are relatively station- 

ary: showingWlittle variation from one metal to another. 
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Table 1: Vibrational Frequency Ranges (cm-l) Expected for 

Modes Arising from the Methyl Group=. 

Mode 

'va 

'VS 

dd 

J-S 

Qr 

Frequency Range 

3050-2850 

2950-2750 

1475-1375 

1350-1100 

975-700 

a) Throughout this review, the following abbreviations are 

used to denote the modes of vibrations: V, stretching; 

21 s, symmetric stretching; V,, antisymmetric stretching; 

6, in-plane bending; r, out-of-plane be::ding; dd, de- 

generate deformation; 4, symmetric deformation; pw, 

wagging; er, rocking; et, twisting. The band intensity 

is designated by s, strong; m, medium; w, weak; sp, sharp; 

sh, shoulder; and br, broad. M denotes the Group Vb 

element. Polarized and depolarized Haman bands are denoted 

by P and dp, respectively. 

The same is true for the bd(CH) modes. The <(CR) and e,(CR) 

modes, however, appear at progressively lower frequencies as 

the mass of the metal atom increases. 

In addition to the various carbon-hydrogen modes, 

7/(HC) and (CMC) modes are expected. The advantage of d 

using both infrared and Baman data for determining structures 

is illustrated for the (CH-J)~M compounds. Assuming the 

methyl groups to be single atoms, the skeletons can form 
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Figure 1: Fundamental methyl mode frequencies of 

(CH9)_jl (M=P, As, Sb; Bi). 

planar 01‘ pyramidal structureso If the skeleton is plZ%nar, 

two V(NCi modes and one &CMC) mode are Baman active and one 

U(MC) and two &CMC) modes are infrared active. If the skel- 

eton is pyramidal, the two U(MC) and two &.CNC) modes are 

both infrared and Baman active. 

It is dangerous, however, to base structural conclusions 

mainly on the absence of a band for two reasons, The first 

is that the band of interest may accidentally overlap another 

band. In (CH3)$b and (CHy)$i only one V(E) band is ob- 

8 served in the infrared spectrum . If only infrared data were 

available, one might be tempted to conclude that these two 

compounds are planar, though they are not. The Baman spectra 

of these two compounds again show one band in theV(MC) re- 
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gion. It is therefore concluded that the two z/(W) modes 

expected for each compound are accidentally degenerate, due 

to the relatively heavy mass of the metal atom, which in- 

sulates the methyl groups from interacting with one another. 

As a rule, as the mass of the metal atom increases, the se- 

paration of the expecteduJ(MC) and dtcmc) modes decreases, 
till at infinite sass only one V(hC) and one &ChC) peak is 

observed. The second possible reason for the absence of an 

expected band might be that its intensity is too low to be 

detected. For example, the Ws(MC) mode cf a pyramidal (CH3),N 
I 

skeleton might not be observed in the infrared spectrum for 

this reason. To describe a situation such as this, in which, 

though the skeleton is nonclanar, the vibrational spectrum 

appears to be governed by planar selection rules, the com- 

pound is said to be *pseudoplanar*. It is difficult to 

predict the angle required before the symmetric mode becomes 

observable in the infrared spectrum. This phenomenon appears, 

in fact, to depend not only on the geometry of the compound 

but also on the nature of the atoms involved8. In addition to 

data for the trimethyl derivatives, the low frequency infrared 

and Baman data for (CH3)$Sb have been interpreted as showing 

this compound to have a trigonal bipyramidal skeletony. 

Vibrational data are also available for several cationic 

methyl derivatives. The Raman spectra of aqueous solutions 

of the perchlorate and nitrate salts of (CIig)$b2+ have been 

interpreted in terms of a planar skeletal structure 10 . Solid 

state infrared and solution infrared and Raman data have 

appeared for several halide salts of (CH3)bM1+ (M=P 4,11,13 
, 

As3;Sb3'14). In both the solid state and solution the cations 
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Table 2: Skeletil 

Group Vb 

Mode Assignments 

Derivatives 

-1 
(cm 

Compound 

(CH3)3P 

(CD3)3P 

(CH3+ 

(CH313Sb 

(CD3)3Sb 

(CH3)$i 

(CH3+b 
2+ 

(CH3)qP1+ 

(CH~)~AS 
1+ 

(CH&Sbl+ 

(CH3)5Sb 

Skeletal 
Symmetry 

c3v 

c3v 

c3v 

c3v 

c3v 

c3v 

D3h 

Td 

Ta 

*a 

D3h 

tg(MC) usm) &MC) 
708 653 305 263 

643 596 256 221 

583 568 239 223 

513 513 188 

472 472 159 

460 460 171 

582 536 166 

783 649 285 170 

652 590 217 

574 535 178 

516z 499 239 213= 

WP *14g is+ XXF 

1 for Methyl 

Ref. 

3,15,16 

16 

3,15,16 

3,6 

17 

397 

10 

11,12 

3 

3 

9 

a) Equatorial Moae. 

b) Axial #ode. 

(CH3)4"l+ are tetrahedral. Table 23,6,7,9-12,15-17 

summarizes the low frequency assignments made for neutral and 

cationic methyl derivatives, while the infrared spectrum of 

((CH3)4Sb)I is illustrated in Figure 2 
14 

. 

A limited amount of data are available for compounds with 

bridging methylene (-CH2-) groups 18-20 . A linear relation- 

ship has been found for these compounds between the er(CH2) 
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Figure 2: Infrared mull spectrum of ((CH,),Sb)114. 

mode and the average V(SbC) frequencies of the SbzC group, 

V av (Va, = 0.5(ti.&b$) + 'V,(Sb$)))". llhis relationship is 

explained in terms of the amount of s-character of the antimony 

orbitals used in forming antimony-carbon bonds in these 

compounds. The infrared and Raman spectra of the interesting 

compound (CH3)3PCHz have been reported and assigned'l. The 

P(E) mode arising from the methylene-phosphorus bond is 

assigned at 998 cm-' in the Haman spectrum. 

B. Ethyl aud YLgher ALkyLs 

The vibrational data for ethyl compounds is not as com- 

plete as that discussed for the corresponding methyl deriva- 

tives. The vibrational modes expected for the ethyl group 

include those expected for the carbon-hydrogen bonds of the 

methyl (-CH3) and methylene (-CH2-1 groups. In addition, a 

methyl torsional mode, carbon-carbon stretching mode and 

various &MCC) modes are expected. In many cases, it has 

prove& difficult to make complete vibrational assignments or 

establish frequency ranges for the various modes because of 

one or more of the foliowing reasons: 1) overlapping of the 

vibrations of the methyl and methylene groups, 2) inter ethyl 

group coupling (if more than one ethyl group is bonded to a 
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metal atom); 3) intr& ethyl group coupling between the modes 

within a single ethyl group. It is the possibility of intra 

group coupling which makes previous assignments given for U(CC) 

and Qr(CH3) modes somewhat questionable. Recent normal coor- 

dinate calculations performed on the series C2E5SiClnH3_n (n=l-3) 

have shown severe mixing of the various ethyl modes22. For 

C2H5SiC13, a peak at 1010 cm-l was shown to involve changes 

of not only the CC bond but also of the XX, HCH and HCSi 

angles (and to a lesser extent the SiCC angle); a band at 

975 cm-1 involved changes in the HCC and SiCH angles and 

the CC bond and a band at 965 cm -1 involved changes of the 

HCC, SiCH and HCB angles =nd can only approximately be des- 

cribed as an out of plane &(CH3) mode. Bands in the same 

frequency range have been found in the spectra of (C2H5)4P1+ 

(1044,1003;975 crn-l)ll, (C2H5)P (1041,982;934 cmg'!23 and 

(C2H5)3Sb (1020,960;935 om-1)23_ In recognition of the 

possibility of mixing between the e,(CH3) and V(X) modes, 

rather than attempting to assign these bands to pure modes, 

they have been given the designation A, B and C, respec- 

tively11*23. Besides the three bands already mentioned for 

(C2H5)3P, additional bands have also been observed in this 

region of the spectrum. It is suggested that they can be 

due to the analogous A, B and C bands for other possible ro- 

tational isomers . 23 Complete vibrational assignments have 

been made for the highly strained heterocycle phosphiran, 

2425 (CH2)2PH ,and its deuterated analogs, phosphiran-l-d124'25 

and phosphiran-2,3-d,+ . 
24 

The metal-carbon skeletal assign- 

ments made for various ethyl derivatives.are given in Table 

311, 23-29 In Figure 3, the infrared spectrum is illustrated 

for (C,H5;5Sb3'. 
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Table 3: Skeletal Mode Assignments (cm-l) for Ethyl-Group 

Vb Derivatives. 

compouna 

@2H5)3p 

(C,H,)+ 

(C2H5)3Sb 

(C,B+jBi 

tC2H5)4P1+ 

(C2H&As 1+ 

(CH2)2pH 

(CH2)2PD 

(CD~)~PH 

Z/,(MC) 

690 

540 

502 

450 

787 

613 

657 

643 

597 

Us(MC) 

619 

570,563 

92 

450 

590 

548 

598 

595 

593 

Deformations 

410-249 

253, 213, 160, 124 

390-290, 182 

349, 327, 312 

Ref. 

23 

26 . 

23,27 

28 

11 

29 

24,25 

24,25 

24,25 

Figure 3: Infrared spectrum of (C2H5)5Sb30. 

Liaited vibrational data have also been presented for 

the following alkyl derivatives: (n-C4H9)3P23, (n-C3E7)3AS31, 

h-C4H913As 31, (n-C5Hll)3A~31, (n-C3H7)3Sba7'3a8 (i-C3H7)3Sb32, 

(i-C4H9)3Sb32, (sec-C4H9)3Sb32 an& (n-C~H9)3Sbz6~27~32 
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Fi_gme 4: Infrared spectrum of solid films of A) CH3AsH2, 

B) CH3AsD2, C) CD3AsH2 and D) CD3AsD2 at -190°C33. 

III. ALKYL DEZEIVATIVES 

A. Hydrides 

The 'v(MH) modes of the alkyl Group Vb hydrides give 

rise to bands of relatively strong intensFty in both the 

infrared and Baman spectra. fhis is illustrated by the 
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Figure 5: Raman spectrum of liquid A) CH3AsH2, B) CH3AsD2, 

C) CD3AsH2 and D) CD-#sD2 at room temperature33. 
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infrared (Figure 4) and Baman (Figure 5) spectra cf CH3AsH2 

and its deuterated analogs 33. Although more than one UfHH) 

mode is expected for -HEi2 skeletons, they have sometimes 

been observed to be accidentally degenerate. The&H) and 

d( 1 MD modes have been assigned for many compounds but are 

not as easily identified as theV(MH) and2/(MD) modes be- 

cause of the possibility of vibrational coupling. Normal 

coordinate calculations have shown strong interactions be- 

tween the &.(CH3), eJPH2) and et&Hz) modes of CHJ~?H~~~ and 

the V(AsC) and ew(AsDS) modes of CH3AsD2 and CD3AsD233. 

For a given stoichiometry, the7/(MR) frequency decreases 

within a group as the mass of the metal atom increases. The 

V(MH) frequency also decreases as each hydrogen atom is pro- 

gressively replaced with an alkyl group. TheV(MH),WMD) 

andV(MC) assignments for the methyl Group Vb hydrides and 

deuterides are given in Table 4 where they are also compared 

with the relevant assignments for the corresponding hydrides 

and deuteriaes33-38. Although phosphiran, (CH2)2PH, contains a 

three membered ring, the position of theV(PH) mode (2291 cm-') 

does not appear to be affected by this structural charac- 

teristic24'25 and is not very different from that given for 

the MPH) mode of (CH312p~ (2290 CIII-~)~~. 

Several bands were observed in the U(PC) region of the 

Raman spectrum of (C2H512PH *3,39 . This may indicate the 

presence of various rotational isomers; six of which are 

possible23. The U(MH) mode has also been assigned for . 

(C*H5)2PH (2270 cm -1)23'39 (C2H5j2SbH (1835 cm-l)26 and 

(n-C4H912SbH (1855 cm -1140 . Additlonal extensive correla- 

tions have been reported fo r alkyl phosphorus hydrides 
41 

. 
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B. Halides 

The intensity of an infrared active metal-halogen 

stretchi% mode increases as the electronegativity of the 

halogen increases. The intensity of a Raman active metal- 

halogen stretching mode, however, decreases as the electronega- 

tivity of the halogen increases. This is illustrated in 

Fi,wes 6 and 7 in which the low frequency infrared and Raman 

spectra, respectively, are illustrated for the series 

(CH#&iX2 (X=F,Cl;Br) 
42 

. It is assumed that the change in 

relative intensity of the peaks due to the 7/(Sbc) modes is 

Figure 6: Infrared mull spectra (600-200 cm-l) of A) (CH3)3SbF2, 

B) (CH3)3SbC12 and C) (CH3)+%Br2 42. 
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Figure 7: Solid state Baman spectra (600400 cm-l) of 

A) (CH3)3SbF,, a) (CH3)3SbC12 and C) (CH~)~SIJBQ~'. 

relatively small for these three compounds in either the infra- 

red or Raman spectra. This being the case, the intensity 

differences between the V(ShX) modes is very evident, es- 

pecially in the Raman spectra (Figure 7) in which the L.s(SbF) 

mode is very weak in intensity relative to the V(.SbC) modes 

while the Vs(SbBr) mode is of relatively strong intensity 

relative to the V(SbC) modes and easily observed. 

The trivalent alkyl Group Vb halides have pyramidal 

skeletons. The assignments of the skeletal modes for these 

compounds are summarized in Table 5 19,23,26,43-55 . Normal 

coordinate calculations using a generalized valence force 

field have been reported for the series (CH3)nA~3_n (n=O-3; 
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X=Cl,Br)% The arsenic-carbon stretching farce COnStElnt, 

KWv.C), increased slightly from (CR3)3As to (GR3)2AsX to 

CH3AsS2 (X=Cl,Br). It decreased slightly for a given com- 

pound when chloride was replaced with bromide. The K(AsX) 

force constant increased from (CR3)2AsX to AsX3. 

The pentavalent alkyl Group vb halide derivatives can 

have two types of structures; ionic with tetrahedral 

(R,MQ_,)X skeletons, or covalent with trigonal bipyramidal 

(rather than square pyramidal) RnkX,+n skeletons in which 

the R groups preferentially occupy equatorial positions. 

Some compounds can exist with either of these structures, 

depending on the phase they are in. Therefore, on the basis 

of infrared and Raman data, CH3?C14 has been reported to 

have the ionic structure in the solid state but the covalent 

trigonal bipyramidal structure of C2v symmetry in nonionizing 

s olvent2?. Also, (CH3)4PF, which has an ionic solid state 

structure, exibited bands in the infrared spectrum which 

might be associated with the molecular compound when the 

vapor at 10 
-6 

torr was condensed on a AgCl disk at -160 C o 58 . 

These bands disappeared on warming the sample. The structures 

proposed for the known pentavalent alkyl Group Vb halides on 

the basis of mainly X-ray and vibrational data are summarized 

in Table 6. Although the data in this Table are far from 

complete, it appears that the ionic character of these com- 

pounds increases 1) as the halide is changed from fluoride to 

iodide, 2) as the central atom is changed from antimony to 

phosphorus or 3) as the derivative becomes more highly 

alkylated. The vibrational assignments made for these and 

other ionic tetrahedral and covalent trigonal bipyramidal 
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Table 6: Proposed Skeletal StrUCtUreS for KnOwI Pentavalent 

Methyl Group Vb Halide Derivatives. 

M X 

P I 

Br 

Cl 

F 

As I 

Br 

Cl 

F 

Sb I 

Br 

Cl 

F 

CH3rn4 (CH3) $5 

Tetrahedral= Tetrahedral 

Trig-Bipyr. TrigSipyr. 

Trig-Bipyr. 

Trig-Bipyr. 

(CH3) 3=2 

Tetrahedral 

Tetrahedral 

Tetrahedral 

Trig-Dipyr. 

Tetrahedral 

Tetrahedral 

Trig-Bipyr. 

Trig-Bipyr. 

Trig-Bipyr. 

Trig-Bipyr. 

Trig-Bipyr. 

Trig-Bipyr. 

(CH3j4m 

Tetrahedral 

Tetrahedral 

Tetrahedral 

Tetrahedral' 

Tetrahedral 

Tetrahedral 

Tetrahedral 

Tetrahedral 

Tetrahedral 

Tetrahedral 

Tetrahedral 

Trig-Bipyr. 

a) ThoUgh an ionic tetrahedral structure is found in the 

solid state, a covalent trigonal bipyramidal structure 

has been found when this compound is dissolved in non- 

ionizing solvents57. 

b) Though an ionic tetrahedral structure is found in the 

solid state, a covalent structure has been proposed as 

a possibility for the vapor State 58 . 
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methyl Group.Vb halide derivatives are summarized in 

Table 713,57,59-62 and Table 842*53,57,60,61,63-68, respec_ 

tively. Table 7 does not include data for the ionic 

( (CH3j4~)x derivatives 3,4,11-14 since they do not possess 

covalent MX bonds. Data for these compounds are found in 

Section IIA. In addition to the data summarized above for 

the methyl derivatives, vibrational assignments have also 

been presented for the ionic salts ((C2H5)2PX2)X (X=C1,Br)13 

and the trigonal bipyramidal derivatives (C2H512SbC13 

(V(SbC)-512,483 cm-1;v(sbc1)-329 cld) 65, (C2ii5)3Sbiq 

(v(SbC)=534 om-l)67 , (n-CqIiSJ3SbC12 (z/(Sbc)=520,460 om-1126 

and (n-CqH9)3SbBr2 (U(SbC)=512,460 cm -1j26. An attempt 

was reported to prepare a trigonal bipyramidal mono(t-butyl)- 

phosphorus(V) derivative in which, it was hoped, the t-butyl 

group would occupy an axial rather than equatorial position 

due to steric factors 57 ; due to the compounds instability, 

however, it could not be characterized. 

Normal coordinate calculations reported for 

@H3)nPC14_, )Cl and (CH3)nSiC14_n (n=O-4) show the iC(MC) and 

K(MC1) force constants of the phosphorus derivatives to be 

larger than the corresponding force constants of the silicon 

derivatives13_ Normal coordinate calculations have also been 

reported for (CH3)3AsC12, ((CH3)3AsBr)Br and their deuterated 

analogs6', and for (CH3)3SbF242, (CH3)3SbC1242*66 and 

42,66 
(CH3)3SbBr2 . Vibrational data have also been reported 

for several organ0 phosphonic and thiophosphonic fluorides, 

chlorides and bromides 49.50.69-72. 

C. Pseudohalides 

The appearance of a strong intensity pseudohalide 
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stretching band in the infrared spectrum from ca. 2300- 

2000 IX+ - 1s evidence for the presence of a pseudohalide 

ligand. The Baman active pseudohalide stretching modes are 

less useful since they can give rise to strong or weak 

intensity peaks. The infrared and Baman spectra of 

tetramethylantimony azide in the solid state and CH2C12 
\ 

solution indicate the presence of partly distorted tetra- 

hedral (CH3)4Sb1+ cations W,(SbC)=575 cd,V,(SbC)=537 cm-l) 

and N31- anions (Va(N3)=2024 cm-l,vs(N3)=1329 cm-l; 

6(N3)=631 cm-1)73. Similar structures have been proposed for 

((CH3)4Sb)NCS with the frequencies of the NCS modes 

W(CN)=~O~~ cmW1,V(CS)=748 cm-';&NW)=475 cm-1)73 similar 

to those found for KNCS (V(CN)=2053 cm",v(cS)=749 cm-l; 

dIN~~)=484,470 cm -1)74 and for ((CH3)4Sb)CN in which the 

U(CN) frequency was assigned at 2066 cm-l in the solid state 

infrared and Raman spectra 73. Data have also appeared for 

alkyl derivatives with covalently bonded N375-78, NCO78 and 

NCS42,79 proups -l . For (CH3)3Sb(NC0)2 it is cor?cluded that the 

NC0 group is bonded through the nitrogen atom to give an 

isofulminate structure78. Although the NCS groups in 

(CH3)3A~(NCS)2 79 and (CH3)3Sb(NCS)242*79 are holded t:hrough 

the nitrogen atom to produce isothiocyanate structures, in 

(CH3)2BiSCN it is proposed that the NCS group bonds through 

the sulfur atom to give a thiocyanate structure 79 . Selected 

vibrational assignments for covalent alkyl Group Vb 

pseudohalide derivatives are presented in Table 9 '+2,75-79. 

D. Oxides, Chalconides, Oxo-Acid Salts and Related Derivatives 

In the compounds (alkyl)3MO (M=P,As;Sb) the MO bond is 
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Table 10: Calculated Frequency Ranges 
-1 

(cm ) and Observed 

Frequencies (cm") for(Alkyl)3MO Derivatives. 

R &b P 
WP=O) WP-0) 

B 1175 840 

CH 3 1148 

c2*5 1166 

n-C3H7 1172 

n-C4H9 1169 

n-C5%1 

B Aso=JS 3 E3SbOd 

U(As=O) V(As-0) V(Sb=O) V(Sb-0) 

965 695 803 550 

868 

885 678 

888 650 

892 650 

650 

a) Frequency range calculated using MO bond length from Ref.81. 

b) Data (CH3)3P0 from Ref. 81 and Ref. 82; that for 

(C2H5)3P0, (n-C3H,>,PO and (n-C4Hg)3p0 from Refs. 83, 84 

and 85, respectively. 

cl Data for (CH3)+0 from Ref. 81; data for other R 
$ 

SO 

compounds from Ref. 86. 

d) Frequency range and assignments for R3Sb0 compounds from 

Ref. 87. 

considered to have a bond order greater than one because of 

donation of the oxygen p electrons into the empty d orbitals 

of phosphorus ) arsenic or antimony. Using Gordy's rule, 

which relates the force constant of a diatomic system to its 
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bond order, bond length and the electronegativity of the 

constituent atoms, a force constant can be obtained for an 

isolated NO bond, assuming %he bond order to be either one or 

two. These data can then be substituted into the harmonic 

oscillator equation to determine the approximate frequency 

range that can be expected for the U(MO) mode. Ranges 

calculated for the U(MO) frequencres, together with assign- 

ments made for specific alkyl derivatives are compared in 

Table 1081-87. Normal coordinate analyses have been reported 

for (CH3j3P0 and (CH3)+s081. Using the K(M0) force con- 

stants from these calculations and Gordy's rule, the PO 

and As0 bond orders were calculated to be 1.96 and 1.60, 

respectively. In Figure 8, the infrared and Baman spectra 

are illustrated for (CH3J3P0 and (CH3J3As0 
81 . In addition 

to the bands listed in Table 10 and assigned to the U(SbO) 

mode in the (alkyl) 
3 
SbC derivatives, additional bands at 

478 cm-' for (C,H5)3Sbo and 470 cm-' for the other (alkylJ3SbG 

derivatives appeared in the infrared spectra of carbon 

tetrachloride solutions of these compounds, and were 

attributed to V(Sb0) modes arising from molecular association 

of the (alkyl) SW molecules 87 
3 

. The fact that (C2H5)3SbG is 

monomeric in chloroform is attributed to an association of the 

type (C2H5)3Sb-04iCC13 which can not take place in carbon 

87 tetrachloride . The V(M0) frequencies of trialkyl phosphor- 

.il.s , arsenic and antimony oxides have been correlated with an 

expression invo'lving the total mass of the molecule and the 

masses and electronegativities of oxygen and phosphorus , 

arsenic or antimony 
88 

. The V,(SbO) mode of the Sb-0-Sb unit 

in the covalent compounds ((CH3)gSbX)20 (X=C1,Br;N03) and 
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c 

_-- . 

J / 

= JL___;, 
3000 2 1900 IOfJO 600 200 

-vv(cin-‘I- 

Figure 8: The A) infrared and B) Raman spectra of (CH3)3PO, 

and C) infrared and U) Baman spectra of (CH~)$F.O~~. 

((CH3)3Sb),oX (X=SOq,SeO~,CrOq;C204) has been assigned to 

.an infrared band in the region 790-775 cm -1 14,6?,89 A . 

covalent structure is found for (CH3)3Sb(NO ) (with the 
32 

t/(SbOI modes assigned at=. 275 cm-l 42) and (CH3)3SbX 

(X=S0467,Se048y). Although originally formulated as an 

ionic compound 
67 

, more recently it has been suggested on the 

basis of infrared data that ((CH3)-,Sb(C104))20 has a covalent 

pentaooordinate structure90. 

Complete infrared and Raman analyses have been reported 

for the aqueous solutions of phosphonic acid, CH~P03H2~~,and 
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its monogl and dibasic91,g2 anions, and the dimethyl 

phosphinic acid anion, (CH3)2P021- g3. Selected vibrational 

data for these compounds are compared in Table 11 
91-93 

. In 

the region from 3000-1500 cm-1 of the infrared spectrum, 

hydrogen bonded compounds with the P(=O)OH grouping give 

rise, in general, to three characteristic absorptions 94_ 

For CH3P03Bl' only two of these bands have been observed as 

shoulders on the solvent absorptions 91. 

are observed in the infrared spectrum of 

third observed as a shoulder on the high 

The same two bands 

CH3P03Hz with the 

frequency side of 

the water absorption at 1640 cm-l 91. One interpretation 

of these results is that the bands arise from strong Fermi 

resonance of the U(OH) mode and twice the OH bending modes 95. 

The U(P=O) mode in the infrared spectrum of CH3P03H2 shifts 

to higher frequencies and becomes sharper as the concentra- 

tion of this compound in water decreases91. This change is 

attributed to hydrogen-bonding effects. In high concentra- 

tions the most probable interaction is between CH3P03H2 and 

other acid molecules; in dilute solutions the most probable 

type of interaction is between CH3P03H2 and water molecules. 

Normal coordinate calculations for CH3P03H2, CH3P03Hl- and 

CH3P032- show the extent of coupling between the internal 

modes of each of these compounds 96. The coupling is most 

severe for the U(PC), U(POH) and V(PO) modes from ca. 1060 to 

750 cm". It has been suggested'l that compounds of the 

type Na2(alkylP03) can be distinguished from Na((alkyl)2P02) 

type compounds by the fact that the -U,(PO) and V,(PO) modes 

of the former are observed at ca. 1100 end 1000 cm-l, 

respectively, while the corresponding modes of the latter are 
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observed at G. 1150 an3 1050, respectively. Infrared data 

indicate a tetrahedral ionic structure for the compounds 

((CH3)3A~OH)X (X=N03, ClO4;HS04) and a covalent trigonal 

bipyramidal structure for (CH~)-,ASOHC~; in the same study, 

however, the structures ol‘ (CH3)3AsOHar and (CH3)+ODBr 

could not be determined 
61 . The infrared spectra of 

(ZH3)4SwH as a mull indicates it to slave a covalent trigonal 

bipyramidal structure with the OH group in an axial posi- 

tion6'. The Ua(SbC) mode (566 cm-') has b-en assigned for 

67 (CH3)3Sb(OH)2 . 

As was true for the corresponding oxygen compounds, 

the HS bond in the deriv-tives (alkyl)3P6 (M=?,As;Sb) has 

double bond character due to overlap of the filled sulfur p 

orbitals with the empty d orbitals of the central atom, 1~. 

The assignments piven for the V(MS) modes of several 

trialkyl sulfides are summarized in Table 1231*87*v7-vv. 

The V(MS) assignments have bee.1 correlated in a linear 

relationship involving the total mass of the compound and 

the mass and electronegativity of the central atom, 14 and 

the sulfur atom 
88 _ The crystal structure of' ((C,H5)2P(S))2 

shows it to have a trans structure in which there is a 

phosphorus-phosphorus bond and the phosphorus atoms are 

equivalent with two ethyl grcups and a sulfur atom bonded to 

eachloo, The infrared and Raman spectra of this compound 

have been interpreted in terms of this structure for not only 

the solid state but also the liquid state and CS2 and cyclo- 

hexane solutions"'. A similar structure has been proposed 

for ((CH3)2P(S))2 
102,103 

. The solid state infrared spectrum 

and solution infrared ena ?<;MH spectra of (CH~)~AS~S~ show it 



Table 12: 

B 

CH3 

C2R5 

rLC3H~ 

n-C4Hg 

n-%31 

183 

Assignments (cIu'~) of V(NS) Nodes for Several 

Trialkyl Group Vb Sulfides. 

lmsP 1/(AsS@ I.mmc 

567 473 431 

552 476 439 

596.583 487,485 439 

596 487 440 

599,588 434 438 

a) Data for (CR313PS from Refs. 98 and 99.; remaining data 

from Ref. 99. 

b) Data from Ref. 31. 

C) Data from Refs. 87 and/or 97. 

to have a different structure from that of the corresponding 

phosphorus derivativelo4. In solution, the following 

equilibrium has been proposed: 

(CH3)2AsSsAs(CR3)2 

S 
I II 

As the temperature of the solution is raised, the ecWlibrium 

is shifted to the right. This is noted in Figure 9 where the 

solution infrared spectrum is illustrated at three different 

temperatures. As the temperature is raised, the intensity of 

the peak assigned to the U(As=S) mode (488 cm-l) decreases 

while those assigned to the I/(ksS) modes (399 and 365 CIII'~) 



Figure 9: Temperature dependence of the infrared spectrum 

of (CW3)4As& in carbon tetrachloride and 

1,1,2,2, tetrachloroethane at 30°C (-), 

600~ (__-_--) and 75OC (---)lo4. 

increase in intensity. In the solid state it is concluded 

that species I is present. The WAsS) assignment given for 

CH3AsS (565 cm-l) together with molecular weight measurements 

in bromomethane suggest that this compound consists of 

(CH+S), aggregates (where n equals s. 3.23) 3? The 

position of the V(MX) modes for the derivatives (alkYl)$lX 
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(M~=P,As,Sb;X=se,Te)87’88,105,106 have been interpreted in 

terms of some degree of multiple bonding between the Group Vb 

element and the selenium or tellurium atoms. 

E. Alkoxides, Carboxylates and Chelates 

The complex infrared spectrum of (cH~)~POCH~ seems to 

rule out the possibility of an ionic ((cH~)~P)oCH~ 

structurelo7. Using vibrational data, covalent trigonal 

bipyramidal structures have been found for (CH3),+SbCB (R=CH3, 

68 CzH5,i-C3H7;t-C4Hg) . On the basis of the solid state 

Baman spectrum and benzene solution NFII spectrum, a dimeric 

structure with both terminal and bridging methoxy groups has 

been proposed for (CH3)2Sb(OCH3)3 in both the solid state 

CH30,'r3/"; ‘[>ocH, 

CH30 /‘r \ 
0 

/ $\OCHs 

CH3 CH 
3 

CH 
3 

and concentrated solutions 108 _ 

Both monodentate and chelating carboxylate groups are 

found in methyl-antimony carboxylates. The vibrational 

spectra of the melt and Ccl,+ solutions of (CH3)4Sb(OOCCH3) 

suggest the presence of a monodentate ester like acetate 

group with a pentacoordinate trigonal bipyramidal structure 

about the antimony atom ? For the same compound in the 

solid state, however, the acetate group becomes chelating 

(V,(CO)=1590 cm-l, s U (CO)=1405 cm-') to produce a hexacoor- 

dinate octahedral structure 73. Similar results have been 

reported for tetramethylantimony formate, trifluoroacetate * 
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trichloroacetate, propionate, pivalate and benzoate 
73 

. The 

vibrational spectra of (CH3)3Sh(oOCR)2 (R=H,CH3,C2H5,n~C3H7; 

C&15) indicate the presence of a trigonal bipyramidal StruC- 

ture with the monodentate carboxylates in the axial positions 
14 

. 

From the solid state infrared spectrum of (CH3)3Sb(OOCCH3)2 the 

V(C=O) modes were assigned at 1637 and 1600 crnml and the U(CO) 

-1 14 modes at 1287 and 1274 cm . The ZI(SbO) modes for 

(CH3)3Sb(OOCCH3)2both appear at ca. 279 cm-' as confirmed 

by the fact that this band shifts to 268 cm-l when the 

42 acetate groups are deuterated . Molecular weight and 

conductance measurements, and solid state and CHC13 and CC14 

solution infrared data have been reported for Several 

trimethylantimony derivatives of fluoro-, chloro-, bromo- 

and csanoacetic acids 209 . They are all pentacoordinate 

compounds with ~1 linesr relationship being found between the 

U(CO) frequencies of these compounds and the pK OF Taft G* 

constants for the parent acids. i3ased on infrared and Baman 

data, an octahedral structure with two monodentate and one che- 

lating acetate groups has been proposed for (CH3)2Sb(00CCH3)3 
108 

o 

Through a comparison with data previously &iven for the solid 

0 
11 CH3 

CH3Co\ 1 ,A, 

CH C/s~b10ACH3 
3il 
0 

CH3 

state infrared spectra of (CH3)4Sb(OOCCH3) and (CH3)3Sb(QOCCH3)2, 

-bands at bands at 1640 cm-l (Nujol mull) or 1660 cm-l (benzene 

solution) in the infrared spectrum of (CHg)$b(OOCCH3)3 can be 

assigned to the V(C=G) modes of the monodentate ester like 
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acetate groups while bands at 1568 cm-l (Nujol mull) OF 

1567 cm-l (benzene solution) can be assigned to the V,(CO) 

mode of the bidentate, chelating acetate group; Also, the 

v,(SbO) and vs(Sbo) modes were assigned at 296 and 261 cm-', 

respectively for the monodentate acetate groups, and 245 and 

221 cm-l, resDectivelg for the chelating acetate group 108 . 

In (CH3)3Sb(OSCB)2 (h=CH3, C H ) coordination is through the 6 5 

sulfur atoms with the frequencies assigned to the WC=O) 

modes of (CH3)3Sb(OSCCH3)2 in the solid state (1639 and 

1634 cm-l)llo,lll very similar to those of the corresponding 

modes in (CH3)3Sb(OOCCH3)2. The V(SbS) modes for 

(CH3)3Sb(OSCCH3)2 are assigned at a relatively high frequency 

(380 cm-l) relative- to the assignments of the corresponding 

u(SbO) modes (279 cm-l) for (CH3)3Sb(OOCCH3)2. The U(SbS) 

mode has also been assigned at a. 360 cm-l for 

(CH3)3Sw(OS"C6H5) and s. 380 cm" for (G-l3),SbX(OSCCH,) 

(X=Cl,Br)"'_ 

Octahedral coordination is found in the acetylacetonate 

(Acac) derivatives RnSbC14_,Acac (R=CH3,C2H5;~=1-4)l12~l13 

with the proposal that the alkyl groups preferentially 

occupy positions in the same plane as the acetylacetonate 

oxygen atoms and that the chloride ligands preferentially 

occupy the axial positions. Such a structure with the axial 

chloride ligands bent toward the acetylacetonate group nas 

been found in an X-pay crystallographic study of 

CHgSbCl_$cac114. The metal-oxygen bond strength increases 

and the carbon-oxygen bond strength decreases in these 

avetylacetonate derivatives as the alkyl groups are replaced 

with chloride ligands. Spectral data (UV,IR;NMB) show the 
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complexes BnStCl4_nOx (B=CH3,C2H5,n-C-&;n=l,2,4;Ox=oxinate) 

to have hexacoordinate structures in benz3ZII+Zsolution with 

chelating oxinate groups115. The HSbG130x and B2SbC120x 

complexes also have hexacoordinate structures in 100 96 ethanol 

and chloroform solutions, although there is partial or com- 

olete rupture of the antimony-nitrogen bond in polar solvents. 

The R-$%ClOx complexes apparently have pentacoordinate 

structures115. 

F, Netal-Metal Bonds an5 Complexes 

The vibrational spectra of (CH3)4P2116 and (CH3)4As2ll? 

show both to exist exclusively in the trans conformation in 

the solid state and as mixtures of both trans and gauche 

conformers in the liquid state. As the M-M bond length 

increases, a greater percentage of the trans conformer is 

favored. Therefore, while liquid (CH3)4P2 consists of a 

40:60 percentage mixture of the trans and gauche conformers, 

respectively, liquid (CH3)4As2 consists of a 60:40 percent 

mixture of the trans and gauche conformers, respectively 116,117_ 

The vibrational spectra of (BP)4 (R=C2H5,n-C3H7;i-C4H9) have 

been irterpr-ted in terms of structures consisting of 

puckered P4 rings118. The assignments made for the W(HM) 

modes of the above mentioned derivatives, together with those 

. made for (C2H5)4P2 and (n-C4Hg!4P211y are summarized in 

Table 13116-11p. Vibrational assignments have also been 

reported for several derivatives of the type ((CH3)kMnK'Xm 

(M=P,As;M'=m i a n group element;X=H,alkyl,halide;k=l-3;n=l-3; 

m=1_4)120-124 . Thev(MM') assignments have been made for 

several complexes with Group Vb-transition metal bonds 125-129 . 
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Table 13: 
-1 

Assignments of v(MH) Frequencies (cm ) 

Compound V(MH) 

(CH3)4P2 459 429 

(CH3)4As2 27+ 254& 

(C2H5)4P2 424 119 

(n-C4H9J4.Q 419 119 

((C2H5)P)4 467 404 118 

((n-C3H7)P)4 468 409 118 

((i-C3H7)Pj4 488 405 118 

((I-C4H9)P)4 467 391 118 

a) Due to trans conformer. 

b) Due to gauche conformer. 

Ref. 

116 

117 

Among the most interesting of these involved the use of 

stable nickel isotopes to assign the W(NiP) modes of 

Ni(P(G2H5)3)2G12 and Ni(P(C$5)3)$r2 128,129 _ 

IV. PBBI-IALOGENATND ALKYL DERIVATIVES 

Very limited vibrational data have been reported for 

Group Vb derivatives of perhalogenated alkyl groups. Most 

of these data are limited to perfluorinated alkyl derivatives. 

Assignments made for the infrared and Baman spectra of 

@X3)$4 (M=P,As;Sb) 130 are summarized in Table 14. There is 

a notlcable decrease in the frequencies of the various modes 

for these compounds as the central atom is changed from 
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Table 14: Vibrational Assignments 

(M=P, As, Sb)=. 

Mode 

U,(CP) 

V,(CF) 

c&m?) 

b,(CP) 

f+(CF) 

u,(MC 1 

(CP313P 

1235, 1189 

1158, 1129 

573, 559 

,747 

270, 250 

470 

450 

169, 109 

h-‘1 for (CP3)3M 

u.x3$As 

1219, 1177 

1152, 1114 

557, 537 

737 

249, 232 

337 

349 

144, 90 

(cF3)3Sb 

1194, 1148 

1129, 1089 

526 

725 

222, 201 

269 

286 

130, 72 

a) All data from hf. 130. 

pilosphoms to antimony. Normal coordinate calculations for 

(CF3j316 (M=P,As;Sb) indicate that the K(W) force constants 

are slightly smaller than those ol' the corresponding methyl 

derivatives13'. These calculations also show several of the 

nodes to be highly coupled., though the coupling decreases as 

the mass of the central atom increases. In Figure 10, the 

gas phase infrared and liquid phase Barnan spectra are illus- 

trated for (CF3)3As130 . The gas phase infrared and liquid 

phase Raman spectra have been reported and assigned for 

(CP3)2PH, (CF3)2AsH and their deuterated analogs131. kssign- 

aents were made on the basis of a normal coordinate analysis 

in which force constants were transferred from the corres- 

ponding (CF3j3P and (CP ) Bs derivatives. 33 The ‘U(PH) mode of 
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I : . : : * . J 

1300 800 400 0 

c_ nvccml) - 

Figure 10: Gaseous phase A) infrared spectrum and liquid 

phase B) Barnan spectrum of (CFj)$9130S 

(CP3)2PH (2358 cm-1)131*132 is higher in frequency by 

ca. 68 cm-l than the analogous mode in (CH312PH (2290 m-1)3'. 

Also, the WPH) mode of (CF312PH in the solid state Infrared 

spectrum is split (2372 and 2342 cm-l); this being attributed 

to the presence of more than one molecule in the unit ce11132. 

The infrared sgectra (4000-650 cm-l) have been assigned for 

(CH,)nP(CF3)3_n (n=I-3) and (CP3)nP13_n (n=1,2)133 while 

more complete infrared and Baman assignments have been made 
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for CP3PC1246. Using infrared and Baman data, the penta- 

coordinate derivatives CP3PC14134 and (GP3)2PC13135 have 

been interpreted to have trigonal bipyramidal, skzeletons with 

the trifluoromethyl groups in axial positions. Although 

microwave data for CP3PP4 are said to favor a trigonal 

bipyramidal structure in which the trifluoromethyl group 

occupies an axial position , 136 infrared spectra for the gas 

phase and Baman spectra for the liquid phase indicate that 

the trifluoromethyl group occupies an equatorial position of 

a trigonal bipyramidel skeleton 137 _ The infrared and Baman 

spectra of CC13PP4 shou the trichloromethyl group to occupy 

an equatorial position13'. In Table 15 the vibrational 

assignments are compared for CH3PF463, CF3PP4137 and 

138 CC13PF4 _ 

Two studies have appeared of the vibrational spectra of 

(CF3)4Pz. In the first132 it is concluded that although the 

compound exists in only the trans form in the solid state, 

the gaseous and liquid states consist of mixtures of both 

trans and gauche forms with the trans form predominating. 

This can be compared to the fact that in liquid (CH3)4Pz 

there was a 40:60 percent mixture of the trans and gauche 

conformers, respectivelyl13. In the second study of 

(CF3)4P2, however, the spectra are interpreted to indicate 

that only the trans form is present in the liquid and 

gaseous phases . 139 This study also included an analysis of 

the vibrational spectrum of (CP3)4As2 in which it is again 

concluded that only the trans conformer is present in the 

liquid and gaseous phases. Normal coordinate analyses have 

been carried out for (CP3)4P2 and (CP3)4As,13g. The V(MM) 
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Table 15: Vibrational Assignments (cm-l) for CH3PF4, 

CF3PF4 and CC13PF4. 

fioae sm. 
UCX) Bl 

*2 

% 

d,(CX, B1 

B2 

d s(CX) A1 

(gcx) Bl 

R2 

WPC) *1 

WPF) Rl 

B2 

*_I 

Al 

CH3PF43 

2963 

2949 

2932 

1434 

1328 

985 

59e 

1009 

843 

932 

72+ 

CF F4h 9 CC1 F$ 
P 

1162 773 

1231 757 

1183 713 

510 328 

518 368 

754 409 

229 267 

304 302 

423 569 

986 985 

892 807 

909 918 

674 665 

a) Ref. 63. 

b) Ref. 137. 

c) Ref. 138. 

modes have been assigned at 485 and 204 cm-l, respectively 

for the trans forms of (CF3)4P2132'13g and (CF~)~AS~'~'. 

The I/(PP) mode for the gauche form of (CP3)4P2 has been 

assigned at 406 cm-l by the first gr0upl3~ while the second 

group139 assigned this band to a WPC) mode. The infrared 

and Raman spectra have also been reported for (CP3)2PPF2140. 
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V. VINYLIC, ACETYLENIC AND CYCLOPENTADIENYL DERIVATIVES 

The 0x1~ vibrational information for VinYliC deriVatiVSS 

to be reported has been for (K.$=CH)3P141. The most charac- 

teristic mode for vinylic derivatives is the U(C=C) vibration 

which has been assigned at 1595 cm-l for (H2C=GH)3P. 

More extensive and complete vibrational assignments are 

available for acetylenic derivatives. The complete infrared 

and Raman spectra and assignments have been reported for 

(HC=C$M (M=P,As;Sb)142 and (CH$ZEC)~M (II=P,As;S~)~~~ in 

various phases while less comolete infrared data have been 

reported for (CH$XC)PF2 and (CH~CEC)PF~'~~. Selected 

assignments for all of the above mentioned derivatives are 

summarized in Table 16 
142,144 

. Most of the modes arising from 

the acetylenic group are fairly insensitive to the nature of 

the Grwp Vb element. The frequency of the II mode 

decreases slightly as the mass of the central atom increases. 

This mode gives rise to a very strong intensity and character- 

istic bend, esuecially in the Baman spectrum. This is ob- 

served in Figure 11 which illustrates the CC1 
4 

soluC,ion fnfra- 

red spectrum and solid state Raman spectrum of (CH~C=C)~AS'~~. 

The .&CCX) modes (of the (CH~CZZC)~M derivatives) and the 

'I/(HC) ar?d 6iMEC) : nodes are much more mass sensitive; again 

sho:ring a decrease in frequency as the mass of the central 

atom increases. 

Infrared (3500-150 cm-l) and NRR data for (C5H5)3As, 

(C*H5)3Sb and a yellow and black form of (C5H5)39i indicate 

the presence of different types of structures for these 

compounds145. There is a trend from the monohacto structure 

for (C5H5j3A~ to the Dentahavto structure for the black form 
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r’:‘:‘“::‘!:‘:::::I.-:.:“:, 

4000 3000 2000 1000 200 

f---V'V(cn -1 ) - 
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/L IA-J! 
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3200 2600 2000 1000 0 

<-&Uv(cm -1 )- 

Figure 11: The carbon tetrachloride A) infrared spectrum and 

solid state B) Baman spectrum of (CH9CX)+s143. 

of (C5H513Bi. Intermediate structures, in which there is a 

rapid interconversion of monohanto and pentahanto rings are 

proposed for (C5H5J3Sb and the orange form of (C5H5J3Bi. 

The infrared spectrum of the black form of (C5Hs)$%i is very 

simple as expected for a compound with highly symmetric 

oentahauto cyclopentadienyl rings. The infrared spectrum 

of (C5H5)$Ls is much more complex, again as expected for the 

lower symmetry monohaoto cyclopentadienyl rings. The infrared 

spectra of (C5H5j3Sb and the orange form of (C,$i5)3Bi, however, 

show a complexity which might be attributed to the presence of 

both monohaoto and pentahaoto rings. 
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VI. NEUTHAL AND CATIONIC PHENYL COMPOUNDS 

Several structures are found for the phenyl derivatives 

of the Group Vb elements. There are trivalent derivatives of 

the type (C6H5)nMX3_n (n=l-g;X=counter anion) in which the 

central atom has a coordination number of three and a pyr- 

amidal skeleton. There are also the pentavalent derivatives, 

((C6H5)4M)X in which an ionic tetrahedral structure is 

f0un.a or (o&)nMX5_n (n=l-5;X=counter anion) in which a 

covalent trigonal bipyramidal SixUCtUre is found (except for 

(CgHg)$b which has a square pyramidal skeleton). 

In assigning the vibrational spectra for phenyl deriva- 

tives, reference is often made to the assignments given by 

Whiffen for the monosubstituted halobenzenes _ 146 
3hiffen 

showed that of the thirty fundamental modes for a mono- 

substituted phenyl ring, the positions of twenty four are 

relatively independent of the halogen substituted on the 

ring. The frequencies of the other six are sensitive to 

the substituent and were given the term mass- or X-sensitive. 

Of these X-sensitive modes, those denoted as the q, r and t 

vibrations contain contributions from the stretching of the 

phenyl-M bond, while those denoted as y, u and x vibrations 

involve phenyl-M bending. The X-sensitive modes, however, 

are not pure phenyl-M stretching or bending modes since they 

are coupled to some extent with the phenyl ring modes. It 

is therefore incorrect to assign phenyl-M stretching or 

bending modes in the same sense as the corresponding methyl-M 

stretching or bending modes are assigned. It has been stated 

that when the substituent on the phenyl ring is relatively 

light in mass (as, for example, a first row element) 147,148 
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Table 17: Assignments (cm-l) of the Non Mass-Sensitive IbieS fOP 

the Triphenyl Derivatives of the Group Vb Elements. 

Assignment.& 

v(W) k Al 

WCC) 1 B1 

V(W) m A1 

WCC) n B1 

U(W) o Bl 

d(CH) e B1 

d(CH) a A1 

d-(CH) c Bl 

d&-i) d B1 

d (CH) b Al 

riw P Al 

TT(CH) j B2 

Tf(CH) h A2 

TT(CH) I B2 

TT(CH) g A2 

Ji-T(CH) f "2 

v(CC) v B2 692 vs 

d (CCC) s B1 619 w 

-iT(CC) w A2 398 w 

1582 m 

1569 w 
1566 w 

1482 s 

1435 s 
1429 s 

1337 w 
1322 w 

1280 w 
1268 w 

1179 w 

1157 w 
1152 w 

1068 w 
1065 w 

1028 m 

99;; E: 

985 w 

970 w 

914 w 
905 w 

850 
847 

754 
746 
741 

1577 m 

1566 sh w 

1.480 vs 

1431 vs 

1320 w 

1270 w 

1182 m 

1152 m 

1066 m 

1026 m 

999 ms 

985 w 

970 w 

;A; z 

848 w 
840 w 

746 w 
734 vs 

693 vs 

614 vw 

397 vvw 

15?3 m 1567 m 

1562 sh 

1477 s 1474 m 

1429 vs 1428 s 

1329 w 1325 w 

1261 w 

1182 mw 1182 VW 

1153 w 1156 VW. 

1063 vs 

1018 m 1014 a 

997 s 995 m 

988 vw 

970 VW 
963 VW 

;:; : 

852 mw 
848 mw 

744 w sh 739 vs sh 
736 vs sh 734 vs 
730 vs 

694 vs 692 vs 

615 vw 610 vw 

398 vvw 393 vw 
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Table 17 (continued) 

a) For a description of the modes, the terms used to descr-ibe 

them and their symmetry, see Ref. 146. 

b) Refs. I.50 and 151. 

c) Ref. 152. 

d) Ref. 149. 

e) Ref. 153. 

f) Ref. 154. 

and/or uhen interactions are possible between lone-pairs of 

electrons on the central atom and the pi-electron system of 

the phenyl ring 
148 the major contribution of the stretching 

of the phenyl-N bond is to the q-type vibration. For heavier 

elements, however, such as phosphorus, arsenic, antimony and 

bismuth, it is the t-type vibration which contains the major 

contribution from the stretching of the phenyl-M bond 
148,149 

. 

The above considerations have mainly been with referance 

to monosubstituted phenyl derivatives. IJhen the substituent 

is a Group Vb element, more than one phenyl group can be 

bonded to the central atom. Although each ring would then 

be expected to give rise to a set of peaks, the inter ring 

coupling is slight so that there will be accidental degeneracy 

of a large number of the non mass-sensitive phenyl vibrations. 

Therefore, the spectra arising from these modes can still be 

interpreted in terms of the CoH5N unit. Splitting or 

ss::mmetry noted for these bands in the solid state have been 

attributed to solid state effects 149. The assignments made 
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from the solid state infrared spectra of the non mass-SenSi- 

tive phenyl modes (exclusive of the'V(CH) modes) are 

summarized in Table 17 for (C6H5)9 (M=P,As, s,;,i)149-154_ 

Similar assignments have been made for tetraphenyl 

phosphorus(V)'55, arsenic(V)156, antimong(V)~4g and 

bismuth(V)'57 derivatives; pentaphenyl phosphorus'58'15y, 

arsenic149 and ant im0ny14', and Li(Sb(06H5)6)149_ 

The six mass-sensitive vibrational modes show a greater 

degree of splitting than the non mass- sensitive modes. 

This complexity has been attributed to not only solid state 

effectdisl but more importantly to changes in coordination 

number and symmetry about the central atom. The low frequen- 

cy (550-100 cm-l) - infrared and Raman spectra of (C6H5)3M 

(M=P,As,Sb;Bi) have been assigned for the solid state and 

benzene solution phases 151 _ Figure 12 illustrates the infra- 

red and Raman spectra of the benzene solutions for these 

compounds. Assuming the phenyl groups to be single atoms, 

the triphenyl derivatives would have skeletons of Cgv symmetry 

a& t-wo phenyl-M stretching and two phenyl-M bending modes 

are exoected. Since the t and u modes are predominately 

phenyl-M stretching and bending modes, respectively, the 

splitting of these modes into two components is explainedlsl. 

To help confirm the above assignments, approximate normal 

coordinate caiculations were carried out assuming the pheny1 

groups to be single atoms. Complete vibrational assignments 

have also been given for C6Rq(As(CH3)2)2 and C6Hq(As(CD3)2)2153, 

and (p-XC6H~)$s and (m-XC6H$3As (X=Cl,P)160, while infrared 

data have been presented for (C6F5)3Bi 161 . 

The Raman spectra (below 700 cm-') of several tetraphenyl 
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*II----- 
B v-f-- 
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I 1 I I I I I I I 

500 300 1Or) 

+v(cr& - 
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+AVG=m -1) - 

Figure 12: The infrared spectra (A, b, C, D) and Haman 

spectra (E, F, G, H) of (CgH513P, (CgHg)+, 

jC6H5)$b and (CgH,$pi, respectively in benzene"1. 
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phosphorus(V), arsenic(V) and antimony(V) derivatives have 

been discussed in detail in order to differentiate between 

tetracoordinate and pentacoordinate structures . iihile the 
162 

solid state phosphorus(V) and arsenic(V) derivatives and 

((C6H5)4Sb)C104 have tetracoordinate skeletons, the antimony(V) 

derivatives (C6H5)4SbX (X=P,Cl,Br,OH) and ((C6H5)4Sb)$O4 

appear to be pentacoordinat& with trigonal bipyramidal 

skeletons. - In Table lSl49-155,162 the assignments are compared 

for the X-sensitive modes of (C6H5)+4 (?T=P,As,Sb;Bi) and the 

tetracoordinate derivatives (C6H5)4ML+ (M=P,As;Sb). It has 

been noted that the two bands observed for the t-mode of 

1+ 
(C6H5)4P are consistent with the known tetrahedral local 

symmetry of this cation . 162 It is difficult, however, to 

draw structural conclusions from the number of components 

associated with the X-sensitive modes of the (C6H5)4M1+ 

derivatives since the data are all for solid samples and the 

splitting also might be attributed to solid state effects. 

While the assignments made for the X-sensitive modes of the 

(C~H~)~M and (C6H5)4M1f derivatives are fairly consistent, 

for the triphenyl series the x-modes have been assigned at 

higher frequencies than the u-modes 151 while for the tetra- 

phenyl derivatives the u-modes have been assigned at the 

higher frequencies162. 

Although (C6H5)5P and (C6H5)5As have approximate trigonal 

binyramidal MC5 skeletons in the solid state 163, (C#5)5Sb 

has been shown to have an approximate square pyramidal MC5 

skeleton in the solid state IQL165, A detailed study has 

been reported of the low frequency (below 400 cm-l) solid 

state and CHzC12 or CH2Br2 solution infrared and Baman spectra. 
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of both (C6H515As and (CgH5)5Sb166. It is suggested from 

this study that both compounds retain their solid state 

structures in solution; indicating that the structure of 

(C6H5j5Sb in the solid state is not due to packing effects. 

VII. PRENYL, L)i2RIVATiVES 

A. Hydrides, Halides and Pseudohalides 

An interpretation167 has been offered for the infrared 

and Raman data originally thought 168 to have been for 

CgH5PF2. It is now known to be C&F4 169,170 with s 

more recent vibrational study having been reported for 

170 C&PF, . The frequencies of the non mass-sensitive and 

q- and z- modes of the trivalent phenyl-Group Vb hydrides 

and halides are very similar to tnose discussed in Section VI 

for phenyl compounds. The metal-hydride and metal-halide 

stretching mode assignments are summarized for these trivalent 

derivatives in Table 19 40,48,53,167,16a,170-175. Although the 

frequencies of the metal-hydride stretching modes are noi, 

significantly different from those of the corresponding alkyl 

derivatives, the freqxencies of the metal-halide stretching 

and the metal-hydride and -halide deformation modes of the 

phenyl derivatives can be influenced through interactions 

with the t, y, u, and x mass-sensitive modes which appear in 

the same frequency region. Interactions of this type have 

made it difficult to assign the low frequency spectra of these 

phenyl derivatives and led to some contradictory assign- 

ments167,1Y1 ,?74 L Although the phosphorus(III) and arsenic(II1) 

.halide derivatives are monomeric, the structures of the 

corresponding bismuth(II1) derivatives are not as certain. It 
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Table 19: Metal-Hydride and Metal-Halide Stratcning Modes 

(cm-l) for Trivalent Phenyl-Croup Vb Hydrides 

and Halides: 

Compound V(Mx) References 

(C~+)~PH 2286 171,172 

c6H5pH2 2293 167,173 

(C6&&Ash 2071 171 

C6h5AsH2 2089 171 

(C6h5)2Sbh 1855 40 

C6H5PF2 017 793 170 

(c6H5)2pc1 500 48,167,174 

C(jH5pC12 500 495 48,167,174 

C6H5PBr2 403 374 167,168 

(C6H5)2ASCl 372 53 

C6H5AsC12 393 369 53,174 

(C6H+sBr 315E 2915 53 

C6H5AsBr2 3x+ 29s 27cF 53 

C6H58iBr2 120 175 

C6H5Bi12 90 175 

a) The t and VMsBr) modes overlap, 

has been suggested that in the solid state C&-$BiX2 (X=Cl,%r, 

I) have polymeric structures with bridging halogen ligandls175. 

This is offered as a possible explanation for the fact that 

the bismuth-halogen stretching modes show an increase in 

frequency of ca. 20-30 cm-' when these compounds form 



complexes with l,lO-phenanthroline or 2,2'-bicyridine, rather 

than a frequency decrease which might be expected if the 

uncomplexed compounds were monomeric. 

As was trle for the corresponding alkyl derivatives, 

there appears to be an increasing tendency toward covalence 

in the pentavalent phenyl-Group Vb halide derivatives as the 

mrss of the central atom increases in a given series or as 

the mass of the halogen decreases. Therefore, although the 

vibrational spectra of the known tetraphenyl phosphor- 

us(V) 
155,162 and arsenic(V)'4g*156~162 halides show them to 

have tetracoordinate ionic structures, the tetraphenyl 

antimony(V) halides have covalent trigonal bipyr&idi+l 

structures in the solid state 
149,162,176 

. Also, while in 

methanol (C6H5)4SbF retains this covalent structure, vibra- 

tional data indicate that the other tetraphenyl(Vi halides 

dissociate to give tetracoordinate (C6H5)4Sb1+ cationP2. 

in contrast, a recent pulsed NMR study of the nuclear relax- 

ation of the 12%b nucleus of (C6Hg>4SbC1 dissolved in 

methanol indicates that the coordination number of antimony is 

not four177, This NMR study does, however, support the con- 

162 elusion of the vibrational study that in an aqueous solu- 

tion the tetraphenylantimony(V) halides form pentacoordinate 

1+ 
(C6H5)4sb0~2 cations. Also, as was noted for the corres- 

ponding alkyl derivatives, covalence increases as phenyl 

groups are replaced with halide ligands. Therefore, all of 

the pentavalent triphenyl-Group Vb dihalides studied have 

trigonal bipyramidal skeletons with the halides in the axial 

positions"'53,149,178-183. In Table 20~2,53,1~9,179-181 

the metal-halide stretching mode assignments are summarized 
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Table 20: Metal-Halide Stretching Modes (cm 'l) for 

Pentavalent Phenyl-Group Vb Halides. 

U(Mx) References 

42& 39s 53 

429 53 

270 149 

509 485 42,179 

400 162,176 

275 42 

353 162 

188 161 42 

26$ 162 

412 180 

240 180,181 

164 181 

a) Axial mode. 

b) In a more recent study 53 no V(AsCl) assignments were 

given because of mixing between these modes and the 

t-modes which appear in the same frequency region. 

c) Assigned to the same mode as the u-modes. 

for covalent pentavalent phenyl-Group Vb halides. 

Both (C6H5+kN3 and several other covalent phenyl- 

arsenic(II1) azides have been characterized 76 . Bore data 

are available for pentavalent phenyl-Group Vb pseudohalide 

derivatives. Tetraphenyl arsenic(V) tellurocyanate and 
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cyanate dihydrate156 consist of ionic structures with 

(C6H5)4As 
1+ 

cations. The antimony derivatives, (C6Hg)4SbX 

(X=N3,~C0;~CS), however, have covalent-pentacosrdinate 

structures176. The triphenyl derivatives, (C6Hg)3SbX2 (X=N3 78 , 

NC078;NCS42,78 1, ((c~H~)~su)~o (X=N3,NC~;~~~)78, (C~H~)~H~X~ 

(x=N~~~~,Nco~~~;CN 185) and ((C6H5)$3iNC0)S0 186 also have 

covalent structures with the pseudohalide groups occupying 

axial positions. An X-ray crystallographic study has con- 

firmed this for ((C6H5)3SWg)20187. 

B. Oxides, Chalconides, Nitrates and Other Oxo-Acid Salts 

Complete vibrational assignments have been made for 

(C6H53PO ls2, (cgi5)+s0188*189, (P-XC~H~)~ASO~~~ and 

(m-XC6H&ASO 
160 

(X=F,Cl) with the V(MO) modes of the former 

two compounds assigned at 1193 and 880 cm-l, respectively. 

The assignment of theU(As0) mode was made using '*O labeled 

189 
(c&+0 . Although.(C6H5)3P0 and (C6H5j3As0 have 

monomeric solution and solid state structures, this is not 

true for the corresponding antimony and bismuth compounds. 

Monomeric (C6H5)3Sb0 has been reported as the product of 

heating (C6H5)4SbOH in xylene 190 , yet another group reports 

that heating (C6H5)4SbOH in p-xylene gives a product that does 

not analyze for (C6~5)3~~, and that the products prepared by 

other methods which do analyze for triphenylstibine oxide are 

not monomeric but polymeric 191 . The V,(SbO) and Vs(SbO) 

assignments given for poly(triphenylstibine oxide) are 744 

and 669 cm”, respectively. Its low solubility in organic 

solvents and its infrared spectrum have led to the conclusion 

that triphenylbismuthine oxide also has a polymeric structure 
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consisting of -Bi-O-Bi-O- units; the va(BiO) mode belong 

assigned at 630 cm-l Is6. Assignments have been made for 

(c~H~)~Ms (M=P&l; Sb) and (CgHg>3MSe (N=P,As) assuming them 

to be monomers 150 . The V(AsS) assignment for C&$SS (465 cm-l) 

together with a molecular weight determination in bromoethane 

indicate that it is a tetramer 31. 

Several vibrational studies have been made Of PentaValent 

triphenyl and tetraphenyl Group vb derivatives of mono- and 

dibasic inorganic acids. These data have been useful in 

determining the solid state and solution structures of these 

compounds. The (C6H5)3M(N03)2 (M=us192,Sb179;Bi180) and 

(C6H514MN03 (M=Sb176,B1 *ly3) derivatives all have covalent 

structures with the unidentate nitrate groups in the axial 

positions. Although the covalent compound ((C6H5)3S~03>20 

(V,(SbO)=738 cm") has been reported, attempts to prepare the 

corresponding phosphorous and arsenic derivatives nave 

resulted in the formation of the nitric acid adaucts 

(C6H5)3P*HH03 and (c~H~)-+-HIIo~; inrrared assignments have 

been reported for all three compounds 192 . The infrared data 

originally reported to have been for ((C6Hg)9Sb)~O(C104)2179 

have recently been interpreted as having been for the 

hydrated speciesyO. An investigation of the splitting of the 

perchlorate bands for solid anhydrous ((C6H5)sSb)20(O104)2 

has led to the conclusion that this compound has a nonionic 

structure9'. Support for this conclusion is the fact that 

the perchlorate frequencies for ((C6HS)$b)20(C104)2 are in 

the same region as those of anhydrous ((C6Hg)3Bi)zO(G104)2186 

which an X-ray crystallographic study has 187 shown to have a 

slightly d%storted trigonal blpyramidal strUctUre with 



coordinated perchlorate groups. 

Ua(ClO4I band of the perchlorate 

(140 cd), ((~~H5)3~i)20(~104)2 

((CH3)3Sb)20(C104)2 (I3 crC1) is 

that the strength of the K-0C103 

((C6H5)3Sb)20(C104).2 and weakest 

The low frequency Baman spectrum 

The splitting of the 

group in ((C6H5)3Sb)2O(C104)2 

(100 cm-') and 

interpretec19' as implying 

bond is greatest in 

in ( (CH3)3Sb)20(CZ04)2. 

of ((C6H5)4Sb)C104 
162 and 

the infrared spectrum (4000-250 cm-l) of solid 

((C6H5)4Bi)C104 157 . lndlcate both to have ionic structures. 

The infrared results for the derivatives (C6H5)3SbX and 

((C6H5)3Shx)20 (X&O4 17Y,Se0489 ;CzQ8Y), and (C6H513BiX 

(X=C03,S04,Se04;Cr04)1Y4 in the solid state Indicate them 

-to have nonionic polymeric structures with bridging anion 

groups and pentacoordination of the antimony and bismuth 

atoms. The solid state infrared spectra, molecular sleight 

measurements in benzene and conductivity measurements in 

nitromethane. have been reported for ((C6Hg)4Sb)2X (X=S04,Se04; 

Cr04)176. These data indicate the presence of covalent 

penzacoordinate structures both in the solid state and benzene 

and nitromethane solutions. 

C. Alkoxides, Carboxylates and Chelates 

In the derivatives (C6Hg)4SbOB (a=CH3,C2H5,n-G3H7;i-G~H7) 

the alkoxide group occunies an axial position wit;h the V(SbO) 

mode assigned between 335 and 320 cm -1.195 

The separation of the Ua(CO) and U!(CO) frequencies for 

(C6H&SbX2 42~107~179 and (c~H~)~B~x~ 280zr93 (X=acetate, 

haloacetate; cyanoacetate) indicate that the carboxylate 

groups are unidentate. This is also true for the mono- 
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carboxylate derivatives (C6H5)4Sb(OOCCF~ snd(C,H5),Sb(OOCCClg)176. 

However, while (C H ) Sb(OOCCH ) has a pentacoordinate 
654 3 

structure with a monodentate acetate group in ch~OrOfOrIIl and 

bromoform solutions W(co)=1625 and 1370 cm -V , in the solid 

state the acetate group becomes chelating to give a hexa- 

coordinate structure as indicated by the closeness of the 

U(C0) frequencies (1555 and 1395 cm . 
-1~176 

Likewise, while 

the structuresof (C6H5)3SbC204 8g, ((C6H5)3SbC204)208y and 

(C6H5)3BiC2041y4 are polymeric with pentacoordinate central 

atoms and bridging oxalate groups, in ((C6H5)4Sb)+zO4 the 

structure consists of hexacoordinate antimony atoms with a 

symmetrically bichelnting oxalate group . 176 This is indicated 

by the fact that iqhile (c6H5)3Sbc204 shows two StI'OIlg 

infrared bands in C,he IJ(COz) region (1740 and. 1655 cm-l), 

((C6H5)4Sb)zCz04 gives one band in this region (1625 cm-l). 

The solid state infrared data for the compounds 

(c6H5)nSX14-n Acac (n=l-4) show them all to have hexacoor- 

dinate structures with chelating acetylacetonate groups . 113 

For (C H ) SbC12A&ac there is the possibility of different 
652 

stereoisomers. kn X-ray crystallographic study has shown 

that in the solid state the chloride ligands are located cis 

to one another and are coplanar with the acetylacetone group, 

while the phenyl groups are trans to each other . 196 It was 

112 
originally proposed that in solution (CgH5)2SbC1pCaC 

consists of an equilibrium between the trans dichloro 

structure with a chelating acetylacetone group and a structure 

with a nonchelating acetylacetone group. This equilibrium 

has been questioned 197 and it is now proposed that in solution 

113,197 not only (C6H5)2SbCl.$ca~ but all of the compounds 



B2SbX2Acac (B=C6H5,p-CH3C6H4;X=Cl,Br,NCS) 197 consist of an 

equilibrium between the structures in which the h groups are 

in the trans positions and the X groups are in the trans 

positions. Spectroscopic data (W,IR;NMR) indicate that the 

compounds (C H ) Sb 
6 5 n 

Ox 
4-n 

(n=l-4) consist of hexacoordinate 

structures with chelating oxinate groups in benzene. The 

same structure is found for C H Sbcl Ox and 
65 3 

(C H ) 
652 

Sbc120x 

in 100% ethanol or chloroform. If the solvents used are polar, 

however, complete rupture of the antimony-nitrogen bond 

or partial rupture of this bond can occur 115 . In the solid 

state, spectral data indicate (C6H5)$3iC10x and (C6H5)$JiBrO~ 

to have hexacoordinate structures with chelating oxinate 

glUlp281. Although (C&-i$~iClOx initially retains this 

structure when dissolved in CH$12 or benzene, over a period 

of time the bismuth-nitrogen bond is ruptured. The bismuth- 

nitrogen bond is broken immediately when (C6H5)~iC10x or 

(C6H5)3Bi&OX is dissolved in methanol or chloroform and 

when (C$15)3BiBrOx is dissolved in 'benzene or CHZC12. 

D. Lewis Base hdducts, Metal-Metal aonds and Complexes 

Infrared data and conductance measurements have been 

reported for the fJllowing complexes containing neutral 

oxygen donor Lewis bases: (c~H~)~s~c~~L (~=Drnso,~h~A)~~, 

((C6H5)3SbL)20(C10$2 (L=Dyi,Di'lS0,DPS0,PyOo,(C~~5)3PO; 

(CgH53AsO~l98, and ((C&i5)$3iLz)x2 and (((C6H5)3DiL),0)x, 

(L=DMSC,P~,(CgH5)3PC,(CgH5)~~O;X=Clo~,BF~,PFg)1gg. 

The only phenyl complexes with direct MM interactions to 

be studied using vibrational spectroscopy are ((C6H5)2P)21037167 

and (C6~5~14 200 . The latter compound contains a puckered four 
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membered P4 ring and has been reported to exist in the solid 

state in two different stereochemical forms 
201 . The Baman 

spectra of both forms have been assigned 200 . Although the 

V,(PP) modes were assigned at 488 and 501 cm-l for these two 

stereoisomers, the Vs(i?P) modes could not be identified due to 

mixing with other low frequency modes. 

Vibrational data have also been reported for several 

derivatives where (C H ) 
653 

M (M=P,As) act as ligands in 

coordinating to main group or transition metals or 

comnlexes~22,129,~52,202-206 . 
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