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We report a systematic investigation of the magnetizability of a series of small molecules. The use of London atomic orbitals 
ensures gauge invariance and a fast basis set convergence. Good agreement is obtained with experimental magnetizabtities, both 
isotropic and anisotropic. The calculations suggest a reinvestigation of some of the semi-experimental isotropic magnetizabili- 
ties. We have verified experimentally observed changes in the out-of-plane minus the average in-plane magnetizability anisot- 
ropy upon fluorine substitution in some planar molecules. Our results do not support the experimental changes observed for 
similar fluorine substitutions in linear molecules. 

1. Introduction 

In recent years there has been renewed interest in 
the ab initio calculation of molecular magnetizabili- 
ties. One reason for this is the advent of more pow- 
erful computers, which has made it possible to use 
large basis sets to reduce the gauge origin dependence 
that hampers the conventional finite basis set calcu- 
lations. However, although the use of large basis sets 
may give near gauge-invariant results for small sys- 
tems, this approach is not suitable for large molecules 
since the basis set becomes prohibitively large [ l-3 1. 

One way to overcome the arbitrariness in the choice 
of gauge origin is to use some predefined origin. This 
may be a&omIjlished in two ways - either by using a 
common gauge origin for the entire molecule or by 
using local origins for the individual atomic or mo- 
lecular orbitals. 

In the common gauge origin approach - which is 
often used - it is difficult to select a single origin that 

is equally well suited for the entire molecule. Several 
schemes have been proposed [ 4-8 1. Often the gauge 
origin is chosen to be the center of mass or the center 
of electronic charge. Since there is no arbitrariness in 
these choices, such calculations may be regarded as 
gauge-origin independent. Unfortunately, they are not 
size extensive. 

Size-extensive and gauge-origin independent cal- 
culations require the use of local origins. Kutzelnigg 
and Schindler have proposed using local gauge origins 
for the individual molecular orbitals in the IGLO 
method (individual gauges for localized orbitals) 
[9,10]. In the London orbital approach [ll], pi- 
oneered by Hameka [ 12- 141 and used by Ditchfield 
[ 15 1, each atomic orbital is equipped with its own 
gauge origin. We recently presented a modem for- 
malism for the calculation of molecular magnetiza- 
bilities based on London atomic orbitals (also known 
as gauge-invariant atomic orbitals (GIAOs) ) and 
demonstrated that this method converges consider- 
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ably faster than IGLO [ 161. The faster convergence 
of the London method has also been observed for 
other properties such as nuclear magnetic shieldings 
[ 17,18 ] and vibrational circular dichroism [ 19,201, 
both at the correlated and uncorrelated levels. 

Dahle et al. [ 211 have shown that Hartree-Fock 
limit magnetizabilities can be obtained with rela- 
tively small basis sets provided London orbitals are 
used. Unfortunately, it is harder to judge the agree- 
ment between the Hartree-Fock limit and the true 
magnetizabilities since the isotropic magnetizability 
for gases is difficult to measure owing to the small 
effects associated with diamagnetism [ 22 1. How- 
ever, in high-field molecular Zeeman studies using 
microwave spectroscopy - first described by Flygare 
and co-workers [ 23,241 - the two anisotropic com- 
ponents of the magnetizability are measured directly 
and with greater reliability. Comparisons with such 
experiments should provide a critical test of the ap- 
plicability of the London method, especially since the 
calculated anisotropic components are harder to con- 
verge than the isotropic magnetizability [ 16 1. 

Flygare [ 25 ] pointed out that the successive re- 
placements of hydrogens by fluorines in CH bonds 
give positive contributions of decreasing magnitude 
to the out-of-plane minus the average in-plane mag- 
netizability anisotropy, & 1 - f (& + Gs . Several 
molecules 

[ 26-29 1, 
in the 

We have a systematic study of 
in the 

of methane, 

us with an estimate of the 
of the 

is restricted to 
molecules 

of the 

2. Basis set and geometries 

In a study of basis set requirements for the calcu- 
lation of magnetic properties using London atomic 
orbitals, Dahle et al. [ 2 1 ] describe a medium size ba- 
sis set which they recommend for routine calcula- 
tions of molecular magnetizabilities. The basis set 
gives isotropic magnetizabilities within 1.5% of the 
Hartree-Fock limit, and anisotropic magnetizabili- 
ties that are generally within 2% of the Hartree-Fock 
limit, although a deviation as large as 10% was re- 
ported for the anisotropic component for one of the 
molecules. 

The proposed basis set is based on Dunning’s cor- 
relation consistent set cc-pVDZ [ 30-32 1. For hydro- 
gen we use Dunning’s augmented cc-pVDZ set, and 
for the second row atoms we use the standard 
cc-pVDZ set to which a single set of diffuse p orbitals 
has been added. The exponent of these orbitals is the 
same as for the additional p orbitals in Dunning’s 
augmented cc-pVDZ set. 

For a consistent theoretical treatment of all mole- 
cules, we have optimized their geometries using the 
same basis set as for the magnetizabilities. In this way 
we can check the predictability of the method from a 
purely theoretical point of view. The geometry op- 
timization and the calculation of the magnetizability 
anisotropy were carried out using the HERMIT- 
SIRIUS-ABACUS program package [ 33-3 5 1. The 
optimized geometries and electronic energies are 
given in Table 1. 

3. Results and discussion 

In Table 2 we summarize the calculated isotropic 
magnetizabilities and compare with experimental and 
semi-experimental values. One of the problems faced 
in studies of magnetizabilities, is the lack of a single 
experimental technique capable of extracting all the 
pertinent information. The experimentally deter- 
mined isotropic magnetizabilities are therefore taken 
from different sources, and are often obtained by 
combining experimental results with calculated 
quantities. 

In the study of basis sets requirements for magnet- 
izabilities, Dahle et al. found that the experimental 
values were - 6.8 f 0.7% off the estimated Hartree- 
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Table 1 
Optimized molecular geometries and electronic energies 

Molecule Energy (au) Geometry 

CH20 - 113.883694 
CHFO -212.772880 
CFzO -311.643927 

(34 -78.042318 

CzHsF’ - 176.903155 

CWJ32 -275.767574 
cis-CHFCHF -275.753655 
tram-CHFCHF -275.752539 
C2HF, b -374.610229 

c2F4 

CH, 

CW 

CH2F2 

C2H6 

CH,CH2F ’ 

- 473.460026 

-40.199331 
- 139.053400 
-237.656926 

-79.236399 
- 178.098669 

CH&HFz d -276.973712 

CH2FCH2F = -276.955293 

C2H2 -76.828287 
C2HF - 175.661499 

C2F2 -274.486197 

HCN -92.886977 
FCN -191.716216 

CH,CCH -115.877137 

CH&CF -214.708863 

rco= 118.36 pm, rm= 110.05 pm, LHCH= 116.24” 
rco= 116.16 pm, r,= 121.69 pm, rm= 108.99 pm, LFCO= 122.73”, LHCO= 127.28” 
rco= 115.40 pm, rrc= 128.94 pm, LFCF= 108.27” 
rcc= 132.36 pm, rcu= 108.30pm, LHCH=116.76” 

rcc= 131.33 pm, rcF= 133.01 pm, r,l= 107.96 pm, r,l= 108.09 pm, rcH3= 107.96 pm, 
LFCHZ 112.00”, LFCCZ 122.31, LHCH= 119.22”, LH2CC= 121.65” 
rcc= 130.76 pm, rcF= 130.26 pm, rcw= 107.73 pm, LFCF= 109.28”, LHCH= 120.70” 
r,= 131.17 pm, rm= 132.16pm,rcu=107.73pm, LFCC=123.05”, LFCH=114.61” 
r,= 131.05 pm, rm- - 132.80 pm, rcn= 107.83 pm, LFCC= 120.29”, LFCH= 114.46” 
rcc= 130.75 pm, rm= 107.54 pm, r-1 = 132.39pm,rcF~=130.15pm,rcp~=129.57pm, 
~FCH=ll6.20”, ~HCC=122.86”, ~FCF=111.34”, ~F~CG123.01” 
rm= 130.33 pm, rcF= 129.80pm, LFCF=112.61” 

rM= 109.01 pm 
rcr= 137.01 pm, rcu= 108.81 pm, LFCH= 108.68”, LHCH=l10.25” 
rcr=147.12pm,rcu= 113.04 pm, ~FCF=86.95”, LHCH= 101.06”, LFCH=86.00” 

rcc= 152.63 pm, ra= 109.22pm, LHCH= 107.56”, LHCC= 111.32” 
rcc= 151.00 pm, rcr= 137.91 pm, rc(r,u= 108.96 pm, rC(H)H= 109.05 Pm, rc(H)u= 109.19 Pm, 
~FCH=l07.03”, ~FCC=109.85”, ~HC(F)H=108.89”, LHC(F)C=111.90”, 
~H’CH=l08.49”, LH’CCZ 109.76”, LHC(H)H= 108.53”, LHC(H)C= 110.76” 
rcc= 150.12 pm, rcr= 134.86 pm, rCtFjH= 108.71 pm, rCcHjH= 108.93 pm, rc(u)u= 108.94 Pm, 
~FCF=106.62”, LFCCZ 110.39”, LFCH= 107.49”, LHC(F)C= 114.14”, 
LH’CH= 109.29”, LH’CC= 109.61”, LHCH= 109.20”, LHC(H)C= 109.72” 
rcc=151.22pm,rcr= 137.20 pm, r,= 108.83 pm, 
~FCH=108.40”, ~FCC=108.02”, LHCH=109.50”, LHCC=111.21” 

rcc= 119.31 pm, rcu= 106.33 pm, 
rcc= 118.38 pm, rcF= 126.62 pm, rm= 106.14 pm 
rcc=117.14pm,rcr=127.16pm 

rm= 106.67 pm, rr= 113.48 pm 
rm= 124.88 pm, r,= 113.34 pm 

rcc= 146.88 pm, rcIc= 119.45 pm, rm, = 108.97 pm, rm= 106.29 pm, 
LHCHZ 108.47”, LHCC= 110.45” 
rcc= 147.13 pm, rcmc= 118.42 pm, rm= 108.93 pm, rCF= 127.3OPm 
LHCH= 108.45”, LHCC= 110.73” 

* The hydrogens are numbers such that number 1 is on the same carbon atom as the fluorine atom, number 2 is cis to, and number 3 
trans to the fluorine atom. 
b The labeling is as in footnote a, but it is now the fluorines position with respect to the hydrogen atom. 
6 The primed hydrogen indicates the hydrogen in anti-position to the fluorine atom. 
d The primed hydrogen indicates the hydrogen in anti-position to the sole hydrogen atom. 
o The fluorine atoms are in anti-position. 

Fock limit for the eight molecules studied. In addi- 
tion the basis was found to give results between 0 and 
+ 1.5% off the Hat-tree-Fock limit, and they pro- 
posed to scale the theoretical results by - 7.5 f 1.5Oh. 
We use this scaling factor to arrive at the scaled GIAO 
results in Table 2. 

The scaled values for the isotropic magnetizabili- 

ties are in excellent agreement with the purely exper- 
imental isotropic gas phase magnetizabilities of Barter 
et al. [ 221. This suggests that the lack of agreement 
between our scaled isotropic magnetizabilities and the 
semi-empirical/quasi-experimental numbers may be 
due to errors in the determination of the latter quan- 
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Table 2 
Isotropic magnetizability of the different molecules investigated, this work, IGLO calculations and experimentally determined values 
(aggregation state used in the experimental determination indicated in parentheses) 

Molecule CIAO CIAO scaled IGLO a Exp. 

CHsO - 142.8 -132+2 
CHFO -317.2 -293k4 

C&O -428.7 -397k5 

CJ& 
C&F 
CHzCFz 
cis-CHFCHF 
trans-CHFCHF 
W-IF3 
C,F, 

- 356.3 -33Ok4 
-432.1 -4OOf5 
-525.3 -48627 
-487.1 -451+6 
-472.6 -437f6 
- 567.2 -525_+7 
-635.9 -5aafa 

CH4 

CH3F 
CHzFz 

-315.3 -292f4 
-317.4 -294f4 
- 379.2 -351+5 

WI6 

C2W 

CH,CHF* 
CH2FCH1F 

-493.2 -456f6 
- 528.4 -489f7 
- 602.4 -557f8 
-561.8 -520f7 

GHz 
CIHF 
CzF2 

HCN 
FCN 

-386.5 -358f5 
-454.2 -420f6 
- 505.7 -468f6 

- 284.6 -263f4 
-380.7 -35225 

CHJCCH 
CH3CCF 

- 574.6 -532f7 
-641.3 -593+a 

-160(HII) 

-475 (HI) 

-375 (H II) 

-570 (HI) 
-530 (HI) 
-520 (HI) 

-322 (H II) 
-337 (HI) 
-403 (HI) 

-513 (H II) 
-557 (HI) 

-114f5b(P) 
-227+66” 
-43Sd 

-3125 13’ (a) 
-360f66’ 
-475d 
-452’ 

-535*33’(P) 

-289f 13e (a) 
-295*13”(g) 
-39Bd 

-445fl3C(g) 
-548f66d 
-606f66d 

-346f 13c (a) 
-432’ 

-279’ 
-385’ 

* All results taken from the work of Schindler and Kutxelnigg [ 361. 
b Cited by Hilttner et al. [ 371. 
c Estimated from Pascals constants by Rock et al. [ 271. 
d Obtained from experimental determination of r and estimated values for <& by Blickensderfer et al. [ 261. 
“Barter et al. [22]. 
‘Determined by Park et al. [ 381. 
* Obtained from experimental determination of p and theoretical estimation of edL, cited by Appleman and Dailey [ 391. 

tities. We therefore propose that these values for the 

magnetizability tensor be reexamined. 

In Table 2 we have listed IGLO results where these 
are available. As in previous studies [ 16,401, the 
IGLO results are more diamagnetic than those ob- 
tained using the London method. It should be noted 
that the basis sets are different, although the H II ba- 
sis used in the IGLO calculations is of comparable 
size with our basis set. 

The calculated and experimentally determined 
magnetizability anisotropies are in Table 3. We de- 
note the principal axis perpendicular to the heavy 
atom plane by cl,, the axis parallel to the molecular 

axis by &, and the in-plane axis perpendicular to the 
principal axis by &. Using these definitions we have 
tabulated AC;, = C[I I- 1 t&2 + &S ) and Ad = (22 - 
gxl I +&). For symmetric top molecules there is only 
one distinct anisotropy, usually given as A<= &- cl. 
For consistency with the asymmetric tops, we tabu- 
late their anisotropies as A&r = 4 (G - {, ) . 

The agreement between our calculated anisotro- 
pies and the experimentally determined values for A& 
is good, especially taking into account the sensitivity 
of the anisotropy to the quality of the wavefunction. 
The theoretical values are usually within or slightly 
outside the experimental error bars. 
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Table 3 
Anisotropic magnetizability of the different molecules studied 

Molecule 

CHzO 
CHFO 
CF20 

CZH4 
CZHSF 
CH&F2 
cis-CHFCHF 
trans-CHFCHF 
CzHF3 
CzF, 

CzHd 

C2W 

anti-CH1FCH2F 
CH,CHFz 

CH4 
CHJF 
CHzFz 

C2& 

CzHF 
CzFz 

HCN 
FCN 

W4 

Cd-W 

AC, AC 

theoret. exp. theoret. exp. 

- 176.3 -179f7 194.4 212k8 
-97.5 -100+5 58.0 50.6f5 
-41.5 -56f 13 2.1 -13f15 

- 130.3 26.0 
-77.7 -73k3 -8.8 -13f3 
-55.6 -45k 10 - 14.4 -19+10 
-25.6 -3357 28.0 47f7 
-36.8 131.3 
-34.7 -3Of5 -53.2 -7Of3 

-6.9 30.5 

37.2 
59.5 6Ort8 -36.5 -55f7 
76.2 - 164.7 
42.2 42f 13 -21.1 -28k12 

0 0 
64.5 71+10 
28.4 26f8 11.0 7f7 

18.3 37+5 
38.0 43+2 
68.5 

48.5 60+7 
48.1 60+ 13 

59.2 63.9f2 
78.2 

The good agreement between theory and experi- 
ment is also evident from Table 4, where the changes 
in A& upon fluorine substitution are given. Except 
for the sp-hybridized molecules, we reproduce the 
experimental findings of Flygare [ 25 1. Substitution 
of fluorine makes a positive contribution to the an- 
isotropy, largest for the first fluorine, smaller for the 
second and so on. Some of the gaps due to lack of 
experimental observations are filled by our calcula- 
tions, and these results follow the same pattern. For 
example, the substitution of a single fluorine atom in 
ethylene produces a change in the anisotropy of the 
same magnitude as the effect observed when a sec- 
ond fluorine atom is substituted on the opposite car- 
bon atom. In contrast, the change in the anisotropy 
observed upon further substitution on the same car- 
bon atom is smaller by a factor of two. Similarly, the 
change in the anisotropy in going from cis/trans-I ,2- 

difluoroethylene to trifluoroethylene is smaller than 
the change observed when going from l,l-difluoro- 
ethylene to trifluoroethylene. The change in the an- 
isotropy when going to tetrafluoroethylene does not 
tit this pattern. 

Some remarks should be made concerning the non- 
planar molecules methane and ethane. In methane the 
anisotropy increases upon substitution of a single flu- 
orine atom, but decreases upon the further substitu- 
tion of a second fluorine atom, in agreement with ex- 
periment. Since this second substitution is most 
properly regarded as an in-plane substitution, this 
behaviour does not tit the pattern observed in the 
planar molecules. Exactly the same behaviour is ob- 
served in ethane upon substitution of two fluorine at- 
oms on the same carbon atom - the anisotropy first 
increases and then decreases. However, if the second 
fluorine atom is substituted on the opposite carbon 
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Table 4 
Change in the magnetizability anisotropy upon fluorine 
substitution 

Molecule 1 

WO 
CHFO 

CA 
CzH,F 
C2W 

GH3F 
cis-CHFCHF 
trans-CHFCHF 
CH2CF2 
GHF, 

C2H2 

C2HF 

a4 

f=P 

c2H6 

CH3CH2F 

HCN 

C3H4 

Molecule 2 A @%(2-l)) 

theoret. exp. 

CHFO 18.8 19f7 
CF,O 56 44f 13 

CzHP 52.6 - 
cis-CHFCHF 52.1 40f7 
trans-CHFCHF 40.9 - 
CH2CF2 22.1 28k 10 
CzHF3 -9.1 3+7 
GHF3 2.1 - 
GHF, 22.1 28f 10 
c2F4 21.8 - 

C2HF 19.7 6+5 
C2F2 30.5 - 

CH3F 64.5 71flO 
C&F2 -36.1 -45+11 

CH3CH2F 22.3 - 
anti-CH2FCH2F 16.7 - 

FCN -0.4 0.0 

C3HP 19.0 - 

atom in anti-position, so that the carbon and fluorine 
atoms are all in the same plane, then the anisotropy 
increases upon both substitutions in accordance with 
our experience from ethylene. 

Finally, we comment on the linear molecules hy- 
drogen cyanide and acetylene. The agreement with 
experiment is here less satisfactory. As in experi- 
ment, the anisotropy of HCN does not change appre- 
ciably upon substitution of fluorine, but the cal- 
culated anisotropy is significantly lower than experi- 
ment. In acetylene, the calculated anisotropy is only 
half of the observed value and there is a strong in- 
crease upon the substitution of fluorine, in contrast 
to the small increase found by experiment. Substitu- 
tion of a second atom further increases the anisot- 
ropy as in all planar molecules. There is no experi- 
mental value for difluoroacetylene. 

We have obtained good agreement between the 
theoretical and experimental values for A&. Unlike 
the isotropic magnetizability, it has not been neces- 
sary to scale the results. This indicates that the cor- 
relation energy is unevenly distributed among the 

principal directions of the molecules. We may there- 
fore expect worse agreement between theory and ex- 
periment for other anisotropies. From Table 3 we see 
that this is indeed the case. The agreement between 
theory and experiment for A& is less satisfactory than 
A&. However, no clear trends as to which component 
is most in error can be seen from the results. As there 
is no way to determine both the isotropic and aniso- 
tropic magnetizabilities in the same experiment for 
molecules in the gas phase, such an analysis is hard 
to perform. We finally note that a similar uneven dis- 
tribution of correlation effects among the different 
components has been observed for molecular quad- 
rupole moments by Wolidski, Sadlej and Karlstriim 

[411. 

4. Concluding remarks 

We have shown that the use of London atomic or- 
bitals for the calculation of magnetizabilities gives 
accurate results, both for the isotropic and the aniso- 
tropic parts. Although the correlation corrections are 
unevenly distributed in the different directions of the 
molecules, the isotropic magnetizabilities are within 
experimental error bars for most molecules if a pre- 
viously proposed scaling scheme is used. 

The out-of-plane minus the average in-plane mag- 
netizability anisotropy can be accurately determined 
by the London atomic orbital approach, and experi- 
mentally observed trends for the change in this quan- 
tity upon fluorine substitution have been reproduced 
for planar molecules. For non-planar molecules, our 
results are in agreement with experiment and do not 
support the proposed positive increase of the mag- 
netizability anisotropy upon fluorine substitution 
[ 25 1. For linear molecules it is not clear from our 
results what effect fluorine substitution has on the 
magnetizability anisotropy. 
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