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Abstract

The dipole moment is one of the most important physical properties of a molecule.
We present a combination rule for the dipole moments of related diatomic molecules.
For molecules AB, AX, BY, and XY from two different element groups in the periodic
table, if their elements make a small parallelogram, reliable predictions can be
obtained. Our approach is particularly useful for systems with heavy atoms. For a
large set of molecules tested, the average of difference of the prediction from
experimental data is less than 0.2 debye (D). The dipole moments for heavy
molecules such as GaCl, InBr, SrCl, and SrS, for which no experimental data are

available at present, are predicted to be 3.17, 3.76, 3.85 and 11.54 D, respectively.
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Graphical abstract
Accurate dipole moments for heavy polar molecules can be obtained from those of other

related molecules.
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Dipole moments are important in many areas of molecular physics and molecular

’ Dipole moments can be obtained from various empirical

spectroscopy.l’
approaches’™ and ab initio or density functional (DFT) methods.*'? For typical ionic
molecules, empirical approaches can produce high quality results even comparable to
those from high quality ab initio calculations. In principle, dipole moments for all
small molecules can be obtained with acceptable accuracy using modern theoretical
approaches, as long as proper basis sets and the required computational resources are
available. In practice, however, high quality computations are still limited to systems
with a relatively small number of electrons for various technical reasons. For

molecules with heavy atoms, it is still not easy to obtain accurate dipole moments

from high level ab initio/DFT approaches.

One of the simplest relationships between dipole moments and atomic or polarized
charges in diatomic molecules can be expressed as pgq = q - R,, where ¢ is the
effective atomic charge, R, is the equilibrium internuclear separation, and pg is the
dipole moment. The problem with this relation is that it does produce correct effective
atomic charges, even for typical ionic systems. If this simple relationship is used to
predict dipole moments based on some chemical similarity, the quality of the
predicted results is not reliable or stable. For typical highly ionic molecules, such as
the alkali halides, reasonable results can be obtained for most species; but, for general
molecules, the errors from this approach are much larger (e.g., the error is greater than
15% for AgCl estimated from the dipole moment of AgF). Moreover, the results tend
to be very irregular so it is difficult to estimate the quality of the predicted data. A
better semi-empirical approach is needed to organize the observed dipole moment

patterns and to predict dipole moments not yet measured.

Recently we found an empirical relationship (Eqn (1) in this work) between dipole
moments, harmonic vibrational frequencies (or force constants) and atomic charges in
diatomic molecules at their equilibrium geometries.” It has been demonstrated with

dozens of molecules that this new relationship can produce reliable atomic charges
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comparable to high quality ab initio/DFT calculations. For arbitrary diatomic
molecules, since their atomic charges are unknown, accurate dipole moments cannot
be predicted directly using this relationship. However, since the relationship connects
dipole moments with molecular force constants, it can be used to explore the

relationship between dipole moments of different molecules.

The main motivation of the present paper is to explore such a combination
relationship so that accurate dipole moments can be predicted for both highly ionic
and general diatomic molecules. The positive result for large numbers of diatomic
molecules, especially for those with heavy atoms, demonstrates that the dipole
moment relationship from Ref. 13 (Eqn (1) in this work) can also be used to predict

reliable dipole moments for general molecules.

Within the harmonic oscillator approximation an empirical relationship between

. . . . . 13
dipole moments and harmonic vibrational frequencies can be expressed as

Ma =b - q?/y/Repaws, (M

where b = 19009.3405 for dipole moments pgin debye (D), atomic charge q in
units of an electron charge e, R, in A, harmonic vibrational frequency @, in cm™, and
reduced mass [, in atomic mass units. The molecular force constants, k, can be
expressed as paw3, so Eqn (1) is also a relationship between dipole moments and
molecular force constants. Note that the distance between the centers of effective
atomic charges is equal to Eqn (1) divided by ¢, which is different than R.. In other
words the dipole moment of a diatomic molecule is given by pg=qRg4, in which Ry is

the difference between the effective centers of charge.

Several empirical relationships between force constants of different molecules have
been reported and discussed in Ref. 14. In the present work, we adopt the relationship
from the AB{AX+BY-XY} scheme, which can produce accurate force constants for

polar molecules from different groups. The AB{AX+BY-XY} scheme can be

Page 4 of 15



Page 5 of 15

Physical Chemistry Chemical Physics

expressed using the following relation between diatomic force constants, 4:

L, 1t )

kap  kax | key  Kxy
Eqn (2) shows that the force constant of molecule AB, k5, can be estimated from the
force constants of molecules with related atoms, i.e., AX, BY, and XY. For the case
that A and Y belong to one group, and B and X belong to another group of the

periodic table, Eqn (2) can produce reliable results.

Based upon Eqns (1) and (2), we have

_ [(Re(AX) a(AX)? | Re(BY) pa(BY)? _ Re(XY) ua(X¥)?\ (q(aB)*\) '/
%] (AB) - {( q(ax)* q(BY)* q(Xy)* ) (Re(AB))} (3)

In practice, it is not easy to obtain accurate atomic charges ¢ in molecules. To make

Eqn (3) more useful, some simplifications are needed.

For given sets of polar molecules, if the atomic charges g(A4B) etc. are approximately

equal to each other, that is,

q(AB)=q(AX)~q(BY)~=q(XY), “4)
then Eqn (3) can be written as
[Re(AX) g (AX)2+Re(BY) p1q(BY)2—Re(XY) pq(XY)2]
g (AB) ~ \] e HUd e Re(l:;) e HUd ) (5)

Both Eqn (3) and Eqn (5) are adopted to investigate the relationship between dipole

moments of different molecules.

There are no force constants or harmonic vibrational frequencies involved in Eqns (3)
and (5), so they are direct relationships between dipole moments at equilibrium

geometries. It is expected that Eqn (3) will be more reliable than Eqn (5).

According to Eqn (4), we need to be careful in selecting the relative values of the
atomic charges to make Eqn (5) more reliable. Based on general chemistry knowledge,
the molecules involved in the set {AB, AX, BY, XY} should have some similarities,
which can be estimated based on the relative positions of the elements in the periodic

table. For example the relative atomic charges can be estimated based on the
5
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differences between the electronegativities of relevant atoms.'>'® One of the easiest
ways to select AX, BY, and XY molecules, is to choose atoms A and Y from one
group, and B and X from another group. If the atoms {A,Y} and {B,X} are selected to
make the smallest parallelogram in the periodical table, then relation (4) will be

approximately satisfied.

Many molecules are investigated using Eqns (3) and (5). All experimental dipole
moments g and equilibrium distances R. are taken from Ref. 17 except those
indicated. For the sake of clarity, the results for the alkali halide molecules are

presented as detailed examples.

For the alkali halide molecules (A=Li, Na, K, Rb and Cs; X=F, Cl, Br and I), all the
C3 x C3 = 60 sets of molecules are tested using equations (3) and (5). Notice that
each set of four molecules can be used to predict four dipole moments. The details are
presented in Table S1 provided as supplementary data. Adopting the atomic charges in
Ref. 13, which are estimated from Eqn (1) based on experimental dipole moments, the
average difference between the values estimated using Eqn (3) and the observed data
is 7.05% for all of the 240 predictions for the 20 alkali halide molecules. This
discrepancy decreases to 5.58% for 228 predictions if 12 predictions for LiF are
excluded. The relative errors in the observed dipole moments are less than 1%,'” the
errors in R, are far less than 1%, so the influence of experimental errors can be

ignored at present.

If the differences between atomic charges in the molecules are ignored, the
corresponding results from Eqn (5) are not as good as those from Eqn (3). The
average error for the 20 alkali halide molecules (227 predictions in total) is 15%.
There are also some unphysical results (13 predictions in total) for some light
molecules, including LiF, LiCl, and NaF. (The detailed data are presented in

supplementary files.)
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The relative positions in the periodic table of the atoms chosen in a given set
influence the quality of the predictions. For the dipole moment prediction for AB from
scheme {AX+BY-XY}, we use ny-na and nx-ng or their absolute values Ana=|ny-na|
and Ang=|nx-ng| to indicate the relative positions of the elements in the periodic table,
where n are the periodic vertical numbers of the corresponding atoms. For all the
molecules tested, the (Ana,Ang)=(1,1) schemes produce the most reliable results in

general. As an example, the results for CsBr from all possible schemes are presented

in Figure 1.
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Figure 1. Comparison between experimental dipole moment and the predicted results
from all possible schemes with alkali halides for the ground state of CsBr. The
relative positions of related atoms are indicated with relative periodic numbers to Cs
and Br in the periodic table of the elements. The experimental uncertainties for Csl,
CsBr, Rbl, RbBr, and KI are 0.1 D,”(C) compared with the large observed values (>
10.8 D), the relative errors are less than 1%. For other molecules the relative

experimental errors are less than 1%.17@

A collection of some (Ana,Ang)=(1,1) results are plotted in Figure 2. The atomic
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charges are also plotted for comparison. For molecules in the same set {AB, AX, BY,
XY}, if the dipole moment of each molecule is predicted from those of the other
molecules, the results show that the errors for heavy molecules are smaller than those
of the light ones, even when atomic charges are not considered. For heavier systems,
such as molecules in sets {RbCl, CsCl, RbBr, CsBr}, {NaBr, KBr, Nal, KI} and
{RbBr, CsBr, Rbl, Csl}, the discrepancies for all the predicted dipole moments are

within ~3%.
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Figure 2. Predicted dipole moments for some alkali halide molecules in the same
molecule sets. In each set the dipole moment of one molecule is predicted from the
relevant data of all the other molecules from relationships with (Eqn (3)) and without
(Eqn (5)) atomic charges. In each set the relative periodic numbers to the related
atoms are equal to =+ 1. Atomic charges adopted are listed for comparison, which are

taken from Ref. 13.

Figures 1 and 2 show that the (Ana,Ang)=(1,1) schemes provide the best predictions
in general. However, the results of CsBr{CsCI+KBr-KCl} ((Ana,Ang)=(2,1)) in

Figure 1 also show that some accurate predictions are also produced by schemes with

8
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Ana*Ang>1. The detailed results with (Ana, Ang) for every molecule from each
molecule set (scheme) are presented in Figures S1-S10. These figures show that
accurate dipole moments for heavy molecules can be obtained from light systems, and
the smaller Ana*Ang give better predictions. For all molecules except fluorides there
are some different choices that provide reliable predictions. For molecules in a given

(Ana, Ang) molecule set, heavier molecules have better predictions in general.

The quality of Eqns (3) and (5) is also tested using other possible molecule sets,
including AB from {A=Si, Ge, Sn, Pb; B=0, S, Se, Te}, {A=In, T1; B=F, Cl1}, {A=Li,
Na; B=K, Rb} and {A=F, Cl; B=Br, I}. The results for SiO, SiS, SnO, and SnS from
all schemes are plotted in Figure 3 as an example. The data also demonstrate that the
(Ana,Ang)=(1,1) schemes provide the best predictions. More detailed results are

presented in Table S2 and Figures S11-S14.
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Figure 3. Predicted dipole moments for the ground states of SiO, SiS, SnO, and SnS
from schemes with (Eqn (3)) and without (Eqn (5)) atomic charges. The relative

positions of the elements considered are indicated with relative periodic numbers.
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The results for six sets of the general molecules are presented in Figure 4. The atomic
charges are also plotted for reference. Comparison between atomic charges in a
molecule set shows that the largest discrepancies generally correspond to the
molecules with the relatively smallest atomic charges, such as the GeS in {SnO (0.975
e), GeO (0.887 ¢), SnS (0.780 e), GeS (0.736 e)}. Similar results are also obtained for
relatively weakly-bonded molecules such as LiRb, NaRb, in {LiK, NaK, LiRb, NaRb}
and BrF, IF, and ICI in {BrF, IF, ICl, BrCl} (the corresponding data are presented in
Table S3 and Figures S13 & S14). In fact a similar pattern also occurs for the alkali
halides, such as for the sets involving the lithium halides. The case for AgF and AgCl
from {AgF, AgCl, HF, HCI} in Figure S14 is just a test for elements (Ag and H) not
from the same group but with a chemical similarity. The relative errors are less than

6%.
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Figure 4. Predicted dipole moments for some general polar molecules in different sets.
In each set the dipole moment of one molecule is predicted from the relevant data of
all the other molecules from relationships with (Eqn (3)) and without (Eqn (5)) atomic

charges. In each set the relative periodic numbers are presented with each molecule.
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Atomic charges adopted are also listed for comparison, which are taken from Ref. 13.

The results for alkali halides make it clear that it is difficult to obtain accurate
predictions from Eqn (5) for light elements, e.g. for LiF from the {LiF, LiCl, NaF,
NaCl} set. The relative discrepancy is ~-20%, even though it is the best of all the 12
possible schemes using alkali halide molecules. This error however is ~10% for LiCl,
and less for NaF (8.6%) and NaCl (-6.2%) in the same set. When the atomic charges
are considered, the results from Eqn (3) are -6.2% (LiF), 4.2% (NaF), 3.4% (LiCl) and
-2.7% (NaCl). For such light polar molecules, it is easy to obtain accurate dipole
moments from standard quantum chemistry calculations; the errors from the coupled
cluster-singles and double (CCSD)'? method with 6-311++G(3df) basis sets is ~3% or
less. But for heavy molecules, the errors are larger for ab initio calculations; Eqn (5)

is then particularly useful in this case.

For all molecule sets with (Ana,Ang)=(1,1), the predicted dipole moments from Eqn
(5) are reasonable for heavy systems. The results for molecule sets such as {InCl, TICI,
InF, TIF}, {GeS, GeO, SiS, SiO}, and {PbS, PbO, SnS, SnO} in Figure 4 are typical
examples. A comparison between the predicted results from Eqn (5) and
CCSD/6-311++G(3df) results from Gaussian 09 package18 is presented in Table S3
for many molecules except the alkali fluorides. The results show that for some light
molecules, the CCSD predictions are slightly better than those of Eqn (5), but for
other molecules, especially heavy polar molecules, the results from Eqn (5) are much
better than the CCSD predictions. For GeSe the experimental data for the
(Ana,Ang)=(1,1) scheme are not available at present; but the (Ana,Ang)=(2,1) scheme
also gives results with similar quality to the CCSD/6-311++G(3df) calculation. The
discrepancy from Eqn (5) on average is 0.14 D for all 37 molecules (excluding alkali
fluorides). The corresponding result for 14 molecules from the CCSD/6-311++G(3df)

approach is 0.23 D.

Based upon the quality of the above results, Eqn (5) with a scheme with
11
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(Ana, Ang)=(1,1) is adopted to predict the dipole moments for some heavy molecules,
including GacCl, InBr, SrCl, SrS, CuCl and CuBr, for which the experimental dipole
moments are not available at present. The results and the corresponding schemes are
presented in Table 1. All the experimental dipole moments of the relevant molecules
are from Ref. 17; the R, are from Refs. 17, 19, and 20. Detailed data, including the
atomic charges for the molecules from Eqn (1) are presented in Table S4 for reference.
We note that for CuBr, since the experimental dipole moment for CuCl is not
available, the data estimated from Ref. 13 (~5.74 D) is adopted, which is similar to
the recent DFT calculation from Ref. 21 (5.3~6.2 D). The result from the
{CuF+AgCI-AgF} scheme is 5.66 D, which is close to that of Ref. 13.

Table 1. Predicted ground state dipole moments using Eqn (5) for some molecules.*

AB pa/D Re/A Scheme (Anp,Ang)
GaCl 3.17 2.20169 {InCl+GaF -InF} (1,1)
InBr 3.76 2.54315 {TI®'Br+InCl -TICI} (1,1
SrCl 3.85 2.575848 {CaCl+StF -CaF} (1,1)
SrS 11.54 2441 7% {BaS+SrO -Ba0O} (1,1
CuCl 5.66 2.05118 {CuF+AgCl -AgF} (1,1)
CuBr 5.20 2.17344  {CuCl+AgBr-AgCl}  (1,1)

* All the experimental dipole moments and Re of the relevant molecules are from Ref. 17
except as indicated.

* Theoretical dipole moment of CuCl taken 5.74 D from Ref. 13.

In summary, a reliable connection between dipole moments of different polar
molecules is given. The quality of the predictions depends strongly on the relative
positions of the elements in the periodic table. For molecules from just two different
groups, reliable predictions can be obtained without considering the atomic charges if

the positions of the atoms {A, Y} and {B, X} make the smallest parallelogram in the

12
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periodic table. For molecules in the same set (also within the same (Ana,Ang) scheme),
the molecule with the largest atomic charge is the one with the smallest relative error
in general. The most reliable dipole moments can be predicted for molecules with
heavier masses and relatively large atomic charges. The present approach is therefore

particularly useful for polar molecules with heavy atoms.
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of Oceanic Telemetry Engineering and Technology Research Center, State Oceanic
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References

1. A. Stone, The theory of intermolecular forces, 2nd ed.; Oxford University Press:

Oxford, U.K., 2013.

2. P. F. Bernath, Spectra of atoms and molecules, 2nd ed.; Oxford University Press:
New York, 2005.

3. E. S. Rittner, Binding energy and dipole moment of alkali halide molecules. J.
Chem. Phys. 1951, 19, 1030-1035

4. P. Brumer and M. Karplus, Perturbation theory and ionic models for alkali halide
systems. [. Diatomics. J. Chem. Phys. 1973, 58, 3903-3918

5. T. Torring, W. E. Ernst, and S. Kindt, Dipole moments and potential energies of
alkaline earth monohalides from an ionic model. J. Chem. Phys. 1984, 81,
4614-4619

6. L. Hickey, C. N. Rowley, Benchmarking quantum chemical methods for the
calculation of molecular dipole moments and polarizabilities. J. Phys. Chem. A
2014, 118, 3678-3687

7. A. Hellweg, The accuracy of dipole moments from spin-component scaled CC2 in

ground and electronically excited states. J. Chem. Phys. 2011, 134, 064103 (9pp)
13



Physical Chemistry Chemical Physics Page 14 of 15

8. T. Helgaker, S. Coriani, P. Jargensen, K. Kristensen, J. Olsen, K. Ruud, Recent
advances in wave function-based methods of molecular-property calculations. Chem.
Rev. 2012, 112, 543-631

9. P. G. Szalay, T. Miiller, G. Gidofalvi, H. Lischka, R. Shepard, Multiconfiguration
self-consistent field and multireference configuration interaction methods and
applications. Chem. Rev. 2012, 112, 108-181

10. H. Larsen, A. Halkier, J. Olsen, P. Jorgensen, On the divergent behavior of
Moller—Plesset perturbation theory for the molecular electric dipole moment. J.
Chem. Phys. 2000, 112, 1107-1112

11. B. M. Austin, D. Yu. Zubarev, W. A. Lester, Jr. Quantum Monte Carlo and related
approaches. Chem. Rev. 2012, 112, 263-288

12. R. J. Bartlett, M. Musial, Coupled-cluster theory in quantum chemistry, Rev. Mod.
Phys., 2007, 79, 291-352.

13. S. Hou, P. F. Bernath, Relationship between dipole moments and harmonic
vibrational frequencies in diatomic molecules. Submitted to J. Phys. Chem. Lett.
2014

14. S. Hou. Relations between harmonic frequencies of diatomic molecules. Phys.
Chem. Chem. Phys. 2013, 75, 1154-1163.

15. W. Gordy, R. L. Cook, Microwave molecular spectra, Wiley, New York, 1970.

16. L. Pauling, The nature of the chemical bond, 3" Ed. Ithaca, N.Y.: Cornell
University Press, 1960.

17. (a) W. M. Haynes, editor, CRC Handbook of Chemistry and Physics 95", CRC

press: Boca Raton, FL. 2014; otherwise (b) http://webbook.nist.gov/chemistry; and

(c) T. L. Story Jr. and A. J. Hebert, Dipole moments of KI, RbBr, Rbl, CsBr, and Csl

by the electric deflection method. J. Chem. Phys. 1976, 64, 855-858.

18. M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji,
M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L.
Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.

Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E.
14



Page 15 of 15 Physical Chemistry Chemical Physics

Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N.
Staroverov, T. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C.
Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E.
Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L.
Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg,
S. Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski,
and D. J. Fox. Gaussian 09, Rev. D.01, Gaussian, Inc., Wallingford CT, 2013.

19. J. Schroder, B. Zeller, and W. Ernst. The A*TI-X*S" transition of SrCl: Rotational
analysis and deperturbation. J. Mol. Spectrosc. 1988, 127, 255-271.

20. D. Halfen, A. Apponi, J. Thompsen, and L. Ziurys. The pure rotational spectra of
SrSH(X?A") and SrS (X'Z"): further studies in alkaline-earth bonding. J. Chem.
Phys. 2001, 115, 11131-11138.

21. M. Srebro and J. Autschbach. Does a molecule-specific density functional give an
accurate electron density? The challenging case of the CuCl electric field gradient.

J. Phys. Chem. Lett. 2012, 3, 576-581.

15



