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The vibrational spectra and previous normal coordinate analyses of GaCl 3 are reviewed. The 
valence force field (VFF), Keating force field (KFF) and central force field (CFF) are 
investigated, taking into account isotopic frequency shifts and the mass influence on Coriolis 
constants. It seems that K F F is an appropriate force field approximation. In its definition a new 
type of internal coordinates, the Keating's bending, is invoked. A final force Field is tentatively 
determined and used to calculate the mean amplitudes of vibration. 

Introduction 

The vibrational frequencies of GaCl 3 seem now 
to be well established [1] after a great deal of efforts 
(see below). Consequently we find this molecule to 
be suited for testing the applicability of a new type 
of internal coordinates, referred to as Keating's 
bending [2]. This coordinate is implied in a poten-
tial proposed by Keating [3] in the theory of lattice 
dynamics. In the context of molecular vibrations of 
isolated species Keating's bendings have been 
successfully applied to different planar symmetrical 
XY3 molecules [4 -8 ] , to which also GaCl 3 belongs 
(symmetry D 3 h ) . 

Previous Work 

In an infrared study of dimeric gallium tri-
chloride Beattie et al. [9] attributed two bands to the 
monomeric species with a question mark (see 
Table 1). Some years later certain fundamentals 
belonging undoubtedly to the monomeric form were 
observed in both Raman [10] and infrared [11] 
spectra of superheated vapours. Avasthi and Mehta 
[12] considered the Raman frequency of (382 
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c m - 1 ) [10] as unreliable, but it has been confirmed 
by later measurements. Table 1 continues with the 
quotation of the first infrared spectrum of GaCl 3 in 
an Ar matrix [13]. These workers have reported 
isotopic splittings of the v3 band. The calculated 

Table 1. Vibrational frequencies (cm ') of monomeric 
gallium trichloride f rom literature. 

vi04i) V2(A'2') v 3 ( £ ' ) ME') Method * and reference 

- - 548? 170? IR; Beattie et al. 
(1967)[9] 

382 128 Ra; Beattie and Horder 
(1969) [10] 

358 — Empirical rule; Avasthi 
and Mehta (1971) [12] 

— 145 450 128 IR; Selivanov and 
Maltsev (1973) [11] 

136.2 470 132.1 IR (Ar); Pong et al. 
(1975) [13] 

— — 514 — Calculated; Cyvin and 
Phongsatha (1975) [14] 

381 — 457 128 Ra; Drake and Rosen-
blatt (1976) [15] 

384 — 467 132 IR (Ar), Ra (Ar); 
Bea t t i ee ta l . (1976) [16] 

137.84 Calculated; Goel et al. 
(1977)[17] 

143 464 131 IR; Klaeboe et al., 
Sjogren et al. (1984) 
[18,1] 

* Abbreviations: IR infrared; Ra Raman ; (Ar) argon 
matrix isolation (all the other experimental works pertain 
to the gas phase). 
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Table 2. Mean amplitudes of vibration (/ in A units) for 
GaCl 3 at 298 K. from literature. 

/(Ga—Cl) / ( C l . . . Cl) Reference 

0.043 0.106 Cyvin and Phongsatha (1975) [14] 
0.0453 0.1047 Goel et al. (1977) [17] 
0.0431 misprint Sarkarand Singh (1978) [19] 
0.0458 0.1048 Goel and Sharma (1980) [20] 
0.0434 0.1050 Sengodan and Srinivasacharya 

(1980)[21] 

frequency of v3 f rom Cyvin et al. [14] is apparently 
too high. Drake et al. [15] observed for the first t ime 
v3 in the Raman spectrum. The same year (1976) an 
excellent work by Beattie et al. [16] appeared, where 
both infrared and Raman spectra in Ar matrix 
isolation are reported for different compounds in-
cluding GaCl 3 . Isotope splitting of both vj and v3 for 
this molecule had been observed. Table 1 also shows 
a calculated frequency of v2 [17]. Very recently new 
high-temperature infrared spectra were reported 
[1,18]. 

Several ones of the works cited above contain 
force constant calculations [1, 12 -14 , 16, 17], 
Additional works on force constants exist [19-21] . 
Some of these works contain calculated mean 
amplitudes of vibration; cf. Table 2. Very little 
information is available on the Coriolis coupling in 
GaCl 3 . One of the cited works [21] gives the 
calculated value of C3 = 0.4320. A similar value 
(C3 = 0.4314) was obtained from an empirical rela-
tion [22], 

Valence, Keating and Central Coordinates 

Keating coordinates emerge when the ordinary 
(Decius') bendings [23, 24] are substituted by the 
corresponding Keating's bendings [2, 3]. Their ap-
plication to the planar symmetrical XY3 model 
has been treated in detail elsewhere [4, 8]. Let 
(F3 3 , 7"34, F44) designate the force constants of the 
degenerate (£ ' ) block in terms of the (ordinary) 
symmetry valence coordinates [25]. They are con-
verted into the force constants in terms of the 
symmetry Keating coordinates by 

^ 3 = ^ 3 3 + 1 ( 1 2 ^ 3 4 + ^ 4 4 ) , 

^ 4 = 1 ( 3 ^ 4 + 7 4 4 ) , 
r k _ 4 r r 44 — -3 i 44 . 

In a similar way one obtains the central coordi-
nates [25, 26] on substituting Decius' bendings by 
the nonbond interatomic displacements. The corre-
sponding symmetry force constants of the E' block 
of planar symmetrical XY3 are given by 

Ff3 = F33 + 12^34+3^44, 

^ 4 = 2 ( ^ 4 + 3 ^ 4 4 ) , 

Ff4 = 4F44. 

The well-known valence force field (VFF) and 
central force field (CFF) approximations [24, 27] 
are characterized by F34 = 0 and F34 = 0, respective-
ly. In an analogous way the Keating force field 
(KFF) is defined by F3

k
4 = 0 [4, 8], 

Application to Gallium Trichloride 

Introduction 

The Keating (as well as central) coordinates have 
previously been applied to BF3 [4]̂  the other boron 
trihalides [5], A1C13 [7] and S 0 3 [7, 8]. 

Here the theory is applied to GaCl 3 . All the force 
constant sets of the present work are "compatible", 
i.e. exactly consistent with the experimental fre-
quencies for 6 9 Ga 3 5 Cl 3 . The adopted numerical 
wave numbers of the E' species are co3 = 464 c m - 1 

and co4= 131 c m - 1 [1]. In the cited work [1] a force 
field was produced by means of these frequencies 
along with seven isotopic frequency shifts [16]. We 
have slightly modified this force field in order to 
make it compatible, and transferred the force con-
stants to our definition [25], which implies scaled 
bendings. Table 3 shows the value of F34 and the 
calculated Aco3 frequency shifts for the symmetrical-
ly substituted molecules, along with the calculated 
Coriolis constant C3 (for 6 9Ga3 5Cl3) . 

Approximate Force Fields 

The same data (£3 and Aco3) are given in Table 3 
for calculations with the VFF, KFF and C F F 
approximations. It is found that the literature force 
field (ii) [1] happens to come very close to the C F F 
(i). Another useful approach to the studies of force 
fields is to express a given force field in terms of the 
different coordinates. In Table 4 the force field (ii) 
is given in terms of the symmetry valence-, Keating-
and central coordinates. We find that F34 (=0.010 
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Table 3. Calculated Aco3 i so top ic f r e q u e n c y s h i f t s ( c m - 1 ) and the Coriolis constant 
C3(6 9Ga3 5Cl3) from different force fields (F34 in mdyne/A), along with the observed frequency 
shifts. 

Force field F34 C3 Aco3(7' Ga 3 5 Cl 3 ) zl<y3(69Ga37Cl3) Aco3(7> Ga 3 7 Cl 3 ) 

(i) C F F - 0.148 0.327 2.62 7.57 10.24 
(ii) Aco" - 0.142(22) 0.334 2.64 7.54 10.23 

(iii) C(BF,)b - 0.063 0.430 2.83 7.17 10.05 
(iv) KFF - 0.048 0.449 2.87 7.10 10.01 
(v) C(SO,) b - 0.024 0.478 2.92 6.99 9.96 

(vi) VFF 0.000 0.507 2.98 6.88 9.91 

Observed AOJ3 ( c m - 1 ) [13] 2.7 7.3 10.0 Observed AOJ3 
[16] 2.8 7.5 10.3 

a Slightly modified force field from literature [1]. The value in parentheses represents the 
estimated standard deviation x 103 based on 18 calculated shifts. 

b £ 3 ( 6 9 Ga 3 5 Cl 3 ) estimated from the mass influence on Coriolis constants. 

Table 4. Force constants (mdyne/A) of the E' species for 
GaCl 3 in different coordinates. 

Force 
field a 

Coordi-
nates b 

F 3 3 ( ß ) c F34(Q) F44 ( ß ) 

(ii) VAL 2.677 - 0.142 0.085 (ii) 
KEA 2.542 - 0.108 0.113 
CEN 2.440 0.010 0.340 

(iii) VAL 2.567 - 0.063 0.082 
KEA 2.522 - 0.018 0.110 
CEN 2.595 0.158 0.329 

(iv) VAL 2.544 - 0.048 0.082 
KEA 2.516 0.000 0.110 
CEN 2.625 0.190 0.329 

(v) VAL 2.506 - 0.024 0.083 
KEA 2.506 0.028 0.111 
CEN 2.673 0.240 0.332 

a See Table 3. 
b Symmetry valence (VAL)-, Keating (KEA)- and central 

(CEN) coordinates. 
c F i j (Q) equals F ( / , F f j and Ffi for Q = n/2, 2n/3 and 

5 7r/6, respectively [8]. 

m d y n e / A ) is smaller in absolute magnitude than 
either F34 or F3

k
4. This situation is usual. For most 

molecules CFF is a worse approximation than VFF 
[24. 27], 

A detailed inspection of Fable 3, where some of 
the observed isotopic shifts [13, 16] are included, 
demonstrates that these shifts are not very sensitive 
to the force constants. This is a common experience. 
It is seen (Table 3) that the whole range of F34 from 
0 to -0 .148 mdyne / A is consistent with the observed 
frequency shifts roughly within ± 0 . 5 cm - 1 . There-
fore. other types of additional information, like the 
Coriolis constant, need to be considered. 

Mass Influence on Coriolis Constants 

Table 3 shows also that the Coriolis constant (C3) 
would fix the force field better than the frequency 
shifts. Unfortunately no experimental C value for 
GaCl3 is available. But we have tried to estimate 
the value of (3 by means of the theory of mass 
influence on Coriolis constants [25, 28]. For two 
planar symmetrical XY3 molecules the value of £3 
has been determined with reasonable accuracy (say 
± 0.005). We have adopted (a) C3 - 0.789 [29] for 
"BF 3 and (b) (3 = 0.474 [30, 31] for 3 2S 1 60 3 . Based 
on these data we have produced the curves of mass 
dependence of C3 for planar symmetrical XY3 mole-
cules; cf. Figure 1. They predict the values (a) C3 = 
0.430 and (b) C3 = 0.478 for 69Ga35Cl3 in the two 
cases; see also Table 3. The former value is support-
ed by the previously calculated [21] and estimated 
[22] values; see above. We have used our two values 
to determine the corresponding GaCl3 force fields, 
which are designated (iii) and (iv) in the cases (a) 
and (b), respectively. It is interesting to note that 
these force fields are clustered around the Keating 
force field, KFF (iv); cf. Table 3. In Table 4 the 
force constants are expressed in terms of the sym-
metry valence-. Keating- and central coordinates. In 
the case (iii) one finds 

F34 < F34 < F3
c
4 . 

If this force field was the true one it would indicate 
that VFF is a better approximation than CFF, and 
KFF still better. In case (v) one has 

F34 < F34 < F34 
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Table 5. Calculated mean ampli tudes of vibration (/ in A 
units) and Bastiansen-Morino shrinkage effect (A in A) 
for 6 9Ga 3 5Cl 3 . 

Fig. 1. Mass dependence of £3 for planar symmetrical XY3 
molecules, based on (a) ( 3 = 0.789 for " B F 3 and (b) C3 = 
0.474 for 3 2 S 1 6 0 3 . The dotted curve (c) corresponds to 
KFF for GaCl 3 . When m x / f f l Y 00 one has in the three 
cases: (a) C3 - - 0.250, (b) £3 -» - 0.126, (c) C3 - 0.072. 

but the difference between F34 and F3
k
4 is not 

large. 
It is hard to decide which one of the force fields 

(iii) and (v) is better. We are inclined to give 
preference to (iii) because GaCl3 is chemically 
more related to BF3 than to S 0 3 . 

Keating Force Field 

The above computations and discussion seem to 
indicate that KFF (iv) is a good approximation for 
GaCl 3 . The E' species force constants in the three 
types of coordinates are included in Table 4. The 
calculated Coriolis constant for 6 9Ga3 5Cl3 is C3 = 
0.449, i.e. in-between the values consistent with the 
force fields (iii) and (v). The curve of mass depen-
dence of £3 from K F F of GaCl 3 is dotted in Figure 
1 (c). It is seen to follow nicely the two full-drawn 

Temperature /(Ga—Cl) / ( C l . . . Cl) A 

OK 0.0405 0.065 0.0023 
25 °C 0.0457 0.104 0.0072 

250 °C 0.0551 0.134 0.0123 
500 °C 0.0651 0.162 0.0180 
750 °C 0.0740 0.185 0.0238 

1000°c 0.0821 0.207 0.0296 

curves for small mass ratios, say m x / w Y < 2. For 
m x /my > 2 the curves (a) and (b) separate signifi-
cantly. while (c) tends to approach the curve (b). 
The legend of Fig. 1 gives the limiting values of C3 

when m\/mY 00. 

Final Force Field 

In conclusion the experimental evidence seems 
not to be sufficient to determine with confidence 
which one of the force fields is best. In view of the 
above discussion we have chosen (iii) as the final 
force field as an alternative to (ii). It reproduces the 
isotopic frequency shifts with sufficient accuracy 
and gives a reasonable value of C3; cf. Table 3. 

The final force field was used to calculate the 
mean amplitudes of vibration [25] for 6 9Ga3 5Cl3 . In 
species A\ the frequency value co\ = 382 c m - 1 [1, 10] 
was applied. It gives the force constant Fn = 3.006 
mdyne /A . The results are shown in Table 5. Those 
of 25 °C are comparable with the previous literature 
values. In order to compute the Bastiansen-Morino 
shrinkage effect [25] one needs also co2(A2) and the 
bond distance (R). The value of co2 = 143 c m - 1 [1] 
was adopted along with R = 2.09 A [1, 32], The 
results are included in Table 5. 

Remark on the Coriolis Constant Variation 

Coriolis constants have been used several times to 
fix the force constants in small molecules with 
degenerate two-dimensional blocks. Until recently 
this problem has been attacked either by a graphical 
("display diagram") method [33, 34] or an iteration 
method employing Jacobi elements [35]. Cyvin [4] in 
his analysis of BF3 applied an analytical method. 
For planar symmetrical XY3 molecules, display 
diagrams have been drawn for BF3 [36, 37], S 0 3 [38] 
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Fig. 2. ( 3 of 6 9Ga3 5Cl3 as a function of F34. The depen-
dence is exactly linear. 

a n d AICI3 [39]. T h e s e a re curves of C3 as a f u n c t i o n 
of F34. the i n t e r ac t ion fo rce cons t an t of a c o m p a t -
ible fo rce f ie ld . In all cases [ 3 6 - 3 9 ] the curves look 
as s t ra igh t l ines, a n d indeed they a re exact ly l inear . 
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