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Mean amplitudes of vibration (I} are calculated for all 80 distance types in
PMo304%. The values are discussed and some of them compared with the
corresponding values calculated for five different fragments of the structure.
Reasonable ! values (< 0.12A at 208K) are found even for extremely long
distances, e.g. 0.078 A at 208 K for the longest oxygen—oxygen distance (10.4 A).
The I values for bonded distances as wellasanumber ofnonbonded distances have
comparable magnitudes in the fragments and the whole structure; in other cases
the fragment values are substantially higher.

(Keywords: Force field, calculation of mean omplitudes of vibration;
PMo3040%; Vibration, mean amplitudes of )

Miitlere Schwingungsamplituden fiir PMo30.03~ und Fragmente

Mittlere Schwingungsamplituden (I) fir alle 80 Typen von Abstinden in
PMo;504%~wurden berechnet. Die Werte werden diskutiert und einige werden mit
denen von fiinf verschiedenen Fragmenten der untersuchten Struktur verglichen.
Eswurdenauchfiirextrem groBe Distanzen plausiblel-Werte { < 0,12 A bei 208 K)
gefunden (z. B.0,078 A bei 298 K fiir die grofite 0—O-Distanz 10,4 A). Die-Werte
fiir Bindungsldngen und auch fiir einige Abstinde von nicht aneinander ge-
bundenen Atomen weisen in den Fragmenten und in der Gesamtstruktur ver-
gleichbare Groéfie auf; in anderen Fillen sind die Fragment-Werte allerdings
bedeutend héher.

Introduetion

A vibrational analysis of PMoy;0,93~ (7 symmetry) has been de-
scribed previously!-2. Inthe present work the forcefield described in Ref.1
was used to calculate the mean amplitudes of vibration (I)3 for the
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PMo,50,4,3 ion. The quantities are defined as
=< (ArPE>?

i.e.theroot-mean-square deviations of interatomic distance as a result of
molecular vibrations. The mean value is taken both in the quantum-
mechanical and the statistical-mechanical sense. Hence the / values are
temperature-dependent quantities. For further details the standard
reference® may be consulted.

To our knowledge thisis the largest structure (53 atoms) for which the
computations of mean amplitudes have been successfully completed from
a complete analysis according to the theory of small harmonic vib-
rations3:4. Since the considered structure is an ion the calculated mean
amplitudes are not the subject of immediate application in gas electron
diffraction studies. Nevertheless they are supposed to be of special
interestforseveral otherreasons: (1) Theresultsgiveusthe opportunity to
study, in general terms, the behaviour of mean amplitudes for very long
nonbonded interatomic distances, namely up to 10.4A. (2) Calculated
mean amplitudes for different fragments of the structure may be com-
pared with the results for the corresponding distances in the whole ion.
Thus it is possible to judge the validity of transfering mean amplitudes
from fragments to the whole compound in cage structures like the one of
the present investigation. (3) Finally the calculated mean amplitudes for
ions as well as molecules are of general interest because they are physical
quantities associated with the different bonded and nonbonded atom
pairs. Those of the bonded pairs reflect the bond strength generally in a
more meaningful way than the force constants.

In the present work the mean amplitudes (I values) were calculated at
the temperatures of absolute zero and 298 K. Simultaneously the per-
pendicularamplitude correction coefficients (K values)3: 5were obtained.
For sake of brevity only the [ values at 298 K are reported and discussed
here.

Molecular Model

A tetrahedral model (7'y; see Fig. 1) was assumed for the PMo,50,43~
ion (a). It is an idealization of a structure deduced from single crystal
data8. The central atom, P, is surrounded tetrahedrally by four oxygen
atoms, O (P); see Fig. 2 (b). Each of the O {P) atoms forms the apex of a
trigonal Mo;O, group as shown in Fig. 2 (d). This fragment contains a
puckered MozO; ring. The four MozO, groups are linked together by
Mo—O0—Mo bonds, which may be referred to asinterligand bridges if the
Mog0;, groups are interpreted as ligands. 1t should be mentioned that the
concept of ligands in this case was introduced from a mathematical
viewpoint rather than a chemical one2. The oxygen atoms of the in-



Mean Amplitudes of Vibration for PMo;,0,43~ 313

Fig. 1. The tetrahedral model (symmetry T4) of the PMo;;04-3 ion. It is
designated @ in the text
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Fig. 2. Five fragments of the ¢ PMo,5,0,443~ ion (7'q): b PO, (Tyq), ¢ Mo3043 (Cyy),
d MogO; (Cgy), € MoyOy; (C5) and f MoyOyy (C)
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terligand bridges are designated Oy, (see Fig. 2). Another type of oxygen
atoms, Oy,is presentin the terminal Mo—O bonds. Fig. 2showsaltogether
fivefragments, (b)-(f), distinguished by selecting groups of atomsfrom the
whole PMo,,04,3~ complex (a).

The 80 different types of interatomic distances in PMo,3,0493~ may be
grouped according to thetypesofatoms. Fourtypesofoxygenatomshave
been defined and are designated O (P), O, Oy, and Oy according to the
previous conventionsl.

Normal Coordinate Analysis

Spectroscopically active frequencies (9A; + 13E +22¥F,) from an
approximate force field for PMo,,0,3~ were communicated elsewherel.
The force field adopted in the present work is a slight modification of the
forcefield from anothernormal coordinate analysis, which wasreported in
more details2. Also the principles of transferring the force field to the
different fragments along with calculated vibrational frequencies for the
fragments have been published?.

Results and Discussion

Bonded Distances

Forthe P—O (P)[1.54] distance the values 0f0.0408 and 0.0439 A were
calculated for (a)thewholeionand (b)the PO fragment, respectively. The
figures in brackets here and throughout indicate the interatomic sepa-
rationsin A. The four remaining types of bond distances occur in most of

Table 1. Mean amplitudes (1-102 in A) at 298 K for bonded Mo—O distances in
PMo,0403 (@) and its fragments (¢)-(f)

Distance [r/A] (a) (¢) () ©) &)
Mo—O0, [1.68] 3.62 3.62 3.62 3.62 3.62
4.32 4.32
Mo—O0, [1.91] 4.14 4.32 — { o { P
4.32 4.19
Mo—O0 [1.92] 414 417 4.18 {4.32 {4.32
Mo—O (P) [2.43] 5.15 5.88 5.98 7.80 6.61

thefragmentsexcept (b). ThelvaluesarefoundinTable 1. Thelvaluesfor
the bonded Mo-oxygen distances in the whole complex were found to
increase with the interatomic distance in a roughly linear way;
1~0.0202 7.
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Nonbonded Distances Other than Oxygen-Oxygen,

The nonbonded distancesinvolving the P atom donotexistinany one
of the fragments considered here. The following mean amplitudes (/in A)
at 208 K were calculated for the whole complex: P---Mo[3.56] 0.0505,
P---0,[3.39] 0.0709, P---0[3.97] 0.0598, P---0;[5.22] 0.0621.
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Fig. 3. Mean amplitudes (! at 298 K) of nonbonded Mo—oxygen distances in the
whole complex

Table 2. Mean amplitudes (- 102 in A) at 298 K for nonbonded Mo+ O- and
Mo -+ -Mo-distances in PMo15043~ (@) and its fragments (c)-(f)

Distance [T/A] (a) (¢) (d) (e) ()
Mo---0O [3.57] 6.48 6.96 7.40 — 14.85
Mo---0 [4.39] 7.43 — — 14.61 —
Mo---O [5.39] 5.87 — — 9.80 —
Mo, [3.65] 6.71 — - 15.74 —
Mo-+-O, [3.83] 749 1094 — — 14.49
Mo---0y [4.85] 6.21 7.66 — — 7.90
Mo -0, [4.60] 8.65 — — 12.37 —
Mo---0Oy [4.64] 7.28 7.51 8.55 — 774
Mo---O (P) [3.00] 5.7t — — 21.07 —
Mo---Mo [3.42] 4.27 4.53 4.61 — 4.78
Mo ---Mo [3.70] 441 — — 5.68 —

The [ values for nonbonded Mo---oxygen distances for the whole

complex are plotted versus the interatomic distances in Fig. 3. No gross
trend of variation in the [ values is observed throughout the substantial
range[3.57-8.78 A] of interatomic distances. On the contrary the ! values
are remarkably constant, most of them within 0.07 +0.01 A. The types
which also occur in one or more of the fragments are listed in Table 2.

Also the [ values of Mo ---Mo distances have roughly characteristic
values,slightly lower than the Mo - - -O meanamplitudes. Two of thetypes

21*
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Table3. Meanamplitudes(l - 102in A)a1298 K for nonbonded O (P) - - -O-distancesin
PMo;50403~ (a) and its fragments (c)-(f)

Distance [r/A] (a) (¢) (d) () ()
' 10.26 6.46
o®P)-0 [2.61] 5.80 6.25 6.39 {10‘26 {11.71
O (P)--0 [4.17] 7.28 — — 49.98 —
. 10.38 10.01
O (P) -0y [2.92] 7.15 9.69 {10'39 {10_02
0 (P)-+-Oy, [3.89] 7.30 — — 69.46 —
O (P) -0, [4.91] 6.48 — — 31.33 —
0 (P)-+- 0 [4.10] 6.14 6.69 6.75 8.53 7.38
0 (P)---0, [5.41] 7.45 — — 18.48 —
A 1102/A
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Fig.4. Mean amplitudes (/at 208 K)of O - O-and O - --O;-distances in the whole
complex

areincludedin Table2. Thelvalues (in A)of three additional types, which
only are found in the whole complex, are:[5.04] 0.0594,[6.17] 0.0551 and
[7.12] 0.0578.

The Nonbonded Oxygen-Oxygen Distances

Most of the nonbonded distances involve oxygen—oxygen atoms of
some types.

TheO (P)---O (P)[2.52] type occurs only in the whole complex (a), the
PO, fragment (b) and the Mo,Oy; fragment (e). The calculated mean
amplitudes (in A) are (a) 0.0534, (b) 0.0657 and (e) 0.3162, respectively.
The other O (P)---oxygen distances arelisted in Table 3. Two of the types
are not included in the table because they do not occur in any one of the
fragments. They are (with [ values in A): O (P)---0y,[4.82] 0.0760 and
O (P)---0,[6.56] 0.0657. Most of the [ values for O (P)'--oxygen in the
whole complex are found within 0.07 + 0.01A.



Mean Amplitudes of Vibration for PMo;304y3~ 317

The rest of the oxygen - -oxygen distances are collected into three
groups: (i) The O ---O and O --- O distances, for which the I values in the
complex (a) are shown as functions of the interatomic distance in Fig. 4.
The magnitudes are found to be generally larger than those of the
O (P)---oxygen distances, namely between 0.07 and 0.11 A. Comparisons

1102/ A
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o

Fig.5. Meanamplitudes ({at298 K)of Oy, - - - O-and Oy, - - - Oy-distancesin the whole
complex

Table 4. Mean amplitudes (- 102in A) at 298 K Sfor nonbonded O <--O-and O - Oy-
distances th PMo1,0493~ (@) and its fragments (c)-(f)

Distance [r/A] (a) (c) (d) (e) (£)
‘ - 7.90
00 [2.64] 741 8.02 8.63 8.95 {27.02
00 [421]  10.18 — — 24.08 —
00 [5.99] 8.12 — — 26.19 —
. - 8.32 8.14
0---0, [2.78] 788 813 047 [ {8.47
00, [4.71] 950 1041  11.87 — 18.76
00, [5.35]  10.54 — — 18.93 —
00, [6.46] 9.17 — — 15.46 —

withlvaiuescalculated forthedifferentfragmentsarefoundin Table4. (ii)
The [ values of O --- Oy, and Oy - - - Oy, distances for the whole complex are
found in Fig. 5. The magnitudes are within 0.08 + 0.01 A for all of them
exceptforthetwotypesO -0, [3.75]0.0577and 0, - -0, [3.21]0.0993 A.
Comparisons with fragments are found in Table 5. (iii) Fig. 6 shows the
graphical representation of the ! values for the Oy -0, and O, - Oy
distances in the complex. They are spread over a large range of magni-
tudes, especially those of O, - - Oy, which range from 0.078 t0 0.137 A. For
comparisons with the calculated ! values for the different fragments, see
Table 6.
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Fig.6. Meanamplitudes (Jat 298 K)of Oy - - - Oy-and O; - - - Oy-distancesin the whole
complex

Table5. Meanamplitudes(l - 102in A)at 298 K for nonbondedQ - --Op-and Oy - - O,-
distances in, PMoy,0403~ (a) and its fragments (c)-(f)

Distance [r/A] () (c) (d) (e) )

00y [2.68]  7.43 879  — {ggg ! g-gg
0---0, [3.75] 5.7 608  — {g:gg ! g:i;
0---0, [475]  7.77 931  — — {i;g‘:
0---0, (5011  8.00 — - {Zg ég —

0--0, [6.86] 878 — — 16.54 —

OOy (2611 701 8.97 { 23'?3 8.97
Op- 0y 3211 993 1803  — — 28.29
0,0y [5.05] 864 1404  — - 19.11
Op--0y [5.83] 832 1218  — — 12.44

Table6. Meanamplitudes(l - 102in A)at 298 K fornonbonded Oy - Oy-and Oy - Oy-
distances in PMo01,0403~ (a) and its fragments (c)-(f)

Distance {r/A] (a) {c) (d) (e) (f)
0y-+-0; [2.81] 17T 806 — {gég { g:gg
Op -0y [4.57]  10.23 — — 35.16 —
Op -0y [5.05] 969  13.27 — — 17.20
Oyp -+ O [6.31] 773 8.43 — — 8.72
0, -0, [4.96]  13.68 — — 20.73

0,0y (5471 1155 1220 1491 — 12.57
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General Discussion

Thecalculated mean amplitudesfor thewhole53-atomicionalldisplay
magnitudes within the usual orders of magnitude3. A general tendency of
increasing mean amplitudes with increasing interatomic separation for
thesameatom pairs hasbeenstudied8-11. Herewefind manyexceptionsto
this tendency for the nonbonded distances. In many cases this re-
lationship seems consistently to be reversed. Forinstance for the Oy--- O,
distances the mean amplitudes (/) decrease with the increasing separation
(r}in all cases but one (cf. Fig. 6). Forthe O ---Oand O ---Odistances (cf.
Fig.4) the mean amplitudes start to increase up to a maximum value and
then decrease when 7 is increased. A closer inspection reveals that the {
values tend to be smaller than expected from the interatomic separation
when the connecting chain of bonds between the atom pair in question is
nearly linear. The same feature has been observed many times before. It
accounts for instance for the magnitudes of I for the nonbonded distances
in benzene3.

When comparing the calculated mean amplitudes for the whole ion
with those of different fragments (cf. Tables 1-6) we find both similarities
and large deviations. Application of fragments for approximate calcu-
lations of mean amplitudes must therefore not be used without great
precaution. The largest deviations are found as expected among mean
amplitudesfor nonbonded distances, and especially when the fragment is
“loose’”, i.e. when it contains few bridging atoms. In some instances this
“loosening” of bridges has a tremendous effect on the mean amplitudes.
The most drastic examples are found among the fragments Mo,0y; (e)and
Mo5045 (f). Toquote only oneextreme example (cf. Table 3): The!value of
0.695 A for O (P)--- Oy, in M0,0y; isnot at all comparable with the value of
0.073 A for the corresponding distance in the whole ion.
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