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S1. Distributed Polarizabilities from QTAIM Partitioning of the Electron Density. 

Here we briefly consider how distributed atomic dipole moments and polarizabilities can be 
computed from the QTAIM partition of the total molecular or crystal charge density distribution. For 
further details of the procedure, the reader is referred to Refs. [1] and [2]. 

QTAIM defines the expectation value of an observable over each atom in the system. Thus, the 
average value of the dipole moment ૄ over the molecule or the crystal is given as a sum of atomic 
contributions ૄሺሻ. Each atomic moment consists of an origin-independent polarization term ૄ௣ሺሻ, 
and an origin-dependent charge-translation term ૄ௖ሺሻ, ૄሺሻ ൌ ૄ௣ሺሻ ൅ ૄ௖ሺሻ ൌ െන ሾ࢘ െ ࢘ሻ݀࢘ሿଵሺࡾ


൅ ሾࡾ െ  ሺሻ (1)ݍ଴ሿࡾ

where ݍሺሻ is the net charge of the atomic basin , ࡾ is the nuclear position vector of the basin 
and ࡾ଴ is the arbitrary origin of the molecular or crystal coordinate system. Unless ݍሺሻ is zero, ૄ௖ሺሻ is dependent on ࡾ଴ . Thus, the atomic dipole moment ૄሺሻ is not generally meaningful 
because it is origin-dependent. However, the origin-dependent charge-translation term can be 
converted to an origin-independent definition: 

ૄ௖ሺሻ ൌ ሾࡾ െ ሺሻݍ଴ሿࡾ ൌ ෍ ሾࡾ െ ሺ|ሻேೌ೟೚೘ೞݍ୆େ୔ሿࡾ
ୀଵ  (2) 

in which ݍሺ|ሻ is called a bond charge, and can be interpreted as the charge induced at the basin  
due to its interaction with the basin  ୆େ୔ࡾ .  is the position vector of the bond critical point 
connecting the basins  and , and the summation runs over all basins connected to  through a 
bond critical point. All quantities in Eqn. S2 are uniquely determined by the total charge density 
distribution partitioned according to the zero-flux surfaces of QTAIM. The bond charges can be 
obtained by imposing a series of constraints on the atomic and molecular charges [1,2].  

As for the dipole moment, the molecular polarizability tensor can be decomposed into additive 
atomic contributions: 

હ ൌ ෍ હሺሻ ൌேೌ೟೚೘ೞ
ୀଵ ෍ ൣહ௣ሺሻ ൅ હ௖ሺሻ൧ேೌ೟೚೘ೞ
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where હ௣ሺሻ and હ௖ሺሻ are the polarization and charge-translation atomic polarizability tensors 
that arise from the differentiation of the corresponding ૄ௣ሺሻ and ૄ௖ሺሻ atomic dipole moments 
with respect to the applied electric field. Given the linear response of the electron density with respect 
to a sufficiently small field, the derivative can be calculated numerically, using wavefunctions 
computed at finite electric fields. Thus, the atomic polarizability components ߙ௜௝ሺሻ are evaluated as: ߙ௜௝ሺሻ ൌ limா೔→଴ ௝ா೔ሺሻߤ െ ௜ܧ௝଴ሺሻߤ  (4) 

in which ߤ௝ா೔ሺሻ is the dipole moment component of the atomic basin   along the ݆  direction 
computed with an applied electric field in direction ݅. Because polarizabilities have dimensions of 
volume, the atomic and molecular tensors can be visualized as ellipsoids in the same three-
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dimensional space as the molecule, assuming 1	Åଷ ≡ 1	Å, although a scaling factor is usually applied 
to reduce the size of the polarizability ellipsoids for visualization purposes. 

S2. Theoretical Methods for Electron Density Calculations. 

In this work, molecular or aggregate electron densities were obtained by molecular-orbital 
wavefunction calculations at the CAM-B3LYP level of approximation [3]. 

Previously [4], we have tested the ability of various DFT approximations in estimating 
distributed polarizabilities of amino acid molecules and their hydrogen-bonded dimers. Having 
correlated methods (coupled-cluster, configuration interaction and second-order Møller-Plesset 
approximation) as benchmarking, we found that long-range corrected functionals, like CAM-B3LYP 
[3] or LC-BLYP [5] are able to provide quite accurate atomic dipole moments and polarizabilities at a 
relatively low computational cost.  

Most of the calculations in this work were performed using the modest-size cc-pVDZ basis-set. 
Even though augmentation with diffuse functions is highly desirable to accurately estimate electric 
moments and polarizabilities of molecules in an infinitely diluted gas, these functions are less 
relevant for estimating properties in aggregates or crystals, due to the existence of a “basis-set 
superposition” effect that takes place among vicinal groups or molecules in aggregation [6].  

Three-dimensional coordinates of p-nitroaniline (NANILI02) and oxalic acid hydrated 
(OXACDH04) were taken from measured single-crystal X-ray diffraction data. The heavier atom 
positions were kept at measured values and the distances to the attached H atoms were normalized 
to the average neutron diffraction values, as given by the International Tables for Crystallography.  

All the molecular wavefunction calculations were performed using the Gaussian 09 package [7] 
and the corresponding charge-density distributions were partitioned in keeping with the QTAIM 
using the AIMAll program [8].  

Crystal-orbital wavefunction calculations for p-nitroaniline were performed at the B3LYP/cc-
pVDZ level of approximation, using the Crystal 09 package [9]. While systematic investigation of the 
performance of range-separated functionals to be applied under periodic boundary conditions is still 
incipient [10], and is outside the scope of this work, crystal-orbital calculations are unlike to converge 
when diffuse functions are present in the atomic basis-sets. 
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Figure S1. Cont. 
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Figure S1. Effect of the basis-set on distributed polarizabilities of p-nitroaniline. 

Distributed atomic polarizability ellipsoids after QTAIM partitioning of the molecular p-
nitroaniline electron density, as obtained from CAM-B3LYP calculations. The isotropic 
polarizabilities, calculated as the arithmetical average of the main diagonal tensor components, are 
shown in au. The scaling factor for the ellipsoids is 0.3 Å-2. 

Table S1. Effect of the basis-set on the molecular polarizability of p-nitroaniline. 

Basis Set 1α 2α 3α ISOα αΔ  
cc-pVDZ 31.3 82.8 126.4 80.2 82.5 

aug-cc-pVDZ 53.2 93.1 147.9 98.1 82.4 
aug-cc-pVTZ 53.6 93.4 148.3 98.4 82.4 

Table S2. Distributed polarizability of oxalic acid. Diagonal polarizability tensor (au) for the 
carboxylic groups in oxalic acid, calculated in isolation and in some hydrogen-bonded aggregates at 
the CAM-B3LYP/cc-pVDZ level of theory. a 

C2H2O4 · x H2O 1α  2α  3α  ISOα  αΔ  

0 7.9 18.2 19.6 15.2 11.1 
2 (mHB) b 7.8 18.5 22.4 16.2 13.1 
2 (sHB) b 7.8 17.9 20.6 15.5 11.7 

4 7.6 18.5 22.6 16.3 13.4 
Notes: a For C2H2O4 ·2 H2O, two aggregates were considered, mHB include only the water molecules 
forming the two longer hydrogen bonds in Figure 3 (C2H2O4 is the hydrogen-bond acceptor), while 
sHB include only those forming the shorter bonds (C2H2O4 is the donor). 
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