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Potential energy and spectroscopic constants for the X'-r.: ground state of 
a;, were calculated by configuration-interaction (Cl) methods, using large 
basis sets with polarization and diffuse functions. From these CI wavefunctions, 
the isotropic (a~~o) and dipolar (Ad1.,) components of the hyperfine coupling 
constant were obtained. The effects of various s, p basis sets, polarization and 
diffuse functions, as weil as the infl.uence of reference configurations and con
figuration selection thresholds were investigated. The best values obtained are 
35·31 G for a110 and 29·440 for Adlp• tobe compared with experimental values 
of 37 ± 1 G and 32 ± 1 G, respectively. It is shown that the contributions to a1so 

of the K and L shells are opposite in sign, differing by about 4 G. Upon 
vibrational averaging, both a1so and Adtp move towards smaller values as v 
increases. An adiabatic electron affinity of 2·46eV was obtained for 0 1 , and a 
vertical electron detachment energy of 3·71 eV for Cl;. 

1. Introducdon 
Electron spin resonance (E.S.R.) data on the hyperfi.ne coupling constants (hfcc) 

ofthe Fi and Cli anions have been available for some time [1-4]. Several ab initio 
quantum mechanical investigations on the hfcc of Fi [5-9] and other first-row 
systems [10--17] have recently appeared in the literature. From such studies, the 
importance of the choice of basis set in finite basis calculations, of spin polarization 
contributions from the inner shell electrons which are normally neglected in frozen 
core configuration-interaction (CI) calculations, and of the molecnlar geometry has 
been amply demonstrated. 

In tbis paper ab initio Cl results on Cli, the second-row homologue ofF2, wiJJ 
be reported. While second-row systems are generally expected to be more difficult to 
handle, due to the larger number of electrons, there are indications that the hfcc of 
Cli is easier to obtain than that of F2. For example, the unrestricted Hartree-Fock 
(UHF) method consistently overestimates the isotropic hfcc of F 2, while the same 
method gives results for Cl2 which are within the range of the experimental values 
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[8]. Whereas in UHF calculations d functions and contraction schemes for the basis 
functions strongly inftuence the calculated hfccs of F 2, such effects in the case of 
Cli have been noted to be small [8]. 

It is known that for Fi [6, 9] and other first-row systems (13-15], the spin 
polarization contributions due to the core (n = 1) electrons are similar in magnitude 
but opposite in sign to the corresponding contributions from the valence electrons 
(n = 2). Since the total spin density is the sum of such various contributions, neglect 
of either core or valence spin polarization contributions is expected to give poor 
results. Therefore, for first-row systems a frozen core CI treatment is bound to fail. 
However, on addition of another shell, CI treatments for the valence shell, with 
frozen K and L shells, can benefit from a partial cancellation of the spin polariza
tion contributions of the K and L shells. If one is forced to perform frozen core CI 
calculations, due to space restrictions, then it is important to know the size of the 
error introduced in the hfcc due to neglecting the contributions from the inner shell 
electrons. 

The experimental geometry of Cli is not available. The UHF /PUHF (projected 
UHF) calculations reported in reference [5] were perfonned at the restricted 
Hartree-Fock (RHF) optimized distance of 5·0a0 [18]. In the present study we 
calculated the CI potential energy curve and the corresponding equilibrium con· 
stants for the X 21:.: state of Cli. While the final hfcc's were calculated at the CI 
equilibrium geometry, for comparison with the previous PUHF results the effect of 
basis sets and CI parameters were studied at R = 5·0 a0 • This is not expected to 
affect the generality of the results, since the two geometries differ by less than 
0·04a0 • 

2. Theoretieal treatment 

The equations used for calculating the isotropic, aiso, and dipolar, Adip, parts of 
the hyperfine coupling constant were given in [8, 9]. The CI wavefunctions were 
obtained from the multireference single and double excitation (MRD).CI method of 
Buenker and Peyerimhoff [18-21]. The special integrals needed for the hyperfine 
coupling calculations were obtained according to Chandra and Buenker [22]. 

Initially, the potential energy of the X 21:: state of Cli between R = 4·0 and 
6·0a0 was calculated, using a (12s8p/6s4p) contracted gaussian basis set for Cl- [23] 
(later called basis D), augmented by two d and anfpolarization function [24] and s, 
p diffuse functions [25]. Molecular orbitals (MO) obtained for the X 2I: state of 
Cli were employed in the CI calculations. MOs corresponding to n = 1 and 2 at 
each centre were kept doubly occupied (frozen) while the corresponding 10 highest
energy MOs were not populated (discarded). The CI wavefunction consisted of all 
single and double excitations of 15 · valence electrons over a space of 48 MOs. 

Initially, four reference configurations (mains: M), namely 
(i) (core)4u~ 4u; 2n! 2n; 5u; 5u., (0·91), 

(ü) ( core )4a, 4u; 2n! 2n; 5u, 5u., 1 u, (0·0024), 
(iü) and (iv) (core)4u; 4u; 2n! 2n; 5u, 5u., 2 3n., (0·000161 

where the core is lu: tu; 2u;2u; 3u: 3u; In! tn; were employed, with a configu· 
ration selection threshold T = 10·0 ph. The selection of the mains was made on the 
basis of their contributions (C2) to the total CI wave function. The numbers in 
parentheses indicate the C2 value for the corresponding reference configuration at 
5 a0 • Subsequently, the reference configurations (üi) and (iv) were excluded from the 
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Table l. Exponents of d,f and diffuse functions. 

Function Exponent Reference 

1d 0·60 23 
2d 1·05 23 

0·35 
3d 2·12 27 

0·76 
0·27 

1/ 0·75 23 
Pnea 0·049 24 
sdlfr 0·025 24 
Pd1rr 0·020 24 

final calculation of the potential function which was carried out at a selection 
threshold of 5·0 Jlh. 

For the calculation of the hfccs, four different s,p basis sets were tested. The first 
set, called A, consisted of the chlorine 12s7p gaussian functions of Huzinaga [26] in 
the 6s4p contraction of Dunning and Hay [25], with the coefficients corrected 
according to Craven et al. [27]. The second basis set (B) was constructed by adding 
Pnea functions [25] to basis A. The third (C) and fourth (D) basis sets were the 12s8p 
gaussian functions in a 6s4p [23, 26] contraction for the Cl atom and Cl- ion, 
respectively. Subsequently one, two and three d functions [24, 28], an f function 
[24] and diffuses and p functions [25] were added to basis set D. The exponents of 
the additional functions along with the corresponding references are listed in table 1. 

To study the spin polarization contributions from various occupied MOs, basis 
set D plus 2dlf and diffuse s and p functions (same as used for the potential energy 
calculation) was employed using one reference configuration and a configuration 
selection threshold of 5 Jlh. Initially, all but the hr! 17t: electrons were correlated. 
This left 27 electrons to be correlated, and the corresponding result is taken as the 
'all-electron' value. In subsequent calculations the MO pairs (lsa,, lsuJ, (2su 1 , 

2suJ, (2pz:u,, 2pz:u") and (3sa,, 3sa") were kept doubly occupied one at a time. The 
individual contributions to the spin density were obtained from the difference 
between the 27-electron and the 23-electron calculations for a given MO pair. In 
such studies the inter-orbital correlation is not incorporated, and therefore only an 
estimate of the spin polarization contribution to the total spin density is obtained. 

3. Results and discussion 

3.1. Spectroscopic constants 

Equilibrium spectroscopic constants for the Cli radical anion in the gas phase 
are not available in the literature. However, several experimental measurements of 
the vibrational frequencies of Cli trapped in solid matrices [29] and generated in 
solutions by radiolysis of chloride ions [30-32] have been made. Although the 
corresponding values of me and me xe are expected to differ from the corresponding 
gas phase values, they provide a useful guide for comparison with our theoretical 
results. The potential energies for the X 2I.: state of Cli obtained in the present 
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Table 2. Potential energy and hyperfine coupling constants of the X 2r.: state of 02 as 
function of Rt. 

Rja0 Eafh agJG Ad1r/G 

4·0 -919·37282 96·72 25·47 
4·2 -919·38937 80·32 26·82 
4·4 -919·40049 66·60 27·60 
4·6 -919·40625 55·32 27·97 
4.8 -919·40904 46·20 28·10 
5·0 -919·40966 38·90 28·10 
5·2 -919·40845 33·19 28·04 
5·4 -919·40609 28·49 27·94 
5·6 -919·40312 23·83 27·80 
5·8 -919·39953 21·85 27·65 
6·0 -919·39521 19·25 27·49 

t Basis D + 2d + 1/ + (s,p)dlffuse. 2 M/5 Jlb calculations. 1 a0 ~ 5·2918 x 10- 11 m, 1 Eh ~ 
4·359 x 10- 18 J, 1 o = 10-4 T. 

study are listed in table 2. The corresponding equilibrium constants along with 
some experimental counterparts are Iisted in table 3. 

The values of m. and m. x. obtained in the present study show good agreement 
with the experimental values, especially with those of Tripathi et al. [31] and Hynes 
et al. [32]. The present calculation lends support to the smaller value of the anhar
monic constant w.x. (1·43-1·83cm- 1

) obtained by Tripathi et al. [31] and Hynes et 
al. [32] rather than the value of 3·83 cm- 1 obtained by Wilbrandt et al. [30]. This 
observation is important, especially in resolving the recent controversy [3G-32] 
regarding the dissociation energy of Cl2. Based upon the !arger value of w. xe, 
Wilbrandt et al. [30] estimated the dissociation energy of Cl2 to be 0·66 e V, which 
is substantially smaller than the value of 1·26 to 1·6 eV obtained from thermochemi
cal data [33] and from spectroscopic methods in solid matrices [29] andin aqueous 
solution [31, 32]. Unfortunately, due to difficulties encountered in the SCF con
vergence at !arger intemuclear distances, we could not obtain the dissociation 

Table 3. Spectroscopic constants and hyperfine coupling constants of the X 2r.: state of 
Jscl.zt. 

EmuJb 
R, 
roJcm- 1 

ro, xJcm.- 1 

BJcm- 1 

p11ja.u. 
agJG 
Ad1.JG 

This work 

-919·40970 
2.6274 A (4·965a0) 

274.87 
1·71 
0·1397 
0·24650 (0·2257l)t 

38·56 (35·31): 
28·21 (29·44): 

Experiment 

277·0 ± 0·3§ 
1·83 ± 0·05§ 

37 ± 111 
32 ± 111 

t Theoretical values of hfccs obtained at the calculated R,, with 15 electrons correlated. 
: Values in parentheses obtained from 27 electron calculations (see text). 
§ [31], see text. 
II [2]. 
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energy ofCii. However, our results for ()Je and ()Je Xe support a value of De ~ 1·3eV, 
in agreement with Hartree-Fock (HF) calculations of Gilbert and Wahl [18]. 

The Cl value of Re (4·965 a0 , table 3) compares well with a HF value of 5 a0 

[18]. Due to the small difference in these two Re values, the hfccs calculated at 5 a0 

hardly show any difference from those obtained at 4·965 a0 • 

We also calcu1ated the electron affinity (EA) of Cl2 • Although not a major 
concern in the context of the present study, the calculation of EA provides a 
measure of the ability of the wavefunction to stabilize the extra electron, which is 
important in the calculation of hfccs of negative ions. F or the calculation of EA, the 
experimental value of Re = 3· 755 a0 for the X 1 r.; state of Cl2 [33] and the calcu
lated value of Re = 4·965 a0 for X 21:."+ of Cli were used. The vertical detachment 
energy was calculated at Re(Cl}). MOs obtained for the X 2'E: state of Cl} were 
employed for both the neutral molecule and the anion radical, using the basis set of 
table 2. For Cl2 , 6 mains were chosen and 2 mains for Cl}. In both cases, the 
selection threshold was 2J.th. An adiabatic electron affinity for Cl2 of 2·46eV was 
obtained. This value can be compared with the corresponding thermochemical value 
of 2·39eV [33] and an electron attachment value of 2·52eV [33]. The calculated 
vertical detachment energy ofCl} is 3·7eV. 

3.2. Hyperfine coupling constants 

In the previous section, CI sturlies were described for obtaining potential curves 
and spectroscopic constants. Values for a150 and Adip, for each value of R, are given 
in table 2. Values at the CI optimized value of Rare shown in table 3. It should be 
noted that in these calculations K and L electrons were frozen. Estimates of results 
for 27 valence electrons, tobe discussed later, are given in parentheses in table 3. 

Results obtained with the four basis sets A to D using one (1M) or four (4M) 
reference configurations with frozen core and configuration selection tbresholds of 0 
or 5 J.th are listed in table 4. The contribution of the reference configurations to tbe 
CI wave function is 95 to 96 per cent. 

As far as tbe bfccs are concerned, the four basis sets in table 4 give similar 
results. The a~eo values differ by less tban 1 per cent, and tbe largest changes 

Table 4. Hyperfine coupling constants obtained for X z1;; state of Cli, using various basis 
sets, numbers of reference configurations (M) and selection thresholds.t 

Basisset CI E/h aJ.tJG A4,p!'G 

A 1 M/Oph -919·06756 39·53 28·45 
B 1 M/Oph -919·09842 39·10 27·66 
c 1 M/Oph -919·12442 39·85 28·83 

4 M/5ph -919·12501 40·12 28·87 
4 M/Oph -919·12629 40·61 29·08 

D 1 M/Oph -919·12916 39·93 28·28 
4 M/5ph -919·13002 40·16 28·33 
4 M/Oph -919·13164 40·61 28·55 

tAt R = 5a0 • 
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observed for Adip are 3 to 4 per cent. Considering the energies, basis C and D are 
superior to basis sets A and B, with basis D (Cl-) being the best. For 4M calcu
lations, also increased by less than 2 per cent from its 1 M counterpart, whereas Adlp 

hardly changes. 
Results obtained by using basis D with and without polarization and diffuse 

functions are listed in table 5. Also listed are the PUHF values for comparison. The 
addition of one d function to the 6s4p basis set results in a decrease of about 9 per 
cent in the value of a110 , smaller than the corresponding change for F 2 (-24 per 
cent) [9]. Such a change at the CI Ievel can be understood in terms of a }arger 
correlating orbital space for the valence electrons of Cl2. The mechanism for spin 
polarization at the UHF Ievel is different. There, the d functions help improve the 
spin density at the nucleus largely via their s (x2 + y2 + z2

) component and the 
corresponding change at the PUHF Ievel is very small. Further addition of d func
tions does not affect the hfcc greatly, and the trend in the CI results is parallel to the 
PUHF results [8]. The small change of also due to d functions may also be related to 
correlating only the valence electrons in the present case. 

The f function does not seem to influence the spin density of Cl2. This behaviour 
is not unusual since the configurations resulting from f functions require double 
excitations. The spin polarization contributions from such excitations are fairly 
small. As in other situations, Adtp is not affected by d andffunctions. 

3.3. Analysis of spin polarization contributions from various shells 

It was noted in the previous sections that the results obtained for aiso from the 
frozen core CI calculations were close to the experimental value of 37 G. With the 
best basis set of table 5, aiso is 35·640. The 7s5p2d1fbasis set of table 2, differing 
from 6s4p2d1f of table 5 by the addition of diffuse s and p functions, gave 38·90 G at 
R == 5 a0 , using 2 mains and T == 5ph. 

Since the core of Cl2 contains the u orbital pairs (lsu,, 1su.J for n = 1 and (2su,, 
2su.,) and (2pu,, 2pu.J for n == 2 it is possible that the spin polarization of the n == 1 
electrons is similar in magnitude but opposite in sign tothat of the n == 2 electrons. 
In that case, the frozen core approximation would Iead to (accidentally) good results 

Table 5. Effect of polarization and diffuse functions on hfccs of 3502 .t 

a.JG ~,JG 

Basis~ CI Eafh CI PUHF§ CI PUHF§ 

6s4p 1 M/Oph -919·12916 39·93 34·7 28·28 28·6 
1s5pll 1 M/O#'h -919·13351 40·05 34·5 27·98 28·1 
6s4p1d 1 M/Oph -919·30963 36·21 33·2 27·89 28·6 
6s4p2d 1 M/Oph -919·34651 37·00 34·0 27·83 28·5 
6s4p3d 1 M/0·05ph -919·35280 36·22 32·6 27·82 28·6 
6s4p2d1f 1 M/0·5ph -919·40892 35·64 32·6 28·28 28·7 

tAt R = 5·0a0 • 

t 6s4p is basis D, see text. 
§ Projected unrestricted Hartree-Fock results from [8]. The s,p basis set was basis A. 

Polarization and diffuse functions the same as here. 
II 1s5p is 6s4p + (s, p)dltfuae. 
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Table 6. Contributions ofu, and u. MOs to spin density, p•, and a~~o, for 35Cl2t. 

p•ja.u. a.JG 

lsu; 1su! -0·06115 -9·56 

2su; 2su! 0·03639 5·70 

2pu; 2pCT! -0·00106 -0·16 

3su; 3su! 0·09489 14·85 

3pu; 3JX1.t 015008 23·46 

Total§ 0·21915 34·29 

t See text for detail. All calculations at 5 a0 • t Obtained indirectly from difference. 
§ 'All-electron' result. 
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for aiso. To examine this assumption quantitatively, the contributions to the spin 
density p'll and a110 from each pair of MOs mentioned above, as well as from (3su., 
3su..), were calculated according to the method described in §2. The results are given 
in table 6. The contributions from the 3pu electrons, also included in table 6, were 
obtained as the difference between the 'all-electron' results and the sum of the inner 
u contributions. 

It is noted from table 6 that the spin polarization contribution of the lsu; lsu~ 
electrons is indeed opposite in sign to that of the 2sa; 2st1~ electrons, with a differ
ence of about 4 G in the value of a180 • This causes a180 to drop from 38·9 G to 34· 3 G 
for the same basis set and distance. The good agreement of the frozen core CI 
results with experiment is thus due to a fortuitous cancellation of the n = 1 and 
n = 2 contributions. Although the error introduced by frozen core calculations can 
often be smaller than for first-row elements, care must be exercised in using this 
method for calculating the spin density in second-row systems. As table 3 shows, 
'all-electron' CI wavefunctions increase Adlp by about 1·2 G. Due to the small 
changes in Adip, an analysis of contributions from various shells has not been 
attempted. 

Since the hfcc of Cl2, especially the isotropic part, is very sensitive to the 
intermolecular distance (table 2), it is of interest to obtain a110 and Adip for the 
low-lying vibrational Ievels of the X 21:.: state. Using the potential energy curves, 
expectation values (vl a1, 0 lv) and (vl Adiplv) along with e., for v = 0 to 4 have been 
obtained. They are listed in table 7. Corresponding experimental data arenot avail
able. The calculated value of a180(V = 0), corrected for the frozen core error, is within 

Table 7. Hyperfine coupling constants of Cli averaged over five lowest ~ribrationallevelst. 

V 

0 
1 
2 
3 
4 

ejcrn- 1 

137·01 
408·47 
676·54 
941·21 

1202·47 

40·36 (35·75) 
40·31 (35·70) 
40·02 (35·40) 
39·57 (34·95) 
38·98 (34·37) 

t Basis set and CI as in table 2. 

28·09 (29·29) 
28·08 (29· 27) 
28·04 (29·23) 
28·01 (29·21) 
27·99 (29·18) 

t Values in parentheses have been corrected for the frozen core electrons. 
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3 per cent of the corresponding Ar-matrix value of 37 G [2] (table 3), while a larger 
disagreement ("' 8 per cent) is noted for Adip. 

4. Summary and conclusion 

Previous UHF studies showed that ab initio hyperfine coupling constants of 
35Cli are fairly independent of the choice of the s, p basis set, and change by only 
small amounts when d and f functions are added. The CI results reported in this 
paper confirm such earlier Observations. Several contracted gaussian basis sets 
taken from the Iiterature give virtually identical results for the hfccs. Upon addi
tion of the first d function, a180 drops from 39·93 to 36·21 G (table 5), a much smaller 
relative drop than seen for the corresponding first-row system 19Fi. Further d 
functions accomplish no change, whereas one· additional f function lowers aiso by 
0·60. Diffuse functions have a tendency to increase aiso slightly. As observed for 
other systems, Adip remains unchanged. 

Due to dimensional limitations in the computer programs, not all electrons 
could be correlated. However, it was possible to correlate the ls and 2s electrons, 
along with all valence electrons, freezing only the 2ptt portion which is not expected 
to make a significant contribrition to the hfccs. Theseparate co~tributions from the 
ls, 2s, 2pG and 3s electrons to aiso were obtained. The 'all-electron' values for aiso 

are 3 to 4 G lower than the frozen-core values. Analysis shows that the ls contribu
tions to a1110 are -·9·5 G, whereas .the 2s and 2ptJ contributions are + 5·5 G, explain
ing the above difference. Frozen core CI calculations for second-row systems may 
Iead to reasonable results for aiso due to partial cancellation of 1s and 2s, 2p 
contributions. Since for first-row systems the ls contributions are also of opposite 
sign. to the 2s, 2p contributions, frozen-core calculations for such systems are 
expected to Iead to a ]arger error since the neglected ls contributions cannot be 
compensated for. 

The isotropic hfcc shows a strong dependence on the bond distance, and the 
values of a110 for increasing vibrationallevels decrease significantly. 

The best calculated values of aiso and Adtp are slightly lower than the corre
sponding experimental values. However, due to the closeness of the results, no 
conclusions about possible deficiencies of the theoretical methods can be drawn. 

Theoretical CI studies on spectroscopic constants of the X 2'1:.: ground state of 
02 have not been reported previously. As far as comparisons can be made, there is 
good agreement with experimental results. The same applies to calculated electron 
affinities of Cl2 • 
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