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A new force field is deve loped fo r t h e in-plane v ib ra t ions of condensed a romat ics using pyrene 
as a tes t molecule. Only five p a r a m e t e r s a re employed in th i s force field, which improves a four-
p a r a m e t e r app rox ima t ion previous ly inves t iga ted . Still t h e s imple five-parameter approx ima t ion 
gives ca lcula ted v ibra t iona l f requencies in good ag reemen t w i t h those f r o m t h e more e labora te 
Cal i fano-Neto force field. 

I n t h e course of t h e no rma l coord ina te analys is t h e Hiickel molecular orb i ta l s h a v e been de-
duced. T h e CC s t re tch ing p a r a m e t e r s were modif ied b y m e a n s of t h e calculated bond orders . 
A comple te set of i ndependen t s y m m e t r y coordina tes (both in-plane a n d out-of-plane) for t h e 
pyrene molecular model was developed. 

New exper imen ta l d a t a f r o m in f ra red a n d R a m a n spec t ra for py rene a re repor ted . 
Also t h e m e a n amp l i t udes of v ib ra t ion a re s tud ied in detai l . I t is concluded t h a t t h e simple 

five-parameter a p p r o x i m a t i o n gives rel iable m e a n ampl i tudes , which u n d o u b t e d l y are accura te 
enough for t h e in t e rp re t a t ion of gas e lectron d i f f rac t ion d a t a . 

F ina l ly t h e calculated f requenc ies a n d m e a n a m p l i t u d e s of benzene are given. The m e a n 
ampl i tudes a re again f o u n d t o be ve ry accu ra t e in spi te of some subs tan t ia l inaccuracies in t h e 
f requencies . 

Introduction 

Conjugated systems in organic chemistry have 
attracted the interest of many investigators. In the 
previous parts of this series [1, 2] we have described 
an extremely simple method of normal coordinate 
analysis for such systems which gives calculated 
frequencies in reasonably good agreement with 
experiment but fails badly when applied to benzene. 
Since the molecular vibrations of pyrene have been 
investigated both experimentally [3, 4] and 
theoretically [4, 5], wre have chosen the pyrene 
molecule (Fig. 1) as a test molecule for a critical 
review of the simple approximate method [1]. The 

Fig . 1. The different CC bonds in pyrene , d r a w n wi th 
relevance to t h e calculated bond orders . 
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in-plane and out-of-plane vibrations of this mole-
cule, as well as the other condensed aromatics, are 
often treated separately. In the present paper we 
consider only the in-plane force field, but a com-
plete set of symmetry coordinates (both in-plane 
and out-of-plane) is described. 

The approximation previously developed [1] 
employs seven parameters of fixed values in the 
potential function, but a modification of one of 
these parameters, viz. the CC stretching force 
constant, is suggested in a prescribed manner. 
These seven values were used to calculate a 
multitude of vibrational frequencies, e.g. 48 in 
naphthalene (CioHg), 72 in pyrene (CIÖHIO), 90 in 
perylene (C20H12) and 68 in coronene (C24H12). 
Only four of the parameters pertain to the in-plane 
vibrations. 

On the other hand one has the well known 
approach of normal coordinate analysis for aro-
matics due to Califano and Neto with collaborators 
[5—8], who exclusively treated the in-plane modes. 
In the following it is referred to as the method of 
Califano-Neto. In this method 34 in-plane force 
constants are produced by a subtle theory starting 
with fewer parameters. I t is based on a theory by 
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Scherer et al. [9, 10], which takes into account the 
Kekule structures of an aromatic molecule. The 
force field was successfully applied to different 
molecules including pyrene [5]. In principle the 
method of Califano-Neto is simple to use, but when 
applied to relatively large molecules becomes rather 
complex in comparison with the simple seven-
parameter method. 

A part of the purpose of the present work is to 
see how much is gained by the Califano-Neto 
method by the increased complexity when com-
pared to the seven-parameter method. In general 
one can not doubt the superiority of the more 
complex method for predicting vibrational fre-
quencies. Although the seven-parameter method 
seems too crude to serve as a reliable aid in making 
vibrational assignments, it is surprising how well 
the general picture of the vibrational assignment 
and a qualitative agreement with observed fre-
quencies is achieved from such a simple method. 
Another aim of the present work is to produce a 
modification and possible slight extension of the 
simple method of approximation in order to improve 
it without going as fas as Califano-Neto in the 
complexity. Computed mean amplitudes of vibra-
tion [11] are studied in particular in order to 
investigate the possible usefulness of the simple 
approximations for this purpose. 

Finally we are reporting new experimental 
Raman and infrared vibrational frequencies for 
pyrene. 

The Hiickel Molecular Orbital (HMO) 3Iodel 

The molecular orbitals formed from the carbon 
atomic orbitals in pyrene according to the HMO 

Table 1. E n e r g y levels in t e r m s of x for t h e Hiickel molec-
u la r orb i ta l s of pyrene . 

B i g 
{(pi — (pi — 9?3 + (pi) 

A u 

(<Pl — 9>2 -b 9?3 — (pi) 

- 1.802 
— 0.445 

1.247 

- 1.247 
0.445 
1.802 

B 2 g 
(<pi + Cpo — (pz — (pi) 

B3U 
+ (p2 H - <?53 + (pi) 

- 2 . 0 0 0 
- 0.879 

1 . 0 0 0 
1.347 
2.532 

- 2.532 
- 1.347 
- 1 . 0 0 0 

0.879 
2.000 

model [12] fall into the different symmetry species 
of the Ü2h group according to 

rn = 3 Big + 5 Bag + 3 Au + 5 B3u . 

The Ti-energy levels have been obtained and are 
given in terms of the x values ( x = —2.532 for the 
ground state) in Table 1. A representative symme-
try-adapted linear combination under each sym-
metry species is shown in parentheses. For the 
numbering of the atomic orbitals ((pi)', see Figure 2. 

s y m m e t r y D>h. A par t ia l opening of t h e s t r u c t u r e is 
indica ted . 

Also the coefficients combining the Hiickel molec-
ular orbitals with the sixteen atomic orbitals were 
all determined. The whole set is too voluminous to 
be reproduced here. These coefficients were used 
to calculate the bond orders of the CC distance, P, 
defined in the usual way [12] as numbers between 
0 and 1; cf. Table 2. 

Table 2. B o n d orders , calculated a n d observed CC bond 
d is tances a n d CC s t re tch ing force cons tan t s in pyrene . 

Dis tance 
t y p e a 

Calcula ted 
bond o rde r 

Bond d is tance [A] 

calc. o b s . b 

Force 
cons tan t 
[mdyne /A] 

a 0.669 1.397 1.380 4.871 
b 0.594 1.410 1.420 4.611 
c 0.503 1.427 1.442 4.309 
d 0.777 1.379 1.320 5.257 
e 0.524 1.423 1.417 4.374 
f 0.536 1.420 1.417 4.417 

a See Figure 1. b Refe rence [13]. 

Molecular Structure 

A planar structure of symmetry D2h was assumed 
for the pyrene molecule; see Figs. 1 and 2. The 
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structural data were taken from the x-ray work of 
Camerman et al. [13] with only small modifications 
to conform exactly with the adopted symmetry. 
Only a = 1.382 Ä and d= 1.325 Ä deviate slightly 
from the measured bond lengths corrected for 
rotational oscillations [13] quoted in Table 2. All 
CH distances were assumed to be 1.08 A. All bond 
angles are approximately 120°, none of them 
deviating more than 2° from this value. Table 2 
shows the calculated bond orders (P) and CC bond 
lengths obtained from the P values in the same way 
as was done for the condensed aromatics previously 
treated [1]. The agreement with the observed bond 
distances is satisfactory. A very similar analysis is 
contained in the crystallographic work [13], where 
the shortest CC distance (1.320 A) is discussed in 
particular. 

Symmetry Coordinates 

The normal modes of vibration for pyrene are 
distributed among the symmetry species of the 
D2h group according to 

r = 13Ag + 4 B l g + 7 B 2 g + 12B3 g 

+ 5AU + 1 2 B i u + 12B2 u + 7 B 3 u . 

Some of the species designations vary with different 
orientations of the cartesian axes. We have chosen 
x to be perpendicular to the molecular plane while z 
goes through four atoms and the bond f (see 
Figure 1). 

Figure 2 shows the numbering of atoms and also 
indicates the "opening" of the structure by neglect-
ing two of the bonds (dotted lines in Figure 2). The 
"opened" structure has, of course, no physical 
reality, but is simply a useful aid for identifying 
redundancies among the coordinates. Let the c type 
stretchings be identified by Ci(l-5), c2(2-6), C3(3-7) 
and c4(4-8). Then the appropriate combinations in 
the different symmetry species read: 

(Ag) CI + C2 + C3 + c 4 , 

(B3g) Ci — C2 + C3 — C 4 , 
(Bill) C1 + C2 — c3 — c 4 , 
(Bau) Ci — c 2 — c 3 + c 4 . 

Altogether an independent set of in-plane sym-
metry coordinates was obtained by taking the 
appropriate combinations of selected valence 
coordinates as specified below. 

c t y p e CC s t re tch ings (all species), 
e t y p e CC s t re tchings , 
f t y p e (middle bond) s t r e t c h ; A g species only, 

CCC bendings of t h e t y p e 1 - 5 - 1 5 , 
CCC 5 - 1 5 - 1 6 t y p e bendings, 
b t y p e CC st re tchings, 
a t y p e CC st re tchings, 
CCC 5 - 9 - 1 3 t y p e bendings, 
C H 1 -17 t y p e stretchings, 
CH 9 -21 t y p e s tretchings, 
CH 13-25 t y p e s t re tch ings ; only in species A g 
a n d B iu , 
HCC 5 - 1 - 1 7 t y p e bendings, 
HCC 13-9-21 t y p e bendings, 
HCC 9 - 1 3 - 2 5 t y p e bendings; only in species B 3 g 
a n d Bau • 

Among the out-of-plane coordinates there are 
two types of linear combinations in the cases where 
four valence coordinates are symmetrically equiva-
lent. As representative examples we may use (i) the 
CC torsions N( 1-5-15-16), R2 (2-6-15-16), T3(3-7-
16-15), T4 (4-8-16-15) and (ii) the CH out-of-plane 
bendings y i (5-4-1-17), y2 (3-6-2-18), y3 (7-2-3-19), 
74(1-8^4-20). The two types of combinations then 
read: 

i) (Big) Tl + T2 — t 3 — r 4 , 
(B2g) Tl — T2 — r3 + T4 , 
(Au) Tl + T2 + T3 + T4 , 
(B3U) Tl — T2 + T3 — T4 . 

ü) (Big) yx — y2 — yz + 74, 
(B2g) yx + y 2 — 73 — 74, 
(Au) yx~ 72 + 73 — 74, 
(B3U) yx + 72 + 73 + 74 • 

To obtain a complete set of independent sym-
metry coordinates we have selected the appropriate 
linear combinations of the following valence 
coordinates. 

CC torsions of t h e t y p e 1 - 5 - 1 5 - 1 6 (all species), 
CH out-of-plane bendings of t h e t y p e 5-^—1-17, 
CC out-of-plane bendings of t h e t y p e 5 - 6 - 1 5 - 1 6 ; 
only in species Bog and B 3 u , 
CC middle bond torsion, t y p e 5 - 1 5 - 1 6 - 8 ; 
A u species only, 
CC 1 5 - 5 - 9 - 1 3 t y p e tors ions; on ly in B2g a n d B 3 u , 
CC 5 - 9 - 1 3 - 1 0 t y p e torsions, 
C H 13 -5 -9 -21 t y p e out-of-plane bendings , 
CH 10-9 -13 -25 t y p e out-of-plane bend ings ; 
only in B2g a n d B 3 u . 

The angle bendings, (pikj, were multiplied in the 
usual way by scaling factors with the dimension of 
length, viz. (r** r^)1!2 . Similarly the torsions, r , 
are multiplied by (ry rmn)1/2, and the out-of-plane 
bendings, yijkn, by [{rtj rjk)V2 r ^ ] 1 / 2 . 

Normal Coordinate Analysis 
for the In-Plane Vibration 

The first column in Table 3 shows the in-plane 
vibrational frequencies of pyrene calculated by the 
seven-parameter approximation (4 parameters in 
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the plane). This very simple force field approxima-
tion was described and applied to other aromatic 
molecules previously [1]. The present version uses 
the refinement of CC stretching force constants 
obtained in the prescribed way from the reference 

value of 4.7mdyne/Ä; the resulting values are 
included in Table 2. 

Many modifications of the simple approximation 
method were tried. In general no substantial 
improvement of the calculated frequencies was 

Tab le 3. Calcula ted a n d observed in-plane frequencies (cm- 1 ) of pyrene . 

Species Simple Califano-Neto m e t h o d Observed 

a b [5] [4] P re sen t [3, 14] [4] P resen t <= 

3039 3039 3052 3081 3077 — 3102 3097 vw 
3031 3032 3050 3073 3067 — 3059 3057 s 
3030 3030 3046 3021 3020 — 3026 3021 vw 
1754 1666 1570 1656 1591 1630 1630 1627 vs 
1484 1523 1516 1567 1507 — 1552 1584 s 
1456 1475 1377 1407 1384 1409 1408 1405 vs 
1283 1294 1312 1300 1298 1349 1352 1359 vw 
1107 1148 1233 1232 1237 1241 1243 1236 vs 
1008 1051 1113 1142 1119 1147 1144 1142 s 

898 919 1048 1058 1047 1069 1067 1066 s 
836 834 809 737 804 — 805 805 w 
490 474 568 607 560 594 593 594 s 
377 349 393 393 378 408 408 408 s 

3037 3038 3047 3049 3047 — 3049? 3053 m , s h 
3033 3033 3045 3028 3027 — 3015? 3011 vw 
1772 1655 1641 1601 1611 1597 1596 1642 s 
1533 1532 1506 1509 1517 — — 1549 w 
1440 1498 1382 1383 1393 1372 1373 1371 m 
1358 1422 1341 1357 1353 — — (1359 vw) 
1234 1238 1205 1220 1229 1201 — 1206 vw 
1068 1113 1157 1160 1169 — 1176? 1174 vw 
1028 1058 1088 1077 1075 1113 1109 1107 m 

805 774 747 694 751 — 736 775 v w 
478 469 481 496 466 — 505 505 m 
404 415 445 425 431 — 458 450 m 

3039 3040 3052 3081 3077 3098 3098 
3037 3037 3046 3029 3027 3080 3080 — 

3030 3030 3045 3020 3020 3040 3040 3039 w 
1646 1603 1571 1613 1587 1528 1585 1584 w, sh 
1433 1482 1445 1432 1462 1449 1468 1462 w 
1358 1409 1412 1418 1417 1417 1449 1446 w 
1228 1206 1242 1255 1234 1242 1242 1241 m 
1025 1040 1072 1074 1067 1094 1095 1095 w 

889 908 1007 982 1024 1002 1064 1062 w 
826 821 835 767 849 820 820? 819 w 
653 622 666 651 657 680 — 674 vw 
442 448 493 503 485 495 493 496 w 

3033 3034 3050 3073 3067 3028 3028 3029 w , s h 
3031 3031 3047 3049 3047 2989 2989? — 

1648 1630 1577 1607 1583 1597 1599 1593 w 
1515 1576 1484 1472 1490 1487 1487 ? 1484 w 
1440 1448 1425 1397 1428 1432 1432 1433 m 
1365 1441 1333 1384 1348 1310 1310 1312 m 
1160 1183 1178 1172 1191 1204 1272 1272 vw 
1044 1101 1163 1169 1174 1184 1204? 1206 m 
1014 1035 1116 1145 1124 — 1184 1185 s 

856 870 965 954 973 963 891 963 w/891 
630 571 566 506 556 540 537 540 w 
315 331 332 355 334 — 349 351 m 

a W i t h four pa r ame te r s [1]. b W i t h five pa rame te r s (see t h e t ex t ) . 
c Abbrev i a t i ons : s, s t rong; m , m e d i u m ; w, weak ; v, v e r y ; sh, shoulder . 
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obtained without adding considerable complexity 
to the force field. The introduction of a few inter-
action force constants (one stretch-stretch and one 
stretch-bend) did not give an appreciable improve-
ment. The final version of our force constant matrix 
based on internal coordinates (without interaction 
terms) had the following elements: (i) The CC stretch-
ing force constants are maintained as previously 
(cf. Reference [1] and Table 2). (ii) Also the CH 
stretching force constants are 5.0 mdyne/Ä as 
before, (iii) / a = 0.7 mdyne/A (equal to the previous 
value) is used only for the CCC bendings where an 
H atom is attached to the central C. (iv) fß = 0A 
mdyne/Ä is introduced for the three bendings 
where three CC bonds meet. Hence also outer 
CCC bendings are included ; in pyrene they are of 
the type 1-5-9; cf. Figure 2. (v) The CCH bending 
force constants are increased to 0.35 mdyne/Ä. The 
second column of Table 3 shows the calculated 
frequencies for pyrene with this simple five-
parameter in-plane force field. The most significant 
improvement on comparing with the results of the 
first column (Table 3) is the lowering of the fre-
quencies around 1750 cm - 1 in species Ag and B3g. 

For the sake of comparison we have also per-
formed a normal coordinate analysis for the in-plane 
vibrations following the Califano-Neto method 
[5 — 8]. We did not hope to reproduce exactly the 
calculated frequencies of Neto et al. [5] for pyrene 
because the authors do not report all details of their 
force field. In contrast to their elaborate treatment 
of stretching and stretch-stretch interaction force 
constants they do not seem to take much interest in 
the bendings. Most of the bend-bend and stretch-
bend interactions not mentioned in the cited work 
[5] we simply set equal to zero. Furthermore we 
used the transferred rather than adjusted CH 
stretching force constant. Table 3 shows the very 
good correspondence between our calculated fre-
quencies according to the method of Califano-Neto 
and the original ones of Neto et al. [5J. Also included 
is a set of frequencies computed by Bree et al. [4], 
Neither of these authors claim to have reproduced 
exactly the calculated frequencies of Neto et al. [5], 
but report to have used a version of the Califano-
Neto method. 

Experimental Frequencies 

In the course of a systematic experimental study 
of condensed aromatics we have re-investigated the 

infrared and Raman spectra of pyrene among many 
other molecules. 

The infrared spectra were recorded on a Perkin 
Elmer model 225 spectrometer (4000 — 200 cm-1) 
and on a Bruker model 114 C fast scan Fourier 
transform spectrometer (800—40 cm-1). Pyrene 
was studied as a melt (at approximately 160 °C) 
and as a polycrystalline film (ambient temperature) 
between KBr windows. Furthermore, infrared 
spectra of pyrene as Nujol mull, as pellets in KBr, 
KI and polyethylene were recorded. 

Raman spectra of polycrystalline pyrene were 
recorded on a modified [15] Cary 81 spectrometer, 
excited by an argon ion laser (CRL model 52 G) at 
90°. The background fluorescence was reduced 
when pyrene was sublimed in vacuo immediately 
before use. 

Table 3 includes a proposed assignment for the 
fundamentals. The spectra are not discussed in 
detail since no substantially new features were 
observed in addition to the previously reported 
experimental assignments [3, 4, 14]. 

Force Constants and Compliant^ 

In our method of computation we start with a 
diagonal force-constant matrix, say f. in terms of 
the valence coordinates including all redundancies. 
In the present case of pyrene it contains the 19 CC 
stretchings, 10 CH stretchings, 10 CCC bendings of 
the a type and 18 of the ß type, and finally the 
20 CCH bendings. This matrix contains the five 
different parameters along its main diagonal. The 
next step, before solving the vibrational secular 
equation [11. 16] is to convert f into a symmetrized 
force-constant matrix F. This step is conveniently 
executed by means of the T matrix method [17, 18]. 
A given harmonic force field is not uniquely re-
presented by a matrix f if redundancies are present. 
A unique representation is, on the other hand, 
rendered by means of F because the symmetry 
coordinates (see above) are all independent. 

In the five-parameter approximation the typical 
CC stretching parameters have values around 
4.7 mdyne/Ä (weighted average for pyrene: 4.61 
mdyne/Ä). In the Califano-Neto method one starts 
with CC stretchings from 5.42 to 6.55 mdyne/Ä in 
pyrene (weighted average: 6.13 mdyne/Ä). The 
numerical values of this example may seem to be 
controversial, but that is not necessarily so. The 
two force fields need not be drastically different 
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because of this apparent numerical inconsistency. 
The values should rather be considered as an 
illustration why one should not speak about 
CC stretching force constants in aromatic systems 
at all as if they were independent physical quantities. 

If the Califano-Neto force field is expressed in 
terms of a symmetry F matrix based on the same 
symmetry coordinates as were used in the f to 
F transformation, one obtains a sound basis for a 
comparison of the two force fields. We have also 
performed this transformation and found a strikingly 
similar pattern of the two F matrices. For the sake 
of brevity the complete, large dimension matrices 
are not reproduced here; the point is sufficiently 
illustrated by showing only the first block (Ag). In 
Table 4 (five-parameter approximation) and Table 5 
(Califano-Neto method) the corresponding matrix 
elements may be individually compared. 

Furthermore, the force constants in Tables 4 
and 5 are anomalously large because they com-
pensate for the removal of redundancies when 
going from f to F. The same phenomenon has been 
observed in other linked systems, especially of the 
cage form [17], and is extremely pronounced in the 
multicage system of a hetero polyanion recently 
studied [19]. 

The compliants [11, 20] are known to have 
physical significance even as isolated quantities 
unlike the force constants. Consequently one can 
speak of a compliance for a given CC stretching in a 

Tab le 4. The A g b lock of t h e s y m m e t r y force-constant 
m a t r i x in t h e f ive -pa ramete r approx imat ion . U n i t s : 
m d y n e / A . 

No . 
1 7.16 
2 - 2 . 7 3 7.81 
3 - 5 . 4 8 5.23 
4 - 4 . 7 2 4.27 
5 - 9 . 5 1 8.12 
6 0.00 - 0 . 0 2 
7 0.00 - 0 . 8 3 
8 0.00 - 0 . 4 9 
9 0.00 0.00 

10 0.00 0.00 
11 0.00 0.00 
12 0.00 0.00 
13 0.00 0.00 

8 1.81 
9 0.00 5.00 

10 0.00 0.00 5.00 
11 0.00 0.00 0.00 5.00 
12 0.00 0.00 0.00 0.00 0.67 
13 0.31 0.00 0.00 0.00 0.00 0.71 

881 

Tab le 5. The A g block of t h e s y m m e t r y force-cons tant 
m a t r i x in t h e Cal i fano-Neto m e t h o d . U n i t s : mdyne /A . 

No . 
1 6.94 
2 —2.48 9.96 
3 - 5 . 9 4 7.40 
4 - 4 . 7 9 5.35 
5 - 9 . 8 2 10.31 
6 0.63 - 0 . 0 1 
7 - 0 . 3 5 - 0 . 2 0 
8 0.09 —0.44 
9 0.00 0.00 

10 0.00 0.00 
11 0.00 0.00 
12 0.28 - 0 . 1 4 
13 0.00 0.00 

8 1.41 
9 0.00 5.11 

10 0.00 0.00 5.05 
11 0.00 0.00 0.10 5.05 
12 0.00 0.00 0.00 0.00 0.64 
13 0.29 0.00 0.00 0.00 0.00 0.67 

condensed aromatic. Tables 6 and 7 are the Ag 

blocks of the symmetrical compliance matrices from 
the two approximation methods. They are simply 
the inverses of the blocks in Tables 4 and 5, 
respectively. As expected all the compliants have 
normal magnitudes. Those of the CC stretchings are 
around 0.2 A/mdyne in the case of the five-param-
eter approximation, and ranging from 0.14 to 
0.22 A/mdyne in the Califano-Neto method. Notice 
that the CC stretching symmetry coordinates of the 
Ag species are Si , S 2 , S3, Sö and S7. 

Mean Amplitudes of Vibration 

The mean amplitudes of vibration, I [11], are 
important quantities for characterizing non-rigid 
molecular structures. They are obtainable from the 
interpretation of gas electron diffraction experi-
ments [21, 22] or, usually more accurately, from 
spectroscopic computations. A mean amplitude, 
say Uj, is defined for every type of interatomic 
distance ( i- j) , bonded or nonbonded, by the root-
mean-square value 

h] = <(ra - re)2)1/2 , 

where ry is the instantaneous distance and re the 
equilibrium distance. The mean values should be 
taken both in the quantum-mechanical and 
statistical-mechanical sense. Hence the values of I 
are temperature dependent. In the usual approxi-

14.95 
9.05 

18.33 
0.01 

-0.01 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 

9.50 
17.16 
0.00 
0.24 

- 0 . 1 3 
0.00 
0.00 
0.00 

- 0 . 2 8 
0.00 

35.39 
0.05 
0.89 
0.05 
0.00 
0.00 
0.00 

- 0 . 2 8 
0.00 

4.62 
0.01 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 

5.72 
0.48 
0.00 
0.00 
0.00 
0.00 
0.00 

19.52 
11.57 10.97 
24.06 20.39 42.52 

- 0 . 4 7 —0.30 - 0 . 2 0 6.33 
0.12 0.46 1.38 0.61 7.70 
0.00 -0.11 - 0 . 0 3 0.07 0.38 
0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 

- 0 . 2 8 - 0 . 5 2 - 0 . 7 7 0.00 0.00 
0.00 0.00 0.00 - 0 . 1 4 0.14 
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Table 6. The A g block of t h e s y m m e t r y compl iance m a t r i x in t h e five-parameter approx imat ion . U n i t s : A / m d y n e . 

No. 1 0.222 
2 0.016 0.185 
3 0.018 - 0 . 0 2 9 0.193 
4 0.016 - 0 . 0 3 9 - 0 . 0 2 2 0.907 
5 0.039 - 0 . 0 0 5 - 0 . 0 7 8 - 0 . 4 1 4 0.282 
6 - 0 . 0 0 0 0.001 0.001 0.004 - 0 . 0 0 3 0.217 
7 - 0 . 0 0 5 0.026 0.010 0.015 - 0 . 0 2 5 0.000 0.185 
8 0.006 0.044 - 0 . 0 1 2 0.069 - 0 . 0 3 5 -0.001 - 0 . 0 4 4 
9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

10 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
11 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
12 0.023 - 0 . 0 1 8 - 0 . 0 4 2 0.204 - 0 . 0 5 4 0.000 - 0 . 0 0 4 
13 - 0.003 - 0 . 0 1 9 0.005 - 0 . 0 3 0 0.016 0.000 0.020 

8 0.630 
9 0.000 0.200 

10 0.000 0.000 0.200 
11 0.000 0.000 0.000 0.200 
12 0.014 0.000 0.000 0.000 1.552 
13 - 0 . 2 7 8 0.000 0.000 0.000 - 0 . 0 0 6 1.532 

mation of small harmonic vibrations [16] the mean 
amplitudes of planar molecules are independent of 
the out-of-plane vibrations. 

We have computed the mean amplitudes of 
vibration for pyrene from the three approximate 
force fields under consideration, viz. those of the 
simple methods with (a) four, (b) five in-plane 
parameters, and (c) the Califano-Neto method. All 
these magnitudes were computed at the tempera-
tures of absolute zero and 298 K. For the sake of 
brevity only the latter ones are discussed in the 
following. 

Bonded Distances 
Table 8 shows the calculated mean amplitudes 

for the bonded distances. The three methods of 
approximation are seen to give almost identical 
results, i.e. the differences are in all but one case 
about 0.001 Ä or less. 

Nonbonded CC Distances 
The calculated mean amplitudes for all the 

31 types of nonbonded CC distances are shown in 
Table 9. All these types are indicated on Fig. 3 and 
classified into 10 main groups. Small differences are 

Table 7. The A g block of t h e s y m m e t r y compl iance m a t r i x in the Cal i fano-Neto me thod . U n i t s : A / m d y n e . 

No. 1 0.219 
2 -0.000 0.148 
3 0.015 - 0 . 0 3 9 0.184 
4 0.005 - 0 . 0 4 8 0.006 0.894 
5 0.039 0.009 - 0 . 0 9 5 - 0 . 4 1 5 0.283 
6 - 0 . 0 2 0 - 0 . 0 0 6 0.009 0.026 - 0 . 0 1 9 0.164 
7 0.005 0.004 0.014 0.016 - 0 . 0 2 0 - 0 . 0 1 2 0.135 
8 - 0 . 0 1 3 0.046 - 0 . 0 2 0 0.041 - 0 . 0 2 1 - 0 . 0 1 3 - 0 . 0 3 0 
9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

10 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
11 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
12 - 0 . 0 4 0 - 0 . 0 1 3 —0.044 0.218 - 0 . 0 5 5 0.010 - 0 . 0 0 6 
13 0.001 - 0 . 0 2 2 0.008 - 0 . 0 1 6 0.009 0.043 - 0 . 0 1 8 

8 0.806 
9 0.000 0.196 

10 0.000 0.000 0.198 
11 0.000 0.000 - 0 . 0 0 4 0.198 
12 0.016 0.000 0.000 0.000 1.670 
13 - 0.348 0.000 0.000 0.000 - 0.003 1.664 
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Table 8. Mean a m p l i t u d e s of v ib ra t ion (A units) for t h e 
b o n d e d d is tances in p y r e n e a t 298 K . 

Dis tance * A t o m a b c 
pa i r * * 

a 9 - 1 3 0.0475 0.0475 0.0456 
b 5 - 9 0.0477 0.0479 0.0468 
c 1 - 5 0.0485 0.0486 0.0477 
d 1 - 4 0.0465 0.0465 0.0455 
e 5 - 1 5 0.0474 0.0474 0.0451 
f 15-16 0.0468 0.0473 0.0469 
C - H 1 - 1 7 0.0774 0.0774 0.0772 
C - H 9 - 2 1 0.0774 0.0774 0.0772 
C - H 13-25 0.0774 0.0774 0.0772 

* See Fig. 1. ** F o r n u m b e r i n g of t h e a t o m s ; see Fig. 2. 
a F o u r - p a r a m e t e r a p p r o x i m a t i o n [1]. 
b F i v e - p a r a m e t e r a p p r o x i m a t i o n (see t h e t ex t ) . 
c Ca l i fano-Neto m e t h o d . 

Tab le 9. Mean a m p l i t u d e s of v ib ra t ion (A uni ts ) for t h e 
n o n b o n d e d CC dis tances in py rene a t 298 K . * 

T y p e a A t o m Distance1 5 a b e 
pai r 

2 a 1 - 8 2.414 0.055 0.056 0.0538 
2 b 1 - 1 5 2.460 0.055 0.057 0.0562 
2 c 5 - 6 2.458 0.057 0.058 0.0554 
2 d 5 - 1 3 2.426 0.056 0.057 0.0546 
2 e 5 - 1 6 2.452 0.055 0.057 0.0551 
2 f 9 - 1 0 2.416 0.056 0.056 0.0545 
2 g 9 - 1 5 2.444 0.055 0.057 0.0540 
2 h 1 - 9 2.506 0.066 0.064 0.0607 

3 a 1 - 1 6 2.816 0.058 0.060 0.0604 
3 b 5 - 8 2.828 0.058 0.061 0.0591 
3 c 5 - 1 0 2.820 0.060 0.061 0.0605 
3 d 13-15 2.797 0.058 0.061 0.0585 

4 a 1 - 6 3.765 0.062 0.064 0.0610 
4 b 5 - 7 3.747 0.061 0.062 0.0599 
4 c 9 - 1 6 3.742 0.060 0.062 0.0594 
4 d 1 - 1 2 3.713 0.067 0.066 0.0630 
4 e 1 - 1 3 3.760 0.068 0.067 0.0634 

5 a 1 - 7 4.233 0.064 0.065 0.0637 
5 b 1 - 1 0 4.262 0.067 0.067 0.0652 
5 c 5 - 1 2 4.247 0.065 0.067 0.0642 
5 d 13-16 4.214 0.062 0.064 0.0616 

6 a 1 - 2 4.920 0.066 0.068 0.0662 
6 b 1 - 1 4 4.840 0.068 0.068 0.0643 
6 c 5 - 1 1 4.897 0.065 0.066 0.0636 

7 a 1 - 3 5.095 0.066 0.069 0.0676 
7 b 1 - 1 1 5.067 0.067 0.068 0.0659 
7c 5 - 1 4 5.071 0.066 0.068 0.0652 

8 9 - 1 2 5.667 0.071 0.072 0.0690 

9 9 - 1 1 6.161 0.069 0.071 0.0670 

10 9 - 1 4 6.454 0.070 0.072 0.0688 

11 13-14 7.012 0.071 0.072 0.0692 

* See also foo tno te s t o T a b l e 8. a See F igure 3. 
b Calcula ted i n t e r a tomic d is tances f r o m t h e appl ied 

s t r u c t u r a l p a r a m e t e r s ; A un i t s . 

Fig. 3. Classification of t h e 31 n o n b o n d e d CC dis tances of 
pyrene . 10 m a i n t y p e s are dis t inguished. 

noted between the results from approximations (a) 
and (b), but here we are most interested in the 
comparison between the five-parameter approxi-
mation (b) and the Califano-Neto method (c). The 
latter set (c) is supposed to contain the most 
accurate values. The agreement is seen to be good 
since 26 out of the 31 amplitudes have differences 
less than 0.003 Ä, and the largest are about 0.004 Ä. 

Nonbonded CH Distances 

Table 10 shows the calculated mean amplitudes 
for the 39 types of nonbonded CH distances. Only 
the results from the five-parameter approximation 
(b) and the Califano-Neto method (c) are included. 
The 39 CH distances have been collected into 
15 main groups; see Figure 4. Very good agreement 
is found for the results from the two approximations: 
in 21 out of the 39 cases the differences are 0.001 Ä 
or less, in 15 cases 0.002 A or less, while the largest 
discrepancies (3 cases) are about 0.003 A. 

The HH Distances (Nonbonded) 

Calculated mean amplitudes for the 15 types of 
HH distances are shown in Table 11. For the sake 
of brevity only the results from the Califano-Neto 
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Table 10. Mean amp l i t udes of v ib ra t ion (A uni ts) for t h e 
nonbonded C H dis tances in py rene a t 298 K . * 

T y p e a A t o m pa i r D i s t ance b c 

2 A 1 - 2 0 2.079 0.100 0.099 
2 B 5 - 1 7 2.184 0.101 0.101 
2 C 5 - 2 1 2.172 0.101 0.100 
2 D 9 - 2 5 2.128 0.101 0.099 
2 E 13-21 2.138 0.100 0.099 

3 A 1 - 2 1 2.745 0.130 0.129 
3 B 9 - 1 7 2.741 0.131 0.130 

4 A 5 - 2 0 3.392 0.097 0.096 
4 B 5 - 2 5 3.402 0.097 0.096 
4 C 9 - 2 2 3.388 0.097 0.096 
4 D 15-17 3.436 0.098 0.097 
4 E 15-21 3.426 0.097 0.095 

5 A 5 - 2 2 3.900 0.095 0.094 
5 B 15-19 3.896 0.094 0.094 
5 C 15-25 3.877 0.095 0.093 

6 A 1 - 2 4 4.063 0.131 0.130 
6 B 13-17 4.115 0.132 0.130 

7 A 1 - 2 5 4.631 0.111 0.108 
7 B 5 - 1 8 4.636 0.108 0.106 
7C 9 - 2 0 4.584 0.110 0.108 
7 D 15-23 4.619 0.107 0.106 

8 A 5 - 2 4 4.886 0.121 0.120 
8 B 9 - 1 8 4.894 0.122 0.121 

9 A 1 - 2 2 5.342 0.099 0.097 
9 B 5 - 1 9 5.313 0.097 0.096 
9C 15-26 5.294 0.097 0.095 

10A 1 - 1 8 5.885 0.106 0.105 
1 0 B 1 - 2 6 5.796 0.107 0.105 
IOC 5 - 2 3 5.863 0.105 0.104 
1 0 D 13-19 5.799 0.107 0.105 

I I A 1 - 1 9 6.148 0.102 0.101 
I I B 1 - 2 3 6.125 0.101 0.099 
11C 5 - 2 6 6.124 0.101 0.099 
1 1 D 9 - 1 9 6.119 0.101 0.100 

12 9 - 2 4 6.290 0.127 0.125 

13 9 - 2 3 7.063 0.112 0.110 

14 13-23 7.217 0.121 0.119 

15 9 - 2 6 7.517 0.104 0.101 

16 13-26 8.092 0.103 0.100 

* See also foo tno tes to Tables 8 a n d 9. a See F igure 4. 

method are given. On comparing with the results 
from the five-parameter approximation again a 
very good agreement was found: most of the 
differences are below 0.002 A, the largest one being 
about 0.003 A. 

Conclusion 

In conclusion it is found that the simple approxi-
mate methods, and in particular the five-parameter 

© O 1 * ® 

® <J o^ 

@ .00 
Fig. 4. Survey of the 16 ma in t ypes of C H d is tances 
(1 bonded a n d 15 nonbonded) , which occur in pyrene . 
Encirc led n u m b e r s indicate t h e n u m b e r of b o n d s which 
sepa ra t e t h e C a n d H a t o m s in ques t ion . 

approximation developed in the present work, give 
very good calculated mean amplitudes of vibration, 
within about 0.004 A (in most cases appreciably 
less) when compared to the more elaborate Califano-
Neto method. The approximate mean amplitudes 
obtained in this way are undoubtedly accurate 
enough to be useful in the interpretations of modern 
gas electron diffraction measurements. 

Benzene 

In the first paper of this series [1] the failure of 
the simple approximation with four in-plane 
parameters was pointed out when applied to 
benzene. When the five-parameter approximation 
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Tab le 11. Mean ampl i tudes of v ibra t ion (A uni ts) for t h e 
H H d is tances in pyrene a t 298 K according to t h e Califano-
N e t o m e t h o d . * 

A t o m 
pa i r 

17 -20 2.382 
2 1 - 2 5 2.448 
17-21 2.536 
2 1 - 2 2 4.270 
17-24 4.751 
17 -25 4.806 
17-22 5.956 
17-26 6.704 
2 1 - 2 4 6.776 
17-18 6.803 
17 -23 7.185 
17-19 7.208 
2 1 - 2 3 8.009 
2 1 - 2 6 8.255 
2 5 - 2 6 9.172 

is employed to benzene an over-all improvement of 
the calculated frequencies is achieved. Table 12 
shows the calculated frequencies according to this 
approximation along with the results from the 
Califano-Neto method. The latter set stems from 
our recalculation, which agrees satisfactorily with 
the original data of Neto et al. [7]. Nevertheless 

Tab le 12. Calculated in-plane frequencies ( c m - 1 ) for benzene 

Species Methods 

S i m p l e a Califano-
N e t o 

AIG 3030 3063 
794 993 

A 2 G 1386 1361 

E2 G 3037 3046 
1614 1607 
1104 1166 

652 605 

BIU 3042 3044 
1136 1021 

B2U 1551 1314 
1141 1174 

EM 3031 3055 
1483 1480 

910 1025 

Table 13. Mean amp l i t udes of v ib ra t ion (A units) for benzene 
a t 298 K . 

T y p e Dis tance a Simple b Califano- Rigorous 
Ne to [11] 

B o n d e d 
C - C 1.397 0.0475 0.0458 0.04635 
C - H 1.084 0.0774 0.0772 0.07705 

N o n b o n d e d 
C - C 2.420 0.0562 0.0549 0.05517 
C - - - C 2.794 0.0599 0.0610 0.05899 
C - H 2.154 0.1004 0.0992 0.09984 
C ••• H 3.402 0.0970 0.0959 0.09689 
C ••• H 3.878 0.0941 0.0947 0.09337 
H ••• H 2.481 0.1586 0.1575 0.15798 
H ••• H 4.297 0.1330 0.1314 0.13316 
H ••• H 4.962 0.1189 0.1192 0.11817 

a Calculated in t e ra tomic d is tances in A. 
b F ive -pa rame te r a p p r o x i m a t i o n . 

there are still some serious discrepancies in the 
frequencies obtained by the two methods, the 
largest one occurring for the lowest Aig frequency. 

In spite of the substantial inaccuracies in the 
calculated frequencies it may be concluded that the 
mean amplitudes of vibration from the five-
parameter approximation are very good for benzene. 
On comparing with the results from the Califano-
Neto method all differences at 298 K are found to 
be less than 0.002 A (see Table 13). A set of mean 
amplitudes for benzene from a rigorous calculation 
[11] are included in Table 13. These values were 
obtained on adjusting the force field accurately to 
a set of experimental frequencies. The rigorous 
values are seen to be in good agreement with both 
sets of the present calculations; it can actually not 
be concluded with certainty which one of the two 
present methods is best. I t does appear, however, 
that the simple five-parameter approximation is as 
good as the Califano-Neto method for the purpose 
of computing the mean amplitudes of vibration. 
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nee Mean 
ampl i tude 

0.159 
0.158 
0.184 
0.132 
0.167 
0.167 
0.143 
0.138 
0.171 
0.137 
0.124 
0.125 

0 J43 * See footnotes 
n ' t o i to Tables 8 
0 1 2 4 a n d 9. 

a F ive -pa ramete r 
a p p r o x i m a t i o n ; only 
four of t h e pa r ame te r s 
are re levan t for 
benzene. 
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