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The bonding situation within the,BsS,, (m = 0—4) series is studied using a combination of experimental

and theoretical vibrational analysis. A correlation between the spectra of the compounds is undertaken and
the shifts of the vibrational frequencies within the series are analyzed. The frequency shifts found within the
P406Sm (m = 0—4) series are furthermore compared with those found within 4@ fh = 6—10) series.

Our analysis indicates a somewhat larger increases in-tt@ éage bond strength in the oxygen-substituted
compounds relative to the sulfur substitution. This interpretation is consistent with the same conclusion based
on a comparison of the-PO bond lengths shortening in the cage in going frof®dto P01, (0.05 A) and

P40 to P;0sS4 (0.03 A).

Section 1. Introduction the low-energy region or in the high-energy region of the
S 1
Phosphorchalcogenides,@ X» (X = O, S, Sen = 0-4), vibrational spectrum. In the energy range above 1100'cm

which have been studied extensively in recent védesm a only stretching vibrations of the terminal O bonds are
specially tailored system. The radua)I/chan es ogservg;i in theirObserved' These bonds are so strong that couplings ofthe P
pecially Sy ’ gra 9 ; O stretching motions with motions of the#® cage bonds are
bonding properties along the series make them an ideal system L In the | below 260 Il band
for an investigation of the relationship between the molecular small. In the low-energy range (below Clm al bands
geometry and the strength of chemical bonding. Since the forcecorrespond to bending motions of the terminar® bonds.
field of a molecule is directly related to its bonding situation, a These vibrations couple with libration of tha® cage. The

. . L . band shift to higher frequencies within thge@? (n = 6—10)
detal_le_d_ analysis of the vibrational spectrum provides  the series, which is observed in the middle range of the spectrum
possibility to study the strength of its chemical bonds. In

. - . : (300-1000 cn1?), is a clear indication for the increase in the
previous Work% we used this approach to study the influence strength of the PO cage bonds. Only for two bands, a shift to
of the S“k?s“t”e'?t?.x on the,8 cage bonds. lower frequencies occurs, but this effect results from the increase

Employing ab initio methods, we computed the IR and Raman of the mass of the moving units when going fromOR
vibrational frequencies to assign the experimental spectra. Usmg(phosphorus atom) t0P10 (P=0 unit)
the scaled quantum mechanics (SQM) method proposed by In the present work, the vibrational spectra of th©§s, (m
Pulay? the theoretical and the experimental data were combined pre il b ’ died. Diff P b hi ( .
to obtain improved theoretical force fields. Since only the — 0~%) series will be studied. Differences between this series

theoretical data allow an reliable correlation of the vibrational and the oxygen S.e”es“e” (n = 6-10) will be discussed to
bands from one spectrum to another within the series, this 2nalyze if oxygen influences tha®; cage bonds stronger than

combined approach used for vibrational analysis made it possibleSUlfur substituents. This question is still under debate since the
to study quantitatively the variations in the force field of the difference in the cage bond contraction in the two series is very
P,0sX molecules. small (“_2 pm).

In previous works;3 differences in the cage bonds situation ~ Experimental IR and Raman spectra are already known for
in the monosubstituted and disubstituted serig€Rm (X = P406Sn (M= 1—4) 2% The spectra of /DeS and ROsS; have
0, S, Se;m = 1-2), have been studied by analyzing the Peen already assigned employing ab initio methods, while for
frequency shifts in their vibrational spectra. In addition, the P4OsSa only a preliminary experimental assignment based on
variations in the vibrational spectra connected with the=PX the Raman polarization measurements is knéor P,0sSs,
(X =0, S, and Se) terminal bond were analyzed. These changed!© assignment has been reported so far.
are less interesting, because they reflect the known relation

between the different masses and bond strengths of‘tle @ Section 2. Technical Details
bond. Nevertheless, they must be considered because of their ) )
couplings to cage vibrations. The theoretical methods used in the present work are already

In our recent investigatiohthe variations of the bonding ~ discussed in our previous works! Molecular equilibrium
situation within the series @, (n = 6—10) have been studied. ~9€0metries were optimized employing the SCF method in
The results showed that vibrations, which involve motions of combination with a DZP basis set given by Huzindged the

the oxygen substituents (relative to the cage), appear either invibrational frequencies_ and IR gnd Raman intensities were
calculated at the stationary point of the molecules under

*To whom correspondence should be addressed. E-mail: bernd@thch.uni-consideration. All these calculations were performed with the
bonn.de. Fax: (0228) 73-9066. Gaussian94 program packatjeErrors of the HF force field
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Figure 1. Molecular Structure of fD¢S;; schematic illustration of the
different P-O bonds. The four different bonds (with@, symmetry)
are specified by different shadings.

were corrected with the scaled quantum mechanical (S®M)
force field as proposed by Pulay and co-workers.
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various measurements and calculations are collected in Tables
2—6. The calculated vibrational frequencies foiOB, which
have been already reported in our previous stuahg also listed
in Table 6 for comparison. The accuracy of the data are similar
to those found for the &, (n = 6—10) series,i.e., in the range
of 10 cnmL,

In the following the IR and Raman spectra of RS, (m =
3—4) will be assigned. The assignment for th©FS and ROsS,
can be taken from our earlier wotk?# As observed for FOsS
and ROsS,, the bending modes of the/#S units are found in
the lower region of the spectrum of,®sS;: the two lowest
modes (Table 4) correspond to a linear combination of the
motion of the P=S units (1e: 148 cmt; 1a: 160 cnT?). Both
modes possess strong Raman intensities but very small IR
intensities. The strongest band in the Raman spectra@
corresponds to the cage breathing mode, which is experimentally
found at 485 cm! (theoretical 479 cm). The P’=S stretching
vibrations of ROsS; are the 7amode (891 cm?) and the 10e
mode (795 cm?). The highest two modes (11e,8an the

Scale factors were obtained by a least-squares fit to known spectrum of FOsS; correspond to stretching vibrations within

experimental data of s, P4OsS, and ROsSs. Because the

the PQ units of the ROg cage. They are computed at 974 and

scaled frequencies of the present work were obtained employingg70 cnt?, respectively, and are observed in the infrared

averaged scaling factors, a small deviatierlQ cnT?) exists

to previous theoretical data, where individually optimized scaling

spectrum as a very strong and broad band at 960'.cm
Table 5 gives a comparison between our computed frequen-

factors were used. Descriptions of the nuclear displacements ingjes of ROeS, and experimental results taken from the literature.
the various modes were obtained using animations of the the agreement between our data and those given by Jansen and

program MOLDEN?2

Section 3. Results and Discussion

The molecular structure of,BS, together with a summary

co-workers is good?$ taking into account that crystal environ-

ment effects lead to a lower symmetry and, hence, to a splitting
of degenerate modes. Additional bands in the experimental
spectra may be attributed to combination bands or overtones.

of abbreviation used in the present paper is given in Figure 1. An example is the band found at 387 thnThis band does not
A comparison between the experimental and the theoretical fit to any computed fundamental, but may arise from a

bond distances (Table 1) shows that the geometrical paramete€ombination band of the lowesi mode (158 cm?) and the

optimized at the HF/DZP level generally deviate by less than lowest i mode (220 cm?). Bands in this experimental spectra

1.5 pm from those obtained by X-ray diffraction meth&dss
already described earligrsubstitution of the s cage by

chalcogenide leads to a shortening of the bonds betw&en P

and the neighboring oxygens gCand an elongation of the O
—P'"" bonds.

which appear above 1100 chmust stem from residuary
oxygen compounds, as was already assumed by Cladé' et al.
For P1OsSs, the P’=S stretch modes are localized in the same
energy range as the stretching vibrations of theéORcage bonds
(~900 cntl). The in-phase motion of theVE=S is found at

In P4O¢Ss, the P-O cage bonds are 162 pm; i.e., they are 929 cnt?, while the out-of-phase motion is located at 807 ¢m

shorter by about 3 pm than those in(R (165 pm). This
constitutes a smaller contraction of the ® cage bonds due to
the sulfur addition than found in the equivalegOR (n = 6—10)

(5f,). The highest mode in they©6S, spectrum is the gfmode
(986 cntl). While the 5§ corresponds mainly to an out-of-
phase stretching motion of th& S, with a small contribution

series due to oxygen addition, where the cage bonds are 1600f the cage modes, the Htan be described as a symmetric

pm in P,O10. This bond difference between®o and BOsS,

stretching motion of the PO cage bonds with a small

is too small to make the definitive statement that oxygen or contribution of the P’=_S stretching. The coupling otB=S and _
sulfur substituents have a different influence on these cagethe P-O cage vibrations indicate that the products of their
bonds. On the other hand, a finding that the frequency shifts respectiveG und F matrix elements are similar.

along the ROsSy (M = 0—4) series are smaller than those

Comparison of the Vibrational Spectra of P,OgSy, (M =

observed for the oxygen substitution could support such a 0—4) Series.Our comparison of the vibrational spectra of the

conclusion based on the cage bond length contraction.
Theoretical and Experimental FrequenciesThe vibrational
frequencies of the @Sy (M = 0—4) molecules obtained from

TABLE 1: Bond Lengths (in A) in Phosphorus Oxide Sulfide*

molecules FOSy, (M = 0—4) is based on the computed
frequencies, obtained with the SQM force field technique.
Discussing the vibrations in terms of linear combinations of

P4Os P406S P:O6S, P40O6Ss P406Ss
bonds exptl theor exptl theor exptl theor exptl theor exptl theor
P —0, 1.653 1.648 1.637 1.646 1.636 1.645
P —0, 1.678 1.662 1.671 1.659 1.661 1.657
PV -0, 1.596 1.611 1.595 1.611 1.595 1.613
PV -0, 1.614 1.624 1.611 1.625 1.620 1.624
PV —S 1.890 1.882 1.885 1.876 1.882 1.868 1.886 1.864

2 All theoretical values are obtained from a HF/DZP geometry optimizdtidmhile the experimental data are X-ray data given in a review by

Clade et ak
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TABLE 2: Comparison of the Calculated Vibrational
Spectra of P,0eS with Experimental Data (in cm™?)

Valentim et al.

TABLE 4: Comparison of the Calculated Vibrational
Spectra of P,0sS; with Experimental Data (in cm™1)

theory experiment
rel intensities ref 14 ref 6 ref 2

sym scaled IR IR Raman IR Raman
E 186 0 186(s) 178(s)
A, 286 0
E 295 0 300(m) 296(m)
E 315 0 313(w) 313(w)
A; 337 0 344(m) 344(m,p)
E 413 3 415(m) 415(m) 417(m) 415(m)
? 451 (w)
? 466(w)
A1 510 5 505(s) 502(w) 505(s,p)
E 562 0 missing
A; 585 3 592(s) 598(m) 592(s,p)
A1 617 6 626(m) 632(m) 631(m) 632(s,p)
E 630 3 642(m) 653(W) 646(w)  653(w)
A, 659 0
E 687 2 663(m) 668(w)
A1 697 0 687(m) 690(w) 688(m) 690(w,p)
E 702 0 missing
A 812 0 850(m) 814(w) 830(m) 814(w)
A; 947 100 958(w) 948(s,br) 945(w,p)
= 560 59 ]940-986(s)

2 x 510 1010

2 x 585 1202

2 x 617 1264

? 2853

? 2924

experiment
theory ref 6
sym scaled rel intensities IR IR Raman
E 148 0 146(vs)
AL 160 0 155(vs)
163(m)
E 202 0 198(s)
Az 220 0 inactive
E 300 0 308(w)
E 333 0 326(w)
E 342 1 349(s)
Az 370 0 inactive
Az 365 1 372(s)
450(vw) 446(m)
A 479 4 486(s) 485(vs)
E 557 2 536(s)
Aq 574 0 568(vw) 568(w)
E 642 13 639(vs) 638(w)
0 652(vw) 656(vw)
Az 673 1 666(vw) 678(m)
E 716 0 702(w) 703(vw)
Ay 724 3 713(w) 715(vw)
722(w)
E 744 1 767(m)
Az 774 0 inactive
E 795 0 missing
AL 891 3 894(sh) 893(w)
AL 970 67
E 974 100 960(vs.br) 951 (yw)

TABLE 3: Comparison of the Calculated Vibrational
Spectra of P,0sS, with Experimental Data (in cm~1)

TABLE 5: Comparison of the Calculated Vibrational
Spectra of P,OgS; with Experimental Data (in cm—1)

experiment :
theory ref 3 theory — experm;jnt
sym scaled rel intensities IR IR Raman intensities © e ref 8
sym scaled IR IR Raman IR RamanRaman sym
A 156 0 159(vs,p)
B1 186 0 133w) 95
A; 194 0 187(vs)
B, 213 0 205(m) E 141 0 115455(5/\/55)) 148 150(dp) E
B; 298 0 290(w)
A; 303 0 301(w) R 158 0 117600(%5)
ﬁl 2% 8 194  194(dp) E
2 F, 220 0 inactive
B2 337 0 259 £
B 346 0 343(m) 2710ww)
A 351 0 357(s,p) 288(vw)
B 426 4 421(s) 420(w) E 315 0 317(w)
A 501 3 502(s) 504(vs,p) 328(w)
Bz 539 3 524(s) 525(vw) F, 350 1 352(m) 353 354(dp) oF
B: ot 0 Fi 365 0 inactive
A1 585 0 583(w) 387(m)
Bz 627 13 628(s) 632(m) Ar 392 0 406(vs) 400  400(dp) A
A1 665 3 651(m) 652(vw) 447(vw) 447(p)
A 686 0 460
B; 689 4 677(m) 498(dp)
B 704 0 569(m)
B 731 0 728(vw) 646(m)  646(vw)
A, 739 0 F. 675 13 671(s) 669(w) 666 668(dp)2 F
Az 741 1 742(vw) A, 706 0  704(w) 698(w) 694  700(dp) 1A
B, 772 0 712(w)  713(vw)
Aq 855 0 849(w) 848(w) E 744 0  753w) 769 F
B, 965 100 Fi 775 0 inactive
A 972 72 960(vs,br) F, 807 0 missing
B1 975 81 882(m) 898(vw) 897 E
nuclear displacements within the P@nd S=PO; subunits ﬁ; ggg 10% 978(vs) 929(w) 081 930 934(p) ?
provides a clear picture of changes within thgOFS, series 2 1139(w)
because their first ®g) and last (F0sSs) members are built ? 1214(m)
of four equivalent P@ and S=PO; subunits, respectively. Z iggggmg

Furthermore, we distinguish between so-called “cage modes”,
which are primarily connected to vibrations of® cage atoms,
and modes which are dominated by the termiYaB vibration.

Couplings between cage vibrations ant=PS vibrations have
to be considered to extract information about changes in the
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TABLE 6: Comparison of the Vibrational Spectra (in cm~1)

modes description Ps P40sS Pi0sS; P406Ss P406S4
. _— . I 1a 156 le148 lel41
linear combination of P=S bending vibrations 1e186 12194 13160 15158
bending vibration of P=S with contributions from the libration motion (see Figure 2) 1Db, 186 2202 1,220
10213 1a365 !
symmetric bending of PO—P cage bonds 1e298 2e295 g 2 38; 3e 300 2e315
3a 351
umbrella motion of P@ respectively, SPVOs units (see Figure 2) L#10 la33r 2 b, 337 Se342 2,350
3e315 2 by, 298 2a 220
3 b, 426
libration motion of P@, respectively, SP'Os units (see Figure 2) 1802 12286 3a326 4333 2 f; 365
4e413 3 b, 346 23370
cage breathing mode 1897 3a585 54501 3a479 1a392
43 585
symmetric bending motion of ©PY—0 cage bond (see Figure 2 2570 2510 4,539 6557 31,573
5e 562 4,571 43574
6 & 665
stretch motion (see Figure 2) 8626 4617 5b, 627 re642 41,675
6 e 630 5 by, 689 5&673
umbrella mode (see Figure 2) 289 53697 7a691 6a724 2a706
antisymmetric stretching of P@nd S=PYO; units, respectively (see Figure 2) 2e633 Te 687?1 2 Zgé 8e716 3e730
6 b, 704
similar to the 2 e mode of [Ds (see Figure 2) 2,f645 22 659 5a&739 9e744 3f, 775
8e 702 38774
6 b, 731
. . . . . 74947 22972 4146970
symmetric stretchi) in PO; and S=PG; units, respectively (see Figure 2) AN6 7 b, 965 6 f, 986
9e 960 75,975 8a 974
neg. linear combination of stretching ofPS 8772 10e 795 54807
pos. linear combination of stretching of RS 6a812 10a855 7a891 3a929

subunits (Figure 2). It is related to the;2hode of ROgS,,
which appears at 350 crh In this mode, P=S moves as a
unit, i.e., the P=S distance is kept constant during the vibration.
\“ - Consequently, the mass of the moving atoms increases along
/;\f \ the ROsSy (M = 0—4) series, resulting in a negative shift of
o N the frequency along the series. The strongest frequency shift
- (~ 200 cnTd)in the series is found for the cage breathing mode
U Umbrella modes: 21 (P4Os¢: 1 at 597 cnl; P4OgSs: 1 & at 392 cn1l). Since the
1y and 2 P! centers in the series are successively substitutedls5sP
groups, the shift again results from an increase of the mass of
the moving atoms. For both modes, the sR@nbrella mode

4
and the cage breathing mode, influences from the strengthening
\ \ of the P-O cage bonds are small because they are mainly
"\ described by a cage bending motions in which the bond

distances of the PO cage bonds remains nearly constant.

3f 2¢ and 2[y 4l The 2% mode at 570 cm! for P,Og represents a symmetric
Figure 2. Pictorial representation of the vibrational modes of the0R bending motion of G-P—0 cage bonds (Flgur_e _2)- It Correlat_es
unit of P,Os cage structure. to the 35 mode of ROsSs. Both appear at the similar frequencies

(=570 cnTh). The small shift found for this mode results from
bonding situation. Table 6 contains the correlation of the a cancellation of the strengthening of the ® cage bonds and
vibrational bands within the S, (m = 0—4) series and a  the increase of the mass due to the substitution.
brief description of the nuclear motions connected with each  Modes involving the stretch motions of the-B cage bond
mode. The nuclear displacements of some modes are alscshow a shift to higher frequency along thggS, (m = 0—4)
indicated in Figure 2. series. For g, these modes occur at 626 th{3f,), 633 cnr?!

a. Cage ModeslIn P4Os, the first cage mode appears at 298 (2e), and 645 cmt (2f;). They are related to those modes of
cm~1(1e). It correlates with the 2e mode (295 Tinof P4OsS, P4OsS4 that appear at 675 cmh (4f,), 730 cn! (3e), and 775
the 23 (307 cnh), and 2a (303 cnTh) modes of RO:S,, the cm! (3f;). These modes represent linear combination of
3e mode (300 cmt) of P4OsS;, and 2e (315 cmt) mode of antisymmetric stretching vibrations of the-P cage bonds
P406Ss. These modes correspond te-B—0 bending vibrations  (Figure 2). The increase of the frequencies (49, 97, 130'cm
of the ROs cage. Since the contributions from th¥=PS are respectively) shows the increase in the bond strength of the cage
negligible for these modes, the increase in the frequencies ofbonds; the variation within the frequency shift results from the
these modes along the,®S, (m = 0—4) series is a first interplay between th& andF matrix elements.
evidence for the reinforcement of the cage bonds within the  For the BOg, the highest cage mode appears at 9467ci
P4O6Sm (m = 0—4) series. involves the symmetric stretch of the PQOnit (Figure 2). It

The next mode, within the g spectrum (1f 410 cnt?) can be related to the $fn the ROsS; (986 cntl), but this
represents a linear combination of umbrella motions of PO mode possesses strong contribution frof=B vibrations.
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Therefore, a detailed discussion about this mode will be provided mode of ROsS, lying about 60 cm! above the 1f of P,Og

in the next section.

b. Vibrational Modes Involving the PV=S Motions. The
modes which involve the bending of th&=PS bond lie at the
lower frequency range of the spectra (3I®0 cnt?), while

the P'=S stretching vibrations appear in the same energy region

of the spectra as the cage stretching modes-{2a®0 cnt?).

Going from ROgS to multiple substituted compounds, the
normal modes connected with th¥=PS stretch vibrations split

results from G-P—0O bending motions of the cage. FiGRS,

P4O6S,, and ROgS3, contributions of the Pglibration are found

in almost all P=S bending modes. The increased coupling

results from the lower symmetry of these molecules.
Comparison between BOgSn (M = 0—4) and P40, (n =

6—10) seriesComparing both series, the strongest differences

can be expected for modes involving the terminal bote8

or P’=0. In both series the bending motion ofPX represents

into a mode representing the in-phase linear combination of thethe energetically lowest bands. Going from oxygen to sulfur

PV=S stretch motions gasymmetry) and one additional mode

substituents, the frequency of th&=PX bending decreases by

representing the out-of-phase linear combinations. The latter about 110 cm?. This shift results from differences in the mass

possesseslsymmetry (772 cmt) for P,OsS;, € symmetry (795
cm ) for P40sSs, and £ symmetry (807 cmi) for P4OeSs. The

a; mode lies always at a higher frequency@65,:10a, 855

cm L P4OeSs: 7@y, 891 cntl; P4OsSs: 3a, 929 cnt?) than the
out-of-phase modes.

(16 amu) and the bond distance (0.4 A).

The strong decrease of th&=X stretching mode, if X= O
is compared to X= 'S, is obviously related to the decrease in
the P’=S bond strength. While theVE=S stretching motions
appear in the same energy region as the stretching vibration of

The energetical ordering of the in-phase and out-of-phase y,o ROs cage (900 cmb), the P/=0 stretch modes lie much

mode is best understood in terms of two couplet=B

oscillators in a linear arrangement. In this model, the in-phase

(symmetric) stretch mode {Binteracts with the vibration of
both P/ with respect to each other S while due to the
symmetry, the out-of-phase (antisymmetric) stretch modg (S
cannot couple. When both terminal=*S oscillators are not
coupled Fz1 = 0), clearly the modes connected with the S

higher (1300 cm?). This indicates that the product of ti@
and F matrix elements connected witty®S bond stretching
motion is similar to that connected with—# cage bonds
stretching, while for B=0 bonds this product is much higher.

The different splitting between the in-phase and the out-of-
phase linear combinations of th#PX stretching motions (e.g.

and S are degenerate and, in this case, the frequency ofthe S PsOg: 18 cnm?, PsOsS;: 83 cnm?) results from differences in

mode is zero. ForF,, > 0 (i.e., increasing coupling), the
frequency associated with the vibration of botf+X units with
respect to each other{Secomes greater than zero and due to
its coupling with the $vibration, shifts the frequency of this
vibration to higher frequencies, while the frequency of the out-

the bond-strength of the=PX bond and the different masses.

Differences in the cage modes are more interesting than the
obvious effects in the =X motions discussed above. Within
both series, the cage breathing modes possess the strongest shift
to lower frequencies (@eSy: 205 cntl; P4Oy: 68 cnml). The

of-phase stretch mode remains unchanged. The splitting betweenlifference between both series results from the greater increase
the in-phase and the out-of-phase combination increases fromin the reduced mass, when thé' Rinit is replaced by the

about 80 cm? for P4OsS, to about 120 cm? for P,OgSs. This

splitting increases because the frequency shift found within the
P4OsS4 series is more pronounced for the in-phase combination

than for the out-of-phase combination (117 ¢ms 35 cnt?).

For P,OsS4, couplings between cage and=PS vibrations are
furthermore found in the 5fmode (807 cm?) and the 6£ (986
cm~1) mode. While the former corresponds mainly to an out-
of-phase stretching motion of th&S, with a small contribu-
tion of cage vibration, the 6ftan be described as a cage mode
with a small contribution of the =S out-of-phase stretching.

The lower frequency range of the spectra260 cnt?)
involves only bending vibrations of the/£S units. For FOsS,,
four modes result from the linear combination of the two
terminal P=S bending motion: a(156 cnt?), b, (213 cn1Y),

a (194 cn1l), by (186 cntl). While the a (b,) mode represents
mainly the negative (positive) linear combination of the=fS
bending motion within the mirror plane cutting through both S
atoms (Figure 1), thesamode (negative linear combination)
and h mode (positive linear combination) are built from the
PY=S bending vibrations perpendicular to this mirror plane.
Going from ROgsS; to P4OsSs, the modes aand a transform
into the 1e mode, which is at 148 cénfor the ROsS;, and
correlates to the 1e (141 c) mode in the FOS, spectrum.

Comparing the nuclear vibrations for®s and for ROgS;,
one notices that both modes; 1220 cnt?) and 2§ of P4OsS4
(350 cnTY) are related to the 1fmode (302 cm?) of the ROs.
Both can be described as combinations of the libration motion
of PO; units with the terminal P=S bending motions (Figure
2). The contribution of the Y=S bending vibrations is
responsible for the low frequency of the; Thode of ROsS4
(220 cnTl). On the other hand, the higher frequency of the 2f

PY=S and the P=0 unit, respectively.

In both series, strong positive frequency shifts are found for
those modes connected with the 8626 cntl), the 2e (633
cm™Y), and the 2f (645 cnTl) mode of ROs. These modes
correlate with the 4f the 3e, and the 3frespectively, in the
P4OeX4 spectrum (X= O, S) (Table 6 and ref 4). For,©, (n
= 6—10), we find frequency shifts of 141, 178, and 187ém
respectively, while 49, 97, and 130 chy respectively are
obtained for the FOgSy, (m = 0—4) series. This shows that the
shifts increase by a factor of 3 for the first and a factor of-1.5
1.8 for the two others, if one goes from thgdR (n = 6—10)
to the ROsSym (M = 0—4) series. The large difference in the
shift of the first mode (4 results from coupling between cage
vibrations and P=X stretch vibrations. Such coupling occurs
only for P4OsSy, (M = 0—4) series. For the 3e and thq &fiodes,
the couplings between cage an4=X vibrations are smaller.
Therefore, the different frequency shifts in these two cage modes
comparing the FO, (n = 6—10) and the FO4Sy (M = 0—4)
series indicate a somewhat larger increase in th®Rage
bonding strength in the oxygen-substituted compounds relative
to the sulfur substitution. This finding is also reflected the
computed force constants. As expected, in going fra@s8;
to P4Og, this constant increases from 0.484 to 0.518 au for the
PY—Q, stretch motion, and from 0.417 au to 0.445 au fé+P
Oy stretching, while those related td"P-O, stretching are
virtually identical in both compounds (0.366 vs 0.367 au).

Such interpretation that the-fO cage bond of the oxygen-
substituted compounds is somewhat stronger than those of the
sulfur-substituted compounds is also supported by comparing
the P-O bond lengths in the cage in going from(R to P,O;0.
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