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The IR and Raman spectra of a series para- and meta-substituted aryl- 
Group VB compounds (XC6H5)3M (X = Cl, F) (M = P, As, Sb, Bi) measured over 
the spectral range 4000 to 100 cm-*, are reported. The results of a complete 
vibrational analysis are used to discuss the identification of the products. The 
shifts of substituent-sensitive vibrations are discussed. 

Introduction 

In previous papers the synthesis of (4-XC,&,),M and (3-XC&H.&M com- 
pounds (X = Cl, F; M = P [l,Zl, As [3], Sb [4] and Bi [4]) were described. 

In order to obtain the exact phenyl-phosphorus and the X-sensitive he- 
quencies a complete tentative assignment has been made for g the frequencies 
of the phosphorus compounds. This could be done fairly easily by comparing 
with a similar complete assignment for the amine compounds [ 51. The assign- 
ments reported here are also partly based on earlier work on disubstituted 
benzene derivatives [S-10]. This exhaustive study of phosphorus and arsenic 
compounds allowed the assignment of characteristic frequencies in spectra of 
the antimony and bismuth compounds. In this way the distinction between Cl- 
or F-substitution and meta- or para-substitution can be made, and the X-sensi- 
tive vibrations can be assigned. 

Later these assignments should provide information to locate the Y(P=O), 
Y(P=S) and v(P=Se) bands for the oxides, sulfides and selenides of the phosphine 
derivatives in much the same way as this was done for the substituted phenyl 
amine oxides [ 53. 

Results and discussion 

The molecules (4-XC&&M (X = Cl, F; M = P, As, Sb, Bi) can be considered 
as para-disubstituted benzene derivatives. The phenyl groups then belong to the 



-COMs~ATIONT~NE~ANDX-S~NSITNEBANDS~ORMOLEC~ES(4-Xi=6H4)3M 
(Incm") : 

Assignment M 

P As Sb Bi 

X.= F . . 

1st. comb.band 1896 1894 '1895 1894 

2ndcomb.band 1770 1762 1759 1772 

&dc&b.band 1645 1636 1638 1636 

XS13v(C-F) 1229 1231 1226 1220 
X3 lR.S_VV.= 1093 1075 1054 1044 

XS 6a R.&V.= 812 810 804 804 
XS12R.S.V.= 662 586 572 560 

XS Sbfl(C-F) 430 421 414 410 
XS?av(Ph-M)' 403 358 328 324 

XS1O_br(C-X)b 310 281 238 198 

xsll~(c-x)b ~,15Bwl-+¶--Pb)~ 
216 207 193 183 
150 135 

x = Cl 

lgtcomb.band 1905 
2ndcomb.band 1787 
3rdcomb.band 1644 
XS12 R&V.= 1098 
XSl R.S.V.= 1085 
XS 6aR.S.V.Q 744 
XS20au(C-X) 530 

XS 7av(Ph-M)b 419 
XS 9bB(C--Cl)b 327 
XS10b7(C-X)b 267 
XS15&Pb-M-Ph)b 186 
&sll~(C-x,b 136 

1898 1900 1899 
1785 1780 1791 

1636 1637 1634 
1092 1088 1087 
1066 1064 1045 

728 721 715 

507 484 481 

336 294 284 
322 332 327 

256 216 184 

181 170 162 

132 123 126 

local C;, symmetry class and yield 30 fundamentals divided as follows : Al (11) + 
A2 (3) + Bl (6) + & (10). All the frequencies are Raman active and all but the A2 
frequency are infrared active. 

Similarly the phenyl group of the molecules (3-XC6H4)& (X = Cl, F; M = 
P, As, Sb, Pi) has local C, symmetry: the 30 fundamentals now divide over the 
classes : A’ (21) + A” (9). For these compounds all frequencies are both IR and 
Raman active. For reasons. of simplicity and uniformity, the numbering proposed 
by Varsanyi [IO] for disubstituted benzene derivatives has been adopted. These 
compounds could alternatively be considered as MX3 molecules with skeletal 
C&symmetry [2,6]. The 4 skeletal fimdamentals~fall into the classes: Al (2) + 
W2). 

Starf&g from a complete vibrational assignment for all the phosphorus 
compounds and by comparison with the previously published completely as- 
signed $pectra of the cormsponding arsines [ 53, the analysis of spectra of the 
ant&my and bismuth cornpour& was easily performed. From the complete 
assignments 1171, for reasons of brevity, we discuss only the frequencies which 

are_u&f@for theidentification of .the comp&mds asp- or m&substituted 
: phenyl derivatives. (F- or @substituents) or for the discussion of the substituent 
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TABLE2. 

COMBWATIONTONES~NDX-SENSITTVEBANDSFORMOLEC~LES<3-XC5H4)3M 
(Izicm-') 

Assignment M 

.P As Sb Bi 

X=F 

lstcomb.band 
2ndcomb.band 
3rdcomb.band 

4thcomb.band 
XS13 v(C-F) 

XS 6b R.S.V." 
XSl R.S.V.= 
XS6aR.S.V." 
XS15fi(C-F) 
XS7bv(Ph-M) 
XS~O~T<C-X)~ 
XS 9afl(Ph-M-Ph)h 
XSlObr(C-X)h 

1945 

1870 
1752 
1680 
1212 

878 
661 
511 
439 

411 
247 

226 
176 

1935 1938 1932 
1864 1868 1868 
1769 1769 1763 
1679 1682 1681 

1212 1207 1205 

856 846 836 
661 653 644 

521 521 521 
430 422 418 

314 252 243 
247 243 237 

216 216 200 
167 147 143 

x= Cl 

lstcomb.band 1944 1942 
2ndcomb.band 1875 1875 
3rdcomb.band 1762 1763 
4thcomb.band 1686 1683 
XSl R.S.V. 1119 1103 
XS6bR.S.V. 765 752 
XS6aR.S.V. 660 651 

XS7bv(C-X) 420 422 
XS?av<Ph-M) 404 308 
XSlSP<C-Cl)" 339 361 
XS1Oa*/(C-X)b 249 234 
XS9aB(Ph-M-Ph)b 220 211 
XSIObr(C-X)b 146 138 

oRadiaI Skeletal Vibration. bValuestakenfrom Reman spectra. 

1946 1936 
1877 1871 
1757 1754 
1684 1677 
1096 1090 
740 731 
645 640 

424 421 
262 229 
339 332 
229 220 
203 199 
127 119 

sensitive (XS) vibrations. Tables 1 and 2 list the relevant material. Comparison 
of the upper and lower parts of Tables 1 and 2 reveals that the numbering of a 
given fundamental changes according to whether an F or a Cl atom is the second 
substituent. This difference arises only from the mass difference of both substi- 
tuents. For “m-plane” vibrations substituents whose first atom has atomic 
weight < 25 is “light” (e.g. F). For “out-of-plane” vibrations all polyatomic and 
monoatomic substituents with atomic weight > 25 are “heavy” (e.g. Cl) [ 111. 

1. Assignments relating to m/p and F/Cl substitution 

The absorptions in the 1600-2000 cm-’ region are combination bands of 
the r(C-_H) vibrations which themselves yield absorptions in the frequency 
range 800-1000 cm -I. These combination tones allow a distinction to be made 
between para- and meta-disubstituted phenyl compounds [ll] . Para-substitution 
leads to absorptions at about 1900,178O and 1640 cm‘-‘. From Table 1 it can 
be seen that these bands were observed in all the (4XC,&)3M compounds, and 
that they are rem+ably insensitive-to the nature of either X or M. On the 
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other hand; me&substitution yields four, instead of three specific combination 
bands at about 1940,1870,1760 and 1680 cm-‘. Again the wavenumbers of 

’ these bands are found to be nearly independent of the nature of X and M, as is 
seen from the comparison of the data in Table 2. 

The nature of the substituent X can also be determined easily from the 
spectra. In the compounds (dFC,H,)&I the X-sensitive bands XS 13 and XS 9b 
are characteristic; for (4ClC,~),M the bands XS 12 and XS 9b. The wavenum- 
hers for these bands are also given in Tab16 1. The corresponding X-sensitive 
bands for the compounds (3-XC6&)3M are XS 13 and XS 15 for X = F, and 
XS 1 and XS 15 for X = CI (Table 2). 

2. X-sensitiue vibrations of para-substituted derivatives 

(a) Fluorine-substituted compounds 
XS 13, vfC-F) and XS 9, @C-F). These are clearly C-F vibrations as they 

are practicahy not influenced by 3 change of M. 
XS 2, R.EZ. V. This frequency is accepted to be characteristic of the heavy 

substituent in p-disubstituted benzene derivatives where one of the substituents 
is light (F) and the other is heavy (M). It was the subject of many discussions. 
Homer et al. [12] and Sheldon [13] assigned it to 2 specific metal-phenyl vi- 
bration. Also, Petit [14] assignes this frequency to 3 C-As stretching or a spe- 

cific metal-phenyl vibration. Kross et al. 1153 however found 2 linear relation- 
ship between the frequency of this band and the square of the electronegativity 
of the substituent atom. This was taken as evidence that normal mode 1 is an 
X-sensitive vibration of the phenyl ring. Table 1 shows that the frequency of 
XS 1 decreases with decreasing electronegativity of the M atom, and so we 
ascribe it to a skeletal vibration of the phenyl ring perturbed by the M atom. 

XS 6a. It is assumed that this “in-plane” ring deformation is determined 
by the light substituent. The frequency ranges only from 812 to 804 cm-‘, the 
light substituent being always F. 

XS 12 R-S. V. The frequency of this mode is found between 560-602 cm-‘. 
For a light and a heavy substituent the reported intervaI ranges from 481 to 
680 cm‘-’ [lo]. It is clear that in our case the observed frequency interval is 
determined by the lighter substituent (F), but is shifted also by the heavier sub- 
stituent. 

XS 7a. This vibration could be either the second v(C-X) or the Ph-M 
stretching frequency. As this frequency is clearly determined by the M atom, as 
indicated by the frequency shift 403-324 cm-‘, we assign it to the, v(Ph-M) 
stretching. In (CsH5)3P Shobatake [6] assignes to vth-P) the frequencies 428 
and 398 cm-’ (E + Al). 

XS IOb and II. The frequency of the C-X “out-of-plane” lob mode is 
generally higher than that of the second C-X “out-of-plane” mode 11, when at 
least one of the substituents is heavy. The frequency range we find for lob is 
310-198 cm-l. For XS 11 we observe a range EN-137 cm-‘. The XS lob mode 
is obviously strongly influenced by the M atom. 

XS 15 @(Ph-_M). Shobatake [S] found for the @(Ph-M) in the molecules 
(CJLI&M respectively: (C,H,),P 209 cm-‘, (CsHS)& 192 cm-‘, (&Hs)$Jb 161 
cm:‘.a.nd (C,H&Bi 157 cm- I. The frequency region observed here is 216-183 
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cm-‘. The expected frequency decrease as a function of M is observed. Our 
values are slightly higher than those of Shobatake and this is probably a result 
of the influence of the F-substituent on the C-M bond. 

(b) Chlorine-substituted compounds 
XS 12 and XS 1 R.S. V. These are respectively assigned in the frequency 

range 1098-1087 cm-’ and 1085-1045 cm-‘. For two heavy substituents nor- 
mal mode 12 is assumed to be characteristic of.the lighter substituent, and nor- 
mal mode 1 of the heavier substituent [lo]. This is in good agreement with our 
assignment in both the Cl- and the F-substituted compounds_ 

XS 6a, a(C---C--C) is found in the frequency range 944L715 cm-‘. The 
mass difference between fluorine and chlorine produces a shift of circa 100 cm-’ 
in the (4-CKsH4)3M (M = P, As, Sb, Bi) in comparison with the (4-F&H&M 
compounds. 

XS 2Ua. This fundamental is one of the v(C-X) vibrations and is assigned 
in the frequency region 530-481 cm -*. The small shifts observed indicate that 
this normal mode is sensitive to the chlorine substituent. The frequency range 
is, however, too great for XS 20a to be a pure C-Cl stretching vibration. 

XS 7a. The second v(C-X) vibration falls in the region 186-162 cm-‘. Its 
assignment as the v(Ph-M) vibration was discussed in detail in section 2(a). 

XS I Ob, 15 and Il. The assignment and the discussions of these XS vibra- 
tions are sirni.lar to these for the fluorine-substituted compounds in section Z(a). 

3. X-sensitive vibrations of me ta-su bstitu ted derivatives 

(a) Fluorine-substituted compounds 
XS 13 and XS 15. Both modes are seen to undergo little shift on changing 

M, and therefore can be safely assigned to C-F vibrational modes. 
XS 6b. In meta-disubstituted benzene in which at least one substituent is 

heaty, the accepted frequency range of vibration 6b is 700-900 cm-’ [IO]_ The 
frequency of this mode is found above 800 cm-l only when one of the jubsti- 
tuents is light. Fluorine is counted as a light substituent and therefore we situate 
normal mode 6b in the frequency region 878-836 cm-‘. 

XS 1. The frequency interval of R.S.V. 1 is reported as 661-644 cm’. 
Several authors note coupling between normal mode 1 and the C-X stretching 
mode of the light substituent; on the other hand mode 6b discussed above 
couples with the P(C-X) of the heavier substituent. A comparison of the values 
for XS 6b and XS 1 (Table 2) shows that mode 6b shifts more than mode 1 and 
this is accepted as evidence for the coupling. 

XS 6~2. The frequency is found constant at 621 Cm-’ and is clearly deter- 
mined by the lighter substituent. This constant frequency also indicates that in 
these meta-fluorine substituted aryI--Group VB compounds no significant elec- 
tron shifts occur. 

XS 7b. This assignment in the region 411-243 cm-’ is based upon the as- 
signment and the discussion for this normal mode in para-substituted aryl- 
Croup VB compounds in the section 2. 

XS 2 Ua and XS 1 Ob. In the case of mixed substitution the frequency values 
are found in between those for the identically substituted derivatives [IO]. The 
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normal mode 1Qa should then be found closely to the vibration 10a of met&i- 
fiuoro benzene, namely 248 cm:! [lS], and-so the frequency region-assigned 
for XS 10a for the tie&fluorti substituted compounds is 247-237 cm-l. XS 10b 
is found in the region 176-143 cmzl. No values for normal mode 10b of 
-m-CJziJ(C&&),i’], could be found. 

XS 9a. As for XS 7b this assignment & based up& earlier assignments for 
(4-F&Ha),M (M = P, As, Fi, Sb) compounds in section 2. 

(b) Chlorine-substituted compoimds 
XS 1. The absorption frequencies assigned to this mode fall in the accepted 

frequency region for two heavy substituents. In the (3TFC6G)3M compounds 
(F = light substituent) XS 1 was assigned near660 cm-‘. Normal mode 1 in the 
(3-ClC6&)3M compounds is characteristic for chlorine substitution on the 
pheny! ring. 

XS 6b, R.S. V. 6a is found in the region 765-731 cm-‘. As discussed for 
XS 6b in the Introduction vibration 6b only appears above 800 cni’ when one 
of the substituents is light. Chlorine is regarded as a heavy substituent, and 
therefore a shift to lower wavenumbers is found. 

XS 7a acd XS 76. The frequency of the fundmental 7b > 7a. Normal 
mode 7b is found near 420 cm-’ and is determined in the measured compounds 
by the chlorine atom. The stretching vibration Ph-M 7a is assigned in the region 
404-229 cm-‘. 

XS 16.. The in plane-ring substituent deformation p(C--Cl) is found near 
340 c&l-’ , except in (3-CICsH4),As. Probably a coupling between 7a--v(Ph-As) 
and /3(C--Cl) could explain this value. 

XS I Oa and XS I Ub. As reported in section 3 (a) the frequency of vibration 
lOa> lob. Normal mode 10a shifts from 249 to 220 cm-’ and 1Ob from 146 
to 119 cm-‘. The C-X “out-of-plane” 10a is determined by the chlorine atom, 
while lob is influenced by the M atom. 

XS 96, /3(Ph-_M) is found between 220 and 199 cm-‘. Changing M has no 
significant influence on the frequency of this vibration. 

Ehtperimental 

The experimental conditions for recording the IR and Raman spectra and 
the spectrometers used have been described in a previous paper [ 5]_ 

Each-compound was investigated by both IR and Raman spectrtiscopy. 
Spectra of the solids (IR, Raman) and of CCl,, solutions (IR) and of CH& solu- 
tions (Raman) were taken. In some instances Raman depoiarisation measure- 
ments helped a correct as$nment. 
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