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consequential changes in chemical reactivity. Conform-
ing to Hund’s rule, the lowest excited state is a triplet state 
(T1), and the next level, the one examined in this work, is 
the first singlet excited state (S1) with vertical excitation 
energies of 2.81 and 3.99  eV, respectively. The calculated 
dipole moment magnitudes (in D) are 0.05 (S0), 0.973 (T1), 
and 0.969 (S1) all pointing their negative end toward the 
nitrogens. The maximal average lifetime of S1 (in absence 
of non-radiative de-excitation) is ca. 30 ps, sufficient for its 
slowest vibrational normal mode to complete 400 oscilla-
tions. From a comparison of Hartree–Fock, MP2, QCISD, 
CCSD, and TD-DFT/B3LYP calculations with experiment 
(all using an aug-cc-pVTZ basis set), for both the ground 
and excited states of DFD, the method of choice appears to 
be QCISD, the one used in this work.

Keywords  3,3′-Difluorodiazirine (DFD, CF2N2) · Dipole 
moment of the excited state · Electrostatic potential of 
the excited state · Laplacian of the electron density of 
the excited state · Quantum theory of atoms in molecules 
(QTAIM) in excited states

1  Introduction

The difluorocarbene radical (:CF2) is widely used in stere-
ospecific organic synthesis [1, 2] and in the photoaffinity 
labeling of biological macromolecules [3]. An experimental 
route to generate this radical in solution is through the pyro-
lytic or (flash) photolytic decomposition of 3,3-difluorodi-
azirine (CF2N2), also known as perfluorodiazirine [1, 2, 4]:
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Abstract  The difluorocarbene radical (:CF2), used in 
organic synthesis and in photoaffinity labeling, can be 
generated by the pyrolytic or photolytic decomposition of 
3,3-difluorodiazirine (CF2N2, DFD). DFD possesses no 
dipole moment in the ground electronic state S0 but has an 
experimental dipole of 1.5 ± 0.2 debye (D) in its first sin-
glet excited state S1. These observations have been ascribed 
to the shift in electron population between orbitals (Frenk-
ing et al. in J Comp Chem 28:117–126, 2007). An alterna-
tive real-space explanation is presented, which shows that 
the vanishing dipole moment in S0 results from a balance 
between a charge transfer contribution due to the flow of 
charge between atoms and an atomic polarization term due 
to the non-sphericity of atoms in molecules. This balance 
is altered in S1. This orbital-free description is shown to be 
consistent with an incipient dissociation of DFD to :CF2 and 
N2 upon excitation. The Laplacian of the electron density 
and the molecular electrostatic potential exhibit significant 
reorganization on excitation, mirroring one another, with 
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The photo (or thermally)-induced generation of :CF2 from 
3,3′-difluorodiazirine via reaction (1) has been proposed 
as a synthetic method to obtain substituted perfluorocy-
clopropanes by simple addition of the radical to olefins 
[1, 2]. Recently, due to their photoreactivity and small 
size, diazirines have also been used as photoreactive labe-
ling agents in studies of ligand–receptor, enzyme–ligand, 
protein–protein, and protein–nucleic acids interactions 
by introducing targeted covalent ligands as cross-linkers, 
fluorophores, or spin labels [3]. The facile generation of 
difluorocarbene radicals from reaction (1) and their afore-
mentioned usefulness prompted several workers to design 
synthetic routes for its precursor, namely, 3,3′-difluorodi-
azirine [1, 2, 5, 6].

In analogy to unsubstituted diazomethane (CH2N2) [7], 
there can be seven different isomers of difluorodiazometh-
ane (CF2N2), which are displayed in Fig. 1. To date, only 
two of those seven possible isomers have been observed 
experimentally [4, 8–10], namely difluorodiazomethane 
F2C=N+=N−, and difluorodiazirine 

2F C N=N (3,3′-dif-
luorodiazirine, or DFD) with a strained three-membered 
CNN ring (Fig. 2). 

The geometry of the S0 electronic ground state of DFD 
has been investigated by traditional infrared (IR) spec-
troscopy [4], high-resolution rotationally resolved Fourier 
transform-IR spectroscopy [10], Raman spectroscopy [4, 
9], gas-phase electron diffraction [8], and high levels of 
ab  initio quantum chemical theory [11]. The geometry of 
the S1 first singlet electronic excited state of difluorodi-
azirine has been inferred from microwave spectroscopic 
rotational centrifugal distortion constants [12].

The transition from the ground state to the first singlet 
excited state of DFD is an nπ* promotion of an n (non-
bonding) electron from nitrogen to the N=N π* orbital 
[13]. This transition is denoted as Ã1B1 ← X̃1A1 when the 
molecular axes are labeled as in Fig. 2 [14, 15], a conven-
tion adopted in this work. (Note that Lombardi et al. denote 
this transition as Ã1B2 ← X̃1A1 in their convention as they 
switch the x- and y-axes [13, 14].)

As shown in Fig.  2, DFD is a cyclic compound with 
C2v point group symmetry consisting of a central carbon 
bonded to two nitrogen atoms and two fluorine atoms. 
Given this symmetry and the different electronegativities 
of N and F atoms, respectively, 3.0 and 4.0 (Pauling scale) 
[16], one predicts a net flow of electronic charge from the 
diazo group (–N=N–) to the two terminal fluorine atoms 
via the intervening carbon atom. Since carbon is the ele-
ment with the lowest electronegativity in this molecule 
(2.5) [16], it is predicted that this atom will be the most 
depleted from electronic charge, with more of its charge 
being withdrawn by the two fluorine atoms and to a lesser 
extent by the diazo group. Our results, discussed in more 
details below, are aligned with these qualitative predictions. 

Thus, the charges q(Ω) (of atom Ω) for the ground state 
at the quadratic configuration interaction with single and 
double excitations [17] (QCISD)/aug-cc-pVTZ level of 
theory followed by quantum theory of atoms in molecules 
(QTAIM) [18–20] atomic integrations are, in atomic units 
(a.u.), q(C) = +1.99, q(N) = −0.29, and q(F) = −0.70.

A point-charge model based on these atomic charges 
whereby atomic charges are placed at the nuclear posi-
tions, yields a net dipole moment of approximately 0.33 
eÅ =  1.60 debye (D) parallel to the C2 axis pointing in 
the positive z-direction in the “physicist convention” [21, 
22]. That is, the negative pole of the dipole points to the 
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Fig. 1   Structural isomers of CF2N2

Fig. 2   A ball-and-stick model of the optimized geometry of the 
ground state of difluorodiazirine (CF2N2) calculated at the QCISD/
aug-cc-pVTZ level of theory along with the right-handed Cartesian 
coordinate axis used in this work. Distances are in angstrom (Å) and 
angles (a–b–c) are in degrees (°). The signed values in parentheses 
represent the changes in the geometric parameters upon excitation to 
the first singlet excited state (a positive value means that the param-
eter has a larger magnitude in the excited state). The excited-state 
geometry optimizations were performed at the UQCISD/aug-cc-
pVTZ level of theory. Also see Table 2
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side of the two fluorine atoms (negative z-axis) and the 
positive pole to the side of the –N=N– moiety (positive 
z-axis). This would have been a significant dipole moment 
in the ground electronic state S0 of DFD that could have 
been experimentally detected, say, by microwave rotational 
spectroscopy. Instead, the ground state of DFD has long 
been known to possess such a small dipole moment that its 
microwave spectrum cannot be observed experimentally 
[14] and is listed as zero in Table 5.8 (p. 133) of Ref. [23].

According to Hund’s rule, the state resulting from the 
electronic configuration with the highest multiplicity is 
usually the lowest in energy. Our (U)QCISD/aug-cc-pVTZ 
vertical excitation energies predict that the first excited 
state is indeed a triplet state (T1) followed by the first sin-
glet excited state (S1), the latter being the state analyzed in 
this work. The vertical excitation energies are found to be 
2.810 eV (T1) and 3.987 eV (S1).

The first singlet excited state of DFD, S1, has the same 
point group symmetry as its ground state (C2v) as demon-
strated by ultraviolet (UV) spectroscopy [24]. However, 
in contrast to the zero-dipole moment of the ground state, 
a dipole moment of 1.5 D is listed for the S1 first singlet 
excited state in Table 5.8 (page 133) of Turro’s monograph 
[23] (the citation to the primary literature [25] in this mon-
ograph appears to be erroneous). Microwave spectroscopy 
data obtained by Lombardi et al. [13] yielded 1.5 ± 0.2 D 
for the dipole moment magnitude in the first singlet excited 
state, consistent with the value listed in Turro’s monograph.

Early self-consistent field molecular orbital (SCF-MO) 
calculations (Hartree–Fock) with a double-zeta basis set per-
formed by Lombardi et al. [13] reveal that this vector is ori-
ented such that its positive pole is at the side of the fluorine 
atoms while its negative end is at the side of the nitrogens. 
This direction of the dipole moment vector is opposite to a 
simple point-charge model whether in the ground state or in 
the excited state. Our own calculations at several levels of 
electronic structure theory, discussed below, agree with the 
experimental values of the dipole magnitude and its direction 
inferred by the calculations of Lombardi et al. [13].

For the S1 excited state of DFD at the geometry of the 
ground state, our QTAIM atomic charges at the unrestricted 
QCISD (UQCISD/aug-cc-pVTZ) level of theory are (in 
a.u.): q(C) = + 2.25, q(N) = −0.38, and q(F) = −0.74. A 
point-charge model based on these atomic charges yields a 
net dipole moment of 0.68 D parallel to the C2 axis pointing 
in the positive z-direction. This simple model yields a dipole 
moment directed opposite to both experiment and theory, 
that is, pointing its positive end toward the –N=N– moi-
ety and the negative end toward the fluorine atoms (exptl. 
1.5 ± 0.2 D [13], calc. 0.97 D, both pointing in the negative 
z-direction).

These observations demand an explanation. Questions 
that emerge from the above discussion may include: (1) 

Why is the ground-state dipole moment almost null despite 
of significant electronegativity differences mirrored by the 
calculated charge transfers? (2) How come the excited state 
exhibits a dipole moment that points its negative end to the 
lesser electronegative atoms (nitrogens) rather than to the 
side of the most electronegative ones (fluorines)? (3) Can 
a study of the electron density and electrostatic potential 
(ESP) and their changes upon excitation shed some light on 
the photoreactivity of DFD?

This work will address these questions through an 
analysis of the changes in the electron density distribu-
tion and in the ESP upon electronic excitation (the transi-
tion Ã1B1 ← X̃1A1). The atomic and bond properties of 
diazirine in its ground and lowest excited singlet state will 
be analyzed within the framework of QTAIM [18–20]. This 
contributes to the emerging field of the topological analy-
sis of the electron density in the excited state following the 
lead of earlier studies by Bader [26] and by others [27–31].

2 � Molecular dipole moment as a sum of atomic 
contributions

QTAIM has been the subject of numerous and exhaus-
tive reviews and will not be described here. Only a few 
salient points on the manner in which this theory decom-
poses (or reconstructs) the molecular dipole moment to 
(or from) atomic and/or group contributions are briefly 
outlined.

QTAIM decomposition/reconstruction of the molecular 
dipole moment differs in significant ways from its decom-
position in terms of additive bond dipole moment vec-
tors as described, for example, in Refs. [32, 33]. QTAIM 
defines a different type of “bond dipole moment” (that 
will not yield the molecular dipole moment upon vector 
addition), termed the “charge transfer dipole”, arising 
from the flow of electronic charge across the interatomic 
zero-flux surface from one atom to a neighboring bonded 
atom. The charge transfer dipolar contribution must be 
supplemented by a second one, the atomic dipolar polari-
zation, to recover the molecular dipole moment. That lat-
ter contribution arises from the departure of an atom in a 
molecule from spherical symmetry giving rise to a spatial 
non-coincidence of the centers of electronic and nuclear 
charge.

Moving the arbitrary molecular origin of the coordinate 
system to the position of the nucleus of atom Ω (repeating for 
every Ω in the molecule) transforms the position vector r to:

which allows us to re-express the molecular or multi-atomic 
group dipole moment (µ) as a sum of atomic terms [18, 
34–38]:

(2)r� = r − R�,
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where ρ is the electron density, ZΩ is the atomic number 
(which equals the nuclear charge in a.u.), RΩ is the position 
vector of the nucleus of atom Ω in the molecular frame, and 
the sum runs over all atoms in the molecule or the multi-
atomic group.

The last integral in Eq.  (3), that of the electron density 
over an atomic basin, yields the atomic electron population 
denoted by N(Ω). Realizing that the atomic charge (q(Ω)) 
is defined as the difference (ZΩ −  N(Ω)), we can rewrite 
this equation as:

where the molecular dipole μ is written as a sum of 
atomic terms, μ(Ω). Every atomic term is the sum of an 
“atomic dipolar polarization” contribution, μAP(Ω), and a 
“charge transfer dipolar” (or “bond dipole”) contribution, 
μCT(Ω) = q(Ω)RΩ. Provided the molecule or group is elec-
trically neutral, the sum in Eq. (4) always yields the origin-
independent molecular dipole moment μ despite of consist-
ing of a sum that includes origin-dependent terms.

The transformation in Eq. (2), rΩ = r − RΩ, places the ori-
gin of each μAP(Ω) at the atomic nucleus lifting its dependence 
on the origin of the molecular coordinate system. However, the 
charge transfer term as written in Eq. (4) clearly depends on the 
origin of the molecular coordinate system through its explicit 
dependence on the nuclear positions RΩ. It follows, then, that 
Eq.  (4) represents an infinite number of exact equations, one 
for each of the infinite number of possible origins.

Realizing that the charge of an atom is equal to the nega-
tive of the net flux in electronic charge through its bound-
ing zero-flux surface, we can write:

where Ω′ are neighboring atomic basins that each share a 
bond path and an associated zero-flux interatomic surface 
with Ω (all Ω′ are taken to be disconnected, i.e., not part of 
a closed circuit of bonds such as a ring or a cage).

The origin-dependent ambiguity of the charge transfer 
term can now be resolved by the transformation:

which re-expresses the position vector of the bond 
critical point (BCP) associated with interatomic surface 

(3)
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�
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(5)
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q(�′),

(6)r�|�′ = RBCP(�|�′)−R�,

S(Ω|Ω′), rΩ|Ω′, in the local (atomic) coordinate system [26, 
34, 35]. In this transformation, RBCP(Ω|Ω′) is the position 
vector (in the molecular coordinate system) of the bond 
critical point (BCP) between atoms Ω and Ω′ at the inter-
section of the bond path linking them and the zero-flux 
interatomic surface S(Ω|Ω′) separating them.

With this second transformation the molecular dipole 
moment μ can now be written as a sum of unique, well-
defined, additive atomic contributions, i.e., in terms of a 
sum of the members of the set {µ(Ω)} [34]:

where

Keith has generalized these considerations to a wider 
set of properties termed “null properties,” which include 
the dipole moment, dipole moment derivatives, and atomic 
energies and presented solutions to the problem of atoms 
that partake in rings and/or cages [39]. As noted by Keith, 
the charge transferred between atoms which partake into a 
cyclical closed structure such as a ring or a cage is gen-
erally ill-defined. A notable exception to this ill-definition 
is when symmetry dictates an equal sharing of electronic 
charge across symmetry-equivalent interatomic surfaces 
within the cyclical structure. Difluorodiazirine falls into 
this latter category whereby the charge flux through a 
S(C|N) zero-flux interatomic surface is well defined since 
the two nitrogen atoms are equivalent by symmetry, each 
carrying an identical charge. Hence, we will omit the dis-
cussion of Keith’s (important) generalization of the above 
treatment to cyclical structures since it falls outside of the 
scope of the present work.

3 � Computational methods

To simplify the interpretation of results, calculations were 
done with different ab  initio electronic structure methods 
but in conjunction with one and the same basis set. This 
basis set is aug-cc-pVTZ, a large correlation-consistent 

(7)
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Dunning triple-zeta basis set augmented with the diffuse 
functions necessary for the correct description of elec-
tronic excited states [40]. Calculations were done within 
the frameworks of Hartree–Fock [HF, or self-consistent 
field (SCF)] theory [41], second-order Møller–Plesset 
perturbation theory (MP2) [42], coupled cluster theory 
with single and double excitations (CCSD) [43–45], 
quadratic configuration interaction with single and dou-
ble excitations (QCISD) [17], and density functional 
theory [46, 47] (Becke [48] and Lee–Yang–Parr [49] 
hybrid functional, B3LYP). Post-SCF calculations (MP2, 
CCSD, and QCISD) were done with the frozen core (FC) 
approximation.

Excited states were calculated using the restricted open-
shell (RO) and the unrestricted (U) formulations of HF/
aug-cc-pVTZ, MP2/aug-cc-pVTZ, CCSD/aug-cc-pVTZ, 
QCISD/aug-cc-pVTZ, and B3LYP/aug-cc-pVTZ. The 
unrestricted formulation has been significantly superior 
in recovering studied experimental properties, and hence, 
in this paper, only the results quoted are exclusively those 
obtained with the unrestricted formulation unless men-
tioned otherwise.

Since the available experimental values are better 
reproduced by the levels of theory denoted QCISD/aug-
cc-pVTZ and UQCISD/aug-cc-pVTZ for the ground and 
excited states, respectively, results that are also very close 
to the corresponding ones from CCSD calculations, the 
QCISD values are the ones upon which the discussion is 
based unless stated otherwise. Results at the other levels of 
theory are not tabulated in as much detail since trends in 
molecular and QTAIM properties in all discussed quantities 
are unchanged. This level of theory insensitivity of QTAIM 
properties is well documented [50–52].

At each level of theory, the molecular geometry of the 
ground state was optimized by minimizing the energy 
gradients to within 2 ×  10−6 and 1 ×  10−6 hartree/bohr 
[atomic units (a.u.)] for the residual maximum force and 
the root mean square (RMS) force on the nuclei, respec-
tively. Frequency calculations confirmed that the structure 
was a true minimum at each level of theory.

Two singlet Ã1B1 excited-state calculations were per-
formed: (1) vertically excited-state calculation at the frozen 
optimized geometry of the ground state as required by the 
Frank–Condon principle and (2) adiabatically excited state 
calculation whereby the geometry of the excited state has 
been gradient optimized with the same convergence thresh-
olds described above.

All electronic structure calculations, geometry optimiza-
tions, vibrational frequency determinations, and generation 
of wave functions and electron density and electrostatic 
potential three-dimensional grids were conducted using 
Gaussian 09 [53]. Wave functions and electron densities 
were analyzed with AIMAll/AIMStudio [54] to generate 
the QTAIM properties. In no case, the magnitude of the 
atomic Lagrangian exceeds 5.16 ×  10−4 a.u., which indi-
cates high integration precision. The differences between 
the sums of atomic populations and the total number of 
electrons (N =  38 e−) are tiny and remain around 10−7 e 
for the ground and excited states. The differences between 
the sums of atomic (virial) energies and the total energies 
(in kcal/mol) are −0.04 and −0.27, for the ground and adi-
abatically excited states, respectively. The UQCISD sin-
glet excited-state calculations (both vertical and adiabatic) 
result in 〈S2〉 which is equal to s(s +  1) to four decimals 
(0.0000), indicating no spin contamination.

4 � Results and discussion

4.1 � Preliminary observations

QTAIM has already been used to elucidate the atomic ori-
gins of molecular dipole moments, which was particularly 
illuminating in cases where the observed dipole is incon-
sistent with expectation based on electronegativities. A 
well-known case of an anomalous dipole moment is that of 
the carbon monoxide molecule, CO. This molecule has a 
very small dipole moment in its ground state with a polarity 
opposite to the one expected from electronegativity differ-
ences, symbolized by: −

−−−→
C = O+ [16, 18, 55–57].

Pauling explained this anomaly by fitting the percent-
age weights of various resonance structures (on the basis 
of bond lengths) to the observed equilibrium bond length 
of this molecule [16]. We express Pauling’s proposal sche-
matically in Scheme 1.

The dominance of the last resonance structure in 
Scheme  1 is how Pauling reconciles his resonance model 
with the observed experimental dipole moment.

Frenking et al. [55] explain the anomaly by decompos-
ing the molecular dipole moment into molecular orbital 
(MO) contributions. These workers note that the high-
est occupied MO (HOMO), which has σ-symmetry, is 
localized primarily over the carbon atom (the carbon lone 
pair), while the oxygen lone pair is dominated by s-type 

Scheme 1   Pauling’s contributing resonance structures to the ground state of CO



	 Theor Chem Acc (2016) 135:63

1 3

63  Page 6 of 18

contributions and is non-contributing to the dipole moment 
due to its spherical symmetry [55].

An alternative real-space explanation was provided by 
Bader [18, 57] whereby the dipole moment of CO is shown 
to result from (a) a charge transfer dipole, which conforms 
with expectations in its direction, and (b) an atomic polari-
zation dipole that results from the non-sphericity of atomic 
electron densities. The latter dipole is opposite in direction 
to the former and slightly exceeds it in magnitude leading 
to the observed dipole moment of CO (see Scheme 2).

We briefly recap the QTAIM explanation of the 
dipole anomaly of CO. The atomic charges are (in a.u.) 
q(C)  =  +1.17 and q(O)  =  −1.17, leading to a charge 
transfer (CT) dipole of μCT(C)  +  μCT(O)  =  −1.42–
1.07 = −2.49 a.u. (second term in Scheme 2, in the physi-
cist convention with the coordinate axis directed from C 
to O). The charge transfer dipole is negative as expected 
from electronegativity considerations. The opposing atomic 
dipolar polarization is μAP(C) + μAP(O) = 1.65 + 0.87 = 

+2.52 a.u. (first term in Scheme 2). The sum, μCT(CO) + 
μAP(CO) = −2.49 + 2.52 = 0.03 a.u. (~0.08 D), a small 
dipole moment pointing its negative end toward the carbon 
atom, as experimentally observed.

This explanation has the advantage over the resonance 
or the MO models in that it is entirely based on a topo-
logical analysis of the total molecular charge distribution, 
a quantum mechanical observable in the sense of Dirac [58, 
59] that is experimentally measurable by high-resolution 
X-ray diffraction [60–62].

Before performing a similar decomposition/recon-
struction of the dipole moment of difluorodiazirine 
in both its ground and excited electronic states, we 
first assess the quality of the prediction of a number of 
molecular properties of this molecule by various model 
chemistries. Some spectroscopic properties (IR and UV) 
are explored first followed by a comparison of molecu-
lar geometries and their changes in the excited state with 
experiment.

Scheme 2   QTAIM atomic 
decomposition/reconstruction of 
the dipole moment of CO

AP CT

AP AP CT CT

0.031.17 1.171.65 0.87 1.42 1.07
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Table 1   Calculated vibrational 
frequencies of difluorodiazirine 
(CF2N2) for the ground and 
excited states (S0 and S1) along 
with the experimental values 
for S0

Calculations were done with the indicated electronic structure methods all in conjunction with a aug-cc-
pVTZ basis set. Vibrational frequencies are expressed in wave numbers in units of cm−1 

Vibrational frequencies are all scaled to empirically correct for anharmonicity of the normal modes.  
Scaling parameters used (±std) are [66]: MP2: 0.953  ±  0.033, QCISD: 0.962  ±  0.017, CCSD: 
0.956 ± 0.017, and B3LYP: 0.968 ± 0.019
a  Taken from Ref. [4]
b  Average absolute deviations from the experimental value (Av.|dev.|) ±  standard deviation (std) for the 
ground state, S0, taken over all nine frequencies
c  Predicted excited state scaled vibrational frequencies. These may be observed provided the lifetime 
of a fraction of the population of molecules in the excited state survives for at least one vibration (the 
period of the slowest vibration, that with wave number = 431 cm−1, ≈77.4 fs, while that of the fastest is 
1596 cm−1 ≈ 20.9 fs). See text

Symmetry S0 S1

MP2 QCISD CCSD B3LYP Exptl.a UQCISDc

A2 429 443 443 437 448 431

B1 460 471 471 467 481 461

A1 477 489 488 480 502 488

B2 527 540 538 522 544 495

A1 777 799 798 785 805 836

B2 1071 1102 1100 1059 1091 985

B1 1174 1251 1252 1189 1248 1392

A1 1208 1306 1307 1268 1282 1476

A1 1473 1592 1590 1587 1563 1596

Av.|dev.| ± stdb 41 ± 28 12 ± 9 12 ± 8 24 ± 14
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4.2 � Vibrational frequencies

There are 3n  −  6  =  9 vibrational normal modes for a 
penta-atomic molecule such as difluorodiazirine. Table  1 
lists the symmetries of these vibrations along with the 
scaled harmonic frequencies for the ground state of dif-
luorodiazirine calculated using four model chemistries 
(the scaling accounts empirically for vibrational anharmo-
nicity). The table also presents the experimental frequen-
cies and the average absolute deviation (±standard devia-
tion) from the experimentally determined frequencies of 
the ground state for each model chemistry. The goodness 
of the agreement with the experimentally determined 
ground-state vibrational frequencies is ordered as follows: 
QCISD  ≈  CCSD  >  B3LYP  >  MP2. The average error 
(±STD) of the best (QCISD) results is 11.8(8.7) cm−1.

Given the superior ability of QCISD in recovering 
experimental frequencies for the ground state  (in addi-
tion to its ability to accurately predict the set of properties 
discussed below), it is the method chosen to calculate the 
frequencies of the excited state as well, which are given in 
Table  1. The excited-state vibrational spectrum has never 
been recorded experimentally, probably because of its 
extremely short lifetime as the estimates below indicate. All 
but two frequencies change significantly in the excited state 
(by 10 cm−1 or more). The frequency that experiences the 
largest bathochromic shift (of −117 cm−1) is predicted to 
be the sixth (of B2 symmetry), while the one exhibiting the 
largest hypsochromic shift (of +170 cm−1) in the excited 
state is the penultimate frequency (of A1 symmetry).

The maximum average lifetime, τrad, of the excited state 
from spontaneous radiative decay (in absence of any other 
deactivating or quenching mechanisms) can be predicted 
from Einstein coefficient A10 [63]:

where me and e are the mass and the magnitude of the 
charge of the electron, respectively, c is the speed of light 
in vacuum, ω is the reciprocal wavelength of the absorbed 
photon, f is the (dimensionless) oscillator strength, and the 
remaining of the symbols have their usual meaning.

The calculated oscillator strength (the length form) for 
the vertical S1  ←  S0 transition is f  =  0.0040 (QCISD), 
0.0040 (CCSD), 0.0039 (MP2), and 0.0016 (TD-B3LYP). 
Based on a value of f =  0.004, τrad is predicted to lie in 
the vicinity of 30 ps. (The calculated oscillator strength of 
the spin-forbidden transition to the lowest excited state, 
T1 ← S0, is zero to four decimals, but our calculations do 
not include any vibronic coupling.)

From Table 1, the slowest vibration in the excited state 
has a wave number of 431 cm−1 which is equivalent to a 
period of approximately 77.4  fs, and hence can complete 

(11)A10 =
1

τrad
=

8π2e2ω2

(4πε0)cme

f ,

ca. 388 oscillations within τrad =  30 ps. These considera-
tions suggest that all normal modes necessary for the gen-
eration of a full IR spectrum of the excited state, as listed in 
Table 1, can be observable within τrad provided the excited 
state’s lifetime is not severely reduced (by two orders of 
magnitude) by other reactive and/or non-radiative de-exci-
tation mechanisms.

4.3 � Electronic excitation energies

Table 2 lists both the adiabatic and vertical excitation ener-
gies in comparison with reliable reference data. The reference 
value for the adiabatic transition, ΔEad, was calculated by 
Hoffmann et al. [11] at the GVVPT2/cc-pVTZ level of the-
ory and is 2.86 electron volts (eV) (ΔEad increases slightly to 
3.04 when a smaller basis set such as cc-pVDZ is used).

The second half of Table  2 shows the calculated verti-
cal excitation energies without the ZPE correction (EZPE), 
entries denoted as ΔEvert(raw), and those obtained after the 
addition of the ground-state ZPE correction to derive the 
corrected vertical excitation energy, ΔEvert(corr) = ΔEvert(raw) 
+EZPE. The ΔEvert(corr) are the values to be compared with 
the experimental one (3.52  eV, taken from Hollas et  al. 
[14]), as required by the Franck–Condon principle.

A comparison of the results obtained with the tested 
theoretical models indicates that for vertical and adiaba-
tic excitations, the excitation energy is overestimated by 
about 0.8–0.9 eV for most methods (with around 30 % dis-
crepancy from the reference values), with B3LYP exhibit-
ing the smallest difference from the reference value. This 
is the only studied property where B3LYP outperforms 
other methods. The most trustworthy methods (QCISD and 
CCSD) give similar results, with the former being the only 
method that gives the same relaxation energy (energy dif-
ference between the reference adiabatic and vertical exci-
tation energies): Ref. (3.52–2.86 =  0.66  eV) =  UQCISD 
(4.44–3.78  =  0.66  eV). Since generally unrestricted and 
restricted open-shell calculations give similar results, and 
since UQCISD appears as a candidate method of choice 
to treat the ground and excited states on equal footing, and 
for consistency and simplicity of the discussion, only the 
unrestricted formulations (U) of the electronic structure 
methods will be examined in the following and the distinc-
tion between RO and U becomes unnecessary from now on 
unless stated otherwise explicitly.

4.4 � Geometries of the ground and excited states

The geometries of the ground and excited states of dif-
luorodiazirine obtained from unconstrained energy gradi-
ent optimizations at the various levels of theory are sum-
marized in Table 3. The table also compares the calculated 
and available experimental geometrical parameters [8, 13].
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MP2 agrees best with experiment for the ground state, as 
can be seen by the difference between geometrical parame-
ters from the various methods and experimental values [8]. 
The average absolute deviations for interatomic distances 
(in Å) are in increasing order: MP2 (0.011)  <  CCSD 
(0.015)  <  QCISD (0.016)  <  DFT/B3LYP (0.022)  <  HF 
(0.043). The respective order found for the interatomic 
angles (in degrees) is: MP2 (0.8) < QCISD (1.7) = CCSD 
(1.7)  <  DFT/B3LYP (1.9)  <  HF (2.7). Both QCISD and 
CCSD appear reasonable in the prediction of both intera-
tomic distances and angles, following MP2 closely in this 
aspect.

The average deviations over the only two observed 
experimental parameters for the excited state (N–N 
and F–F distances) are in increasing order: B3LYP 
(0.019) < CCSD = MP2 = QCISD (0.065). In this respect, 
QCISD and CCSD appear to reasonably follow experimen-
tal trends.

Finally, the trends in the excitation-induced change 
in the two experimental interatomic distances are exam-
ined. The increasing order of the average in the absolute 
deviation from experiment is: B3LYP (0.004)  <  CCSD 

(0.025) < QCISD (0.026) < MP2 (0.035). The trends in the 
geometrical parameters are consistent and both QCISD and 
CCSD appear sufficiently accurate in recovering the geom-
etries and their changes in going from the ground to the 
excited state of difluorodiazirine.

4.5 � Charge distribution in the ground and excited 
states

The calculated and experimental dipole moments of dif-
luorodiazirine, for both the ground and excited states, are 
given in Table  4 (under the column labeled as μ). The 
dipole moments calculated by the electronic structure meth-
ods investigated here are identical in their direction and 
almost identical in magnitude to one decimal place. Hence, 
all methods give a dipole moment between −0.0 and 0.1 
D for the ground state, which is consistent with the lack of 
its experimental detection [14, 23]. For the excited state, all 
methods agree closely giving a dipole of 1.0 D, compara-
ble with the experimental magnitude of 1.5 ±  0.2 D [23, 
24]. Therefore, the electronic structure methods analyzed 
in Table 4 are capable of predicting the dipole moment of 

Table 2   Excitation energy 
of difluorodiazirine (CF2N2) 
calculated with different 
standard electronic structure 
methods, all using an aug-cc-
pVTZ basis set

All energies entered in the table are in electron volts (eV)
a  RO = restricted open shell for the excited-state calculation; U = unrestricted open shell for the excited 
state calculation. UHF could not be converged to a stable solution in either the vertical or adiabatic excited 
state. Also, both ROMP2 and UMP2 calculations for the vertically excited state did not converge
b  Calculated adiabatic energy differences (ΔEad) do not include zero-point vibrational energy (ZPE) cor-
rections (i.e., bottom-of-the-well differences). Vertical excitation energies (ΔEvert) are obtained by differ-
ences using the excited-state total energy calculated at the optimized geometry of the ground state. Thus, in 
accordance with the Frank–Condon principle, and for a direct comparison with experiment, the ZPE cor-
rection is included for the ground state only when calculating the vertical excitation energies
c  Deviation (dev) is defined as the calculated value minus the reference value
d  The reference value for the adiabatic excitation energies is obtained from high level ab initio calculations 
at the GVVPT2/cc-pVTZ level by Hoffmann et al. [11] (and becomes 3.04 with a smaller basis set at the 
level of theory denoted by GVVPT2/cc-pVDZ) [11]. These reference values were calculated in the same 
manner as the adiabatic energies in this work, that is, without the inclusion of ZPE corrections
e  The experimental reference value for vertical energies is compared with the sum ΔE +EZPE

Methoda Adiabaticb ΔEvert(raw) EZPE Verticalb

ΔEad Dev.c ΔEvert(corr) = ΔE +EZPE Dev.c

HF (RO) 3.50 0.64 4.00 0.48 4.48 0.96

MP2 (RO) 3.69 0.83 3.90

MP2 (U) 3.78 0.92 3.90

QCISD (RO) 3.69 0.83 3.99 0.45 4.44 0.92

QCISD (U) 3.78 0.92 3.99 0.45 4.44 0.92

CCSD (RO) 3.69 0.83 3.99 0.46 4.45 0.93

CCSD (U) 3.69 0.83 3.99 0.45 4.44 0.92

DFT/B3LYP (RO) 3.14 0.28 3.47 0.44 3.91 0.39

DFT/B3LYP (U) 3.17 0.31 3.47 0.50 3.97 0.45

Referenced,e 2.86 [11] 3.52 [14]
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difluorodiazirine in both electronic states with qualitative 
and reasonable quantitative agreement with experiment.

Given overall performance, QCISD emerges as a reli-
able choice for difluorodiazirine and yields results that 
are analogous to those from CCSD. Hence, the remainder 
of this article will refer, discuss and tabulate the results 
obtained exclusively at the (U)QCISD/aug-cc-pVTZ level 
unless otherwise stated.

The questions raised in the introduction are now 
addressed. The first two questions enquire into the nature 
of the electron density distribution that gives rise to the 
observed vanishing dipole moment in the ground state of 
difluorodiazirine and its dramatic change upon excita-
tion. To answer this question, we present the atomic con-
tributions to the ground- and the adiabatically excited-state 
dipole moments in Table 5. The table only includes data for 

Table 3   Calculated (and 
experimental) geometrical 
parameters for the ground 
and first singlet excited state 
of difluorodiazirine (CF2N2) 
obtained with different standard 
electronic structure methods 
(with unrestricted formulations 
for the excited state), all using 
an aug-cc-pVTZ basis set (see 
Fig. 2) 

Interatomic atomic distances are in angstrom (Å), and angles (a–b–c) are in degrees (°)
a  The second line below the entry corresponding to a given level of theory is the difference Δ between 
the experimental value of the geometric parameter (P) and the given calculated value (ΔP = P(Exptl.) − 
P(Calc.)). ΣAD is the sum of the absolute (unsigned) deviations
b  The change upon excitation ΔPexc. is defined as: ΔPexc. = P(excited state)—P(ground state). When avail-
able, the second line below the entry corresponding to a given level of theory is the difference ΔΔPexc. 
between the experimental value of this change upon excitation and the corresponding signed calculated 
change (ΔΔPexc. = ΔPexc.(Exptl.) − ΔPexc. (Calc.))

Method d(F–C) d(N–N) d(N–C) d(F–F) ΣADa N–C–N F–C–F F–C–N

Ground state (S0)

 HF 1.306 1.223 1.374 2.137 52.87 109.87 120.96

0.009 0.070 0.052 0.041 0.173 2.08 1.97 4.05

 MP2 1.328 1.295 1.405 2.185 54.88 110.68 120.31

−0.013 −0.002 0.021 −0.007 0.043 0.07 1.16 1.22

 QCISD 1.325 1.266 1.401 2.177 53.74 110.55 120.54

−0.010 0.027 0.025 0.001 0.062 1.21 1.29 2.50

 CCSD 1.323 1.265 1.407 2.175 53.68 110.62 120.52

−0.008 0.028 0.019 0.003 0.058 1.27 1.23 2.49

 B3LYP 1.333 1.259 1.405 2.192 53.26 110.65 120.57

−0.018 0.034 0.021 −0.014 0.087 1.69 1.19 2.88

 Exptl. [8] 1.315 (4) 1.293 (9) 1.426 (4) 2.178 54.95 (36) 111.84 (52)

Excited state (S1)

 MP2 1.278 1.268 1.416 2.089 53.21 109.69 121.00

0.075 0.055 0.130

 QCISD 1.278 1.268 1.416 2.089 53.21 109.68 121.00

0.075 0.055 0.130

 CCSD 1.278 1.268 1.416 2.089 53.21 109.68 120.99

0.075 0.055 0.130

 B3LYP 1.307 1.309 1.446 2.141 53.83 110.01 120.76

0.034 0.003 0.037

 Exptl. [13]. 1.343 2.144

Change upon excitation: Param.(S1) − Param.(S0)
b

 MP2 −0.050 −0.027 0.011 −0.095 −1.68 −1.00 0.69

0.077 0.061 0.138

 QCISD −0.047 0.002 0.015 −0.088 −0.52 −0.87 0.46

0.048 0.054 0.102

 CCSD −0.045 0.003 0.009 −0.086 −0.47 −0.93 0.47

0.047 0.052 0.099

 B3LYP −0.026 0.050 0.041 −0.051 0.57 −0.64 0.19

0.000 0.017 0.017

 Exptl. 0.050 −0.034
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the adiabatically excited state since this is the only experi-
mentally accessible excited-state dipole moment.

For the ground state (S0), the values listed in Tables 4 and 
5 indicate that the molecule possesses a very small dipole 
moment, around 0.05 D in magnitude, pointing to the nega-
tive direction of the z-axis of the coordinate system depicted 
in Fig. 2. In other words, the negative end of the dipole lies 
at the side of the nitrogen atoms with respect to the xy-plane. 
All four chemical models are remarkably consistent in this 
regard as can be seen from the values listed in Table 4.

The vanishingly small dipole moment is the result of 
two opposing molecular contributions. The first contribu-
tion is that of the overall molecular charge transfer dipole, 
μCT = +1.59 D, with its negative side toward the fluorine 
atoms (with respect to the xy-plane), a direction consist-
ent with simple electronegativity arguments. As stated 
in the introduction, this is the dipole direction expected 
from a point-charge model using the calculated QTAIM 
charges listed in Table  5 (q(Ω)). In contrast, what cannot 
be deduced from a spherical atomic model is the sum of 
all five atomic polarization terms, μAP = −1.64 D, which 
cancels and slightly exceeds the dipole moment that arises 
from the flow of charge between the atoms by −0.05 D, 
resulting in the small ground-state molecular dipole 
moment. As a result of this near vectorial cancelation of 
the two dipolar contributions, the molecular dipole moment 
μ of difluorodiazirine exhibits a magnitude lower than the 
detection limits of microwave spectroscopy.

The redistribution of electronic charge and the reorgani-
zation of the molecular geometry in the excited state (S1) 
slightly increases the magnitude of the atomic polariza-
tion component (by 0.01 D to reach −1.65 D) but severely 
reduces the charge transfer dipolar contribution to only 
43 % of its initial value in the ground state (+0.68 D). Since 
the two components of the dipole moment have opposite 
directions, this decrease in the CT contribution causes the 
rise in the molecular dipole moment (in the direction of the 
AP dipole) due to a less effective cancelation of the (now) 
dominant AP component by the CT dipole.

We are now asked to trace these changes in the two 
components of the molecular dipole moment to their 
atomic origins, that is, to seek an answer at an atomic reso-
lution. To answer this question, Table 5 shows the QTAIM 
atomic contributions to both the overall AP and CT dipo-
lar polarizations for the ground and excited states. Besides 
the atomic contributions to the AP and CT terms for both 
electronic states, the table also gives the QTAIM atomic 
charges (q(Ω)) and the Cartesian coordinates (x, y, z) of 
the gradient-optimized geometries (that can be used to 
calculate a nuclei-centered point-charge transfer dipole, 
as done in Sect. “1”). The last column of the table lists 
the row sums of the contributions for each type of dipole 
along each of the three coordinates. This last column of 
Table 5 corresponds to the row listing the QCISD results 
in Table 4.

Table 5 has three sections. The first section decomposes 
the dipole moment of the ground state, the second section 
decomposes that of the excited state, and the third sec-
tion lists the changes (value for the excited state minus the 
corresponding value for the ground state) upon adiabatic 
excitation.

As already mentioned, the most dramatic change upon 
excitation is that of the CT contribution. An examination 
of Table  5 shows that total molecular CT contributions 
vanishes along the x- and the y-axes due to the symmetry 
despite that the individual atomic contributions are quite 
significant. For example, the magnitude of the CT dipole 
for the two fluorine atoms in the x-direction, |μCT(F)x|, is 
2.47 D in S0 (which rises to reach a value of 2.61 D in S1), 
but these dipoles are oriented in opposite directions for 
each of the fluorine atoms canceling one another. Simi-
larly, the magnitude of the CT dipole for nitrogen atoms in 
the y-direction in the ground state (|μCT(N)y|) is 0.44 D, a 
value that becomes 0.69 D in the excited state, and again 
the dipole moments of the two nitrogen atoms cancel each 
other by symmetry. Thus, the molecular symmetry dictates 
an exact cancelation of charge transfer contributions along 
the x- and y-directions, for both the ground and the excited 

Table 4   Calculated and 
experimental molecular dipole 
moment (µ) of CF2N2 for the 
ground (S0) and the first singlet 
excited state (S1) together 
with the atomic polarization 
contribution (µAP) and charge 
transfer contribution (µCT) to 
the molecular dipole moment 
(calculations at the levels of 
theory defined by the listed 
electronic structure methods in 
combination with an aug-cc-
pVTZ basis set)

Dipole moments are in D and oriented according to the physicist convention with respect to the coordinate 
system displayed in Fig. 2
a  Experimental values are obtained from Table 5.8 (page 133) of Turro’s monograph [23]
b  Experimental values are obtained from Lombardi et al. [13]

Method S0 S1

µAP µCT µ µAP µCT µ

MP2 −1.7612 1.6849 −0.0763 −1.6527 0.6834 −0.9693

QCISD −1.6390 1.5931 −0.0459 −1.6512 0.6825 −0.9687

CCSD −1.6347 1.5910 −0.0437 −1.6512 0.6826 −0.9685

B3LYP −1.6270 1.6135 −0.0135 −2.0353 1.0010 −1.0343

Exptl. 0.0a −1.5 ± 0.2b
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state, as can be seen from the last column of Table 5 (the 
small departures from the exact cancelation is due to 
numerical computational errors).

Now the dipolar polarization along the z-axis is dis-
cussed. In the ground state, both fluorine atoms contribute 
equally to the charge transfer dipole along the z-direction, 

each contributing μCT(F)z = +1.71 D, and both add con-
structively in the positive z-direction. The CT dipole of 
the carbon atom in the z-direction also points to the posi-
tive z-direction reinforcing the CT dipole contributions of 
the fluorine atoms, with a CT dipole of μCT(C)z = +0.33 
D, the total CT dipole of the F2C group in the positive 

Table 5   Atomic 
decomposition/reconstruction 
of the molecular dipole moment 
(µ) of CF2N2 for the ground 
(S0) and the first singlet excited 
state (S1) into interatomic 
charge transfer contributions 
(µCT) and atomic polarization 
contributions (µAP) calculated 
at the (U)QCISD/aug-cc-pVTZ 
level of theory

Cartesian coordinates in the table are in angstrom (Å), dipole moments in debye (D), and charges in atomic 
units (a.u.). Symbols: (x, y, z) are the Cartesian coordinates in the frame depicted in Fig. 2; q(Ω) is the 
atomic charge, μAP(Ω)i is the ith component of the atomic dipolar polarization, μCT(Ω)i is the ith com-
ponent of the atomic charge transfer dipolar contribution, μi is the ith component of the molecular dipole 
moment
a  The last column lists the rows sums. For the total molecular dipole moment μ, only sums of its z-compo-
nents are listed since those of the x- and y-components (μx, μy) vanish by symmetry (with small numerical 
errors that appear at the third decimal place at most)
b  Change is defined as the difference between a given parameter (P) in the excited state P(S1) minus its 
value in the ground state P(S0)

Ω F F N N C Suma

S0

 x −1.08875 1.08846 0.00029 0.00017 0.00000

 y −0.00008 0.00012 −0.63330 0.63305 0.00000

 z −0.75424 −0.75465 1.24964 1.24977 0.00000

 q(Ω) −0.7005 −0.7005 −0.2901 −0.2901 1.9798 −0.0014

 μAP(Ω)x −0.7951 0.7949 −0.0002 0.0002 −0.0039 −0.0041

 μAP(Ω)y −0.0001 0.0001 1.3686 −1.3686 0.0012 0.0011

 μAP(Ω)z −0.5841 −0.5844 0.0437 0.0434 −0.5575 −1.6390

 μCT(Ω)x 2.4714 −2.4708 −0.0002 −0.0002 0.0000 0.0002

 μCT(Ω)y 0.0002 −0.0003 0.4350 −0.4345 −0.0002 0.0003

 μCT(Ω)z 1.7053 1.7062 −1.0752 −1.0758 0.3312 1.5918

 μz −0.0472

S1

 x −1.04484 1.04457 0.00029 0.00019 0.00000

 y 0.00023 0.00043 −0.63399 0.63402 0.00000

 z −0.73562 −0.73601 1.26587 1.26553 0.00000

 q(Ω) −0.7619 −0.7619 −0.3865 −0.3870 2.2976 0.0002

 μAP(Ω)x −1.0517 1.0515 −0.0000 0.0002 −0.0030 −0.0032

 μAP(Ω)y 0.0006 0.0008 1.5222 −1.5211 −0.0006 0.0019

 μAP(Ω)z −0.7318 −0.7322 0.4043 0.4061 −0.9977 −1.6512

 μCT(Ω)x 2.6051 −2.6044 −0.0003 −0.0002 −0.0001 0.0001

 μCT(Ω)y −0.0007 −0.0012 0.6944 −0.6956 −0.0013 −0.0043

 μCT(Ω)z 1.8251 1.8260 −1.3100 −1.3118 −0.3480 0.6813

 μz −0.9699

Change (ΔP = P(S1) − P(S0))
b

 Δq(Ω) −0.0614 −0.0614 −0.0964 −0.0969 0.3178 0.0016

 ΔμAP(Ω)x −0.2566 0.2566 0.0001 0.0000 0.0009 0.0010

 ΔμAP(Ω)y 0.0006 0.0007 0.1536 −0.1525 −0.0017 0.0007

 ΔμAP(Ω)z −0.1477 −0.1477 0.3607 0.3627 −0.4402 −0.0122

 ΔμCT(Ω)x 0.1337 −0.1336 −0.0001 0.0000 −0.0001 −0.0001

 ΔμCT(Ω)y −0.0008 −0.0009 0.2594 −0.2612 −0.0011 −0.0046

 ΔμCT(Ω)z 0.1198 0.1198 −0.2349 −0.2360 −0.6793 −0.9105

 Δμz −0.9227
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z-direction being μCT(F, F, C)z = +3.74 D. Meanwhile, the 
two nitrogen atoms give rise to a combined CT dipole that 
opposes the net dipole of the F2C group with a CT dipole of 
μCT(N)z = −1.08 D for each N atom (μCT(N, N)z = −2.15 
D). The resultant is an overall CT dipole μCT = +  3.74–
2.15  =  +1.59 D pointing in the direction expected on 
the basis of electronegativity difference (i.e., placing the 
positive end of the dipole moment vector on the side of 
the –N=N–), a direction which can be anticipated from 
the atomic charges (in a.u.: q(F) = −0.70, q(N) = −0.29, 
q(C) = +1.98).

Compared with the ground state, the excited state is 
characterized by a significantly higher degree of charge 
separation as can be gleaned from the values of the atomic 
charges which are (in a.u.): q(F) = −0.76, q(N) = −0.39, 
q(C) = +2.30. This means that the carbon atom has lost 
electronic charge (Δq(C) = +0.32 a.u.) to benefit primarily 
the nitrogen atoms (Δq(N) = −0.10 a.u.) followed by the 
fluorine atoms (Δq(F) = −0.06 a.u.)

It is the charge transfer between atomic basins rather 
than a change in geometry that governs the transition charge 
transfer dipole. This is demonstrated through a quantita-
tive comparison of the optimized geometries of the ground 
and excited states. The root mean square (RMS) difference 
between the two sets of 15 {x, y, z} coordinates in the two 
electronic states, listed in Table 5, is merely 0.0184 Å.

The charge transfer contribution of the carbon atom 
along the z-direction, this atom’s only nonzero CT contri-
bution, changes drastically upon excitation. This dipolar 
contribution flips by 180º with about the same magnitude 
from μCT(C)z (S0) = +0.33 D to μCT(C)z (S1) = −0.35 D. 
As already commented, the carbon atom loses 0.32 a.u. of 
electronic charge upon excitation, 0.12 a.u. of that is lost to 
the two fluorine atoms, while the remainder (0.19 a.u.) goes 
the two nitrogen atoms. Due to molecular geometry, the net 
z-projection of the charge transfers to the nitrogen atoms 
dominate that of the two fluorine atoms (F–C–F = 110.6°, 
N–C–N = 53.7°, in the ground state, with small changes in 
the excited state, see Fig. 2). The resulting CT term of the 
carbon atom in the excited state has its negative end at the 
side of the –N=N– moiety with respect to the xy-plane. This 
flipping of the direction for the CT dipole moment of the C 
atom upon excitation is the dominant effect that reduces the 
overall CT term from +1.59 D in the ground state to only 
+0.68 D in the excited state, a reduction by 0.91 D.

4.6 � Real‑space charge redistribution upon excitation

The overall characteristics of the three-dimensional redis-
tribution of charge upon electronic excitation in difluorodi-
azirine are now examined. The reshaping of the electronic 
charge upon excitation can be visualized by examining 
consecutive isosurfaces of an electron density difference 

map. The electron density difference scalar field is defined 
as:

Since there is no net loss or gain of electrons (N = 38 
e− is constant), the integral of Δρ over all space is zero. 
In other words, if electron density is lost from a region of 
space, it must be gained by another within the molecule.

Figure 3 depicts representations of Δρ for four succes-
sively decreasing values of the isosurface spanning a full 
order of magnitude from 0.050 to 0.005 a.u. In the fig-
ure, the dark isosurfaces denote regions of space that are 
enriched by electrons in the excited state while the light 
gray regions are the regions of electron depletion. The iso-
surfaces in the figure are plotted along with the molecular 
skeleton of the ground state, which is frozen during this 
vertical excitation.

The series of isosurfaces all indicate a consistent sym-
metry of the charge shift upon excitation. The carbon atom 
clearly loses electronic charge whether from regions closer 
to its nucleus or from more diffuse regions, consistent with 
a Δq(C) of +0.32 a.u. (Table 5). The principal accumula-
tion region of electronic charge in this transition is the 
–N=N– moiety, as expected for such an nπ* transition. 
One can observe a loss of charge from the C N=N plane 
in all depicted isosurfaces. This loss, from the sp2 nitrogen 
atoms, occurs from the location of their lone pairs, with 
their highest density being in the plane. In addition, the 
figure shows that considerable charge is also lost from the 

(12)∆ρ ≡ ρ(S1)− ρ(S0).

Fig. 3   Isosurfaces of the total electron density difference scalar field 
upon vertical excitation, Δρ = ρ(S1) − ρ(S0), superposed on a ball-
and-stick model of the optimized geometry of the ground state of dif-
luorodiazirine (CF2N2). The magnitudes of the plotted isosurfaces are 
indicated in atomic units (a.u. = e−/bohr3). Darker surfaces represent 
positive values (regions of electron enrichment upon excitation), and 
light gray regions are those representing electron depletion. Calcula-
tions were done at the (U)QCISD/aug-cc-pVTZ level of theory
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region that connects the carbon atom to each nitrogen and 
contains the C–N bond paths, weakening the bonds.

Table 6 lists some of the basic QTAIM bond, interatomic 
(delocalization), and ring descriptors for the ground state 
and their changes upon excitation, both vertical and adiaba-
tic. The investigated properties include the electron density 
ρ at critical points (CPs) (bond critical points (BCPs) and 
ring critical point (RCP)), the Laplacian of the total elec-
tron density at the bond and ring critical points (∇2ρBCP and 
∇2ρRCP, respectively), the electron delocalization index, 
δ(Ω,Ω’), which counts the number of electrons shared 
between any two atoms in the molecule whether they share 
a bond path or not, the ellipticity (defined in terms of the 
ratio of the two principal negative curvatures at the bond 

critical point, ε = λ1/λ2 −1 ≥ 0, which measures the depar-
ture of the electron density at the BCP from cylindrical 
symmetry with a value of 0 indicating perfect cylindrical 
symmetry), and the potential energy density at the CP, VCP.

An examination of Table 6 reveals that the loss of elec-
tron density from the C–N bonding region, apparent in all 
plotted isosurfaces of Fig.  3, is reflected in a lower elec-
tron density, a higher potential energy density, and a higher 
ellipticity at the corresponding BCPs. Thus, upon verti-
cal excitation, ΔρBCP(S1(vert))  ≈  −0.01 a.u., a value that 
reaches −0.02 a.u. when the geometry is relaxed, which 
suggests weaker C–N bonds in the excited state. The lower 
electron density at the BCP in the C–N bond is accompa-
nied by a rise in the potential energy density at that point, 
ΔVBCP(S1(vert)) ≈  0.03 a.u. and ΔVBCP(S1(ad)) ≈  0.06 a.u., 
which indicates a local relative destabilization of this bond 
path. For this bond, the Laplacian is still negative in the 
excited state (both vertical and adiabatic) but with a smaller 
magnitude indicating a flatter density at the BCP region. 
These observations together with the increased elliptic-
ity point at a weakening of the C–N bond upon excitation 
which is consistent with the observed reactivity of difluoro-
diazirine expressed in reaction (1).

Figure  3 suggests that the principal gain in electronic 
charge from the redistribution of the electron density 
occurs in the region of the –N=N– fragment whereby the 
electron enrichment occurs symmetrically above and below 
the ring plane, i.e., has π-symmetry, as may be expected for 
an nπ* transition. This primary gain of electron density by 
the N2 moiety is consistent with the changes in integrated 
QTAIM charges that indicate that nitrogen is the atom 
most enriched in electron population due to the (adiaba-
tic) excitation—Table 5. Given that the enrichment of the 
–N=N– fragment is not occurring within the ring plane, 
the ρBCP(N=N) hardly changes upon excitation, increas-
ing by only 0.006 (vertical)/0.005 (adiabatic) a.u., while the 
Laplacian is significantly more negative.

The fluorine atoms also gain electronic population but 
only in the more diffuse regions as can be seen from the 
difference electron density maps presented in Fig. 3. Mean-
while, the C–F bonds gain considerable stability once 
the geometry is allowed to relax as can be inferred from a 
shorter bond length, a higher electron density accompanied 
with a lower potential energy density at the BCP, a lower 
ellipticity, and a higher degree of electron sharing (albeit 
marginal) in the excited state. Thus, all indicators point to 
a stronger C–F bond in the excited state, which can also be 
gleaned visually from the most diffuse envelope in Fig.  3 
(the 0.005 envelope) that places density in the C–F bonding 
region. Interestingly, the Laplacian of the density at the BCP 
of the C–F bond become slightly more negative upon verti-
cal excitation but reverses sign and reach a positive value 
of 0.296 a.u. upon geometry relaxation of the excited state. 

Table 6   Basic QTAIM bond critical points (BCPs), non-bonded 
interatomic, and ring critical points (RCPs) properties for the ground 
(S0) and their changes upon vertical and adiabatic excitation (ΔS1(vert) 
and ΔS1(ad), respectively) of difluorodiazirine calculated at the (U)
QCISD/aug-cc-pVTZ level of theory

The electron density and its Laplacian and the potential energy den-
sity at the (bond or ring) critical point, ρCP, ∇2ρCP, and VCP, respec-
tively, are in atomic units (a.u.), while the ellipticity ε and the 
delocalization index (δ(Ω,Ω′)) are dimensionless. The change in a 
property is defined as the difference between a given parameter (P) in 
the excited state P(S1) minus its value in the ground state P(S0), that 
is, ΔP = P(S1) − P(S0)

Ω–Ω′ ρCP ∇2ρCP δ ε VCP

N=N

 S0 0.458 −1.108 1.563 0.040 −0.970

 ΔP(S1(vert)) 0.006 −0.201 −0.131 −0.022 0.022

 ΔP(S1(ad)) 0.005 −0.253 −0.132 −0.090 0.032

C–N

 S0 0.311 −0.830 0.712 0.450 −0.585

 ΔP(S1(vert)) −0.008 0.235 0.054 0.557 0.028

 ΔP(S1(ad)) −0.016 0.361 0.036 0.560 0.062

C–F

 S0 0.290 −0.016 0.574 0.277 −0.914

 ΔP(S1(vert)) 0.005 −0.007 −0.019 −0.232 −0.006

 ΔP(S1(ad)) 0.034 0.311 −0.028 −0.238 −0.189

F…F

 S0 0.141

 ΔP(S1(vert)) 0.030

 ΔP(S1(ad)) 0.053

F…N

 S0 0.093

 ΔP(S1(vert)) 0.016

 ΔP(S1(ad)) 0.020

C N=N
 S0 0.271 0.308 −0.561

 ΔP(S1(vert)) 0.014 −0.152 0.033

 ΔP(S1(ad)) 0.006 −0.139 0.058
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The inversion of the sign of the Laplacian may reflect the 
much higher ionicity of this bond in the adiabatic excited 
state as the difference in the charges of the bonded atoms, 
q(F) − q(C), reaches −3.060 a.u. in the adiabatically excited 
state when it only equals −2.680 a.u. in the ground state.

The picture that emerges from the analysis of QTAIM 
bond properties points to a weakening of the C–N bonds 
with an accompanying strengthening of C–F bonds on 
excitation favoring the products of Reaction (1).

To obtain further insight into the charge redistribution 
upon excitation, the topography of the Laplacian of the total 
electron density (∇2ρ) scalar field is now examined. It is well 
known that regions where ∇2ρ >  (<) 0 are regions of local 
depletion (concentration) of the electron density relative to 
its average distribution that act as acidic (basic) region in the 
Lewis sense. A chemical reaction proceeds by aligning an 
attacking “lump” in the valence shell charge concentration 
(VSCC) of a Lewis base region in a donor with a “hole” in 
the VSCC of an acidic region in an acceptor [18].

Atoms that are covalently bonded exhibit a charge 
concentration in the bonding region and hence a negative 
Laplacian at the BCP. Charge concentrations can also be 
observed in regions that are normally associated with lone 
pairs. This latter observation is a manifestation of what 
is termed “partial pair condensation,” that is, regions of 
space where the probability of occupation by a single pair 
of electrons is greater than the molecular average [64, 65]. 
The Laplacian of the electron density provides an approxi-
mate mapping of electron pairing determined in the six-
dimensional space of the pair density onto the real three-
dimensional space of the electron density [65].

Figure 4 displays the Laplacian scalar field (∇2ρ) in the ring 
plane of both the ground and excited states of difluorodiazirine. 
The region expected for the partial pair condensation associated 
with the lone pairs on the nitrogen atoms in the ground state is 
displayed in the figure as an isosurface (∇2ρ = −2.0 a.u.) that 
encloses a negative region of local charge concentration associ-
ated with each one of the two nitrogen atoms (Fig. 4a). This 
isosurface disappears completely upon excitation as shown in 
Fig. 4b where now the most negative contour surrounding the 
negative region is of magnitude of only 0.8 a.u., indicating the 
loss of the former partial pair condensation from the ring plane 
due to the nπ* excitation.

4.7 � Changes in the molecular electrostatic potential 
(ESP) upon excitation

Recently, Kim et al. [56] studied the molecular electrostatic 
potential (ESP) and the dipole moment of carbon monox-
ide in its ground (X 1Σ+) and excited triplet (3Π) states at 
the CCSD(T)/aV5Z level of theory. At this level of theory, 
the reported dipole moment magnitude is 0.11 D and points 
its positive end toward the oxygen atom (−

−−−→
C = O+) [56] 

consistent with well-known experimental and computa-
tional results. Kim et al. then find that, in the ground state, 
the ESP of CO exhibits negative regions at both atom ends 
with the carbon end having more negative values. In other 
words, a positively charged species approaching along the 
molecular axis would favor the carbon atom over the oxy-
gen atom. In contrast, a negative reactant would approach 
the cylindrical surface surrounding the bond as it exhib-
its a positive ESP. The topography of the ESP is, hence, 
dominated by two nodal surfaces separating the end-atom 
regions from the region concentric with the C–O bond axis.

In the excited triplet state of CO, the calculated dipole 
moment is reversed with its negative pole on the side of the 

Fig. 4   Laplacian of the electron density (∇2ρ) in the N–C–N plane of 
difluorodiazirine in its ground and vertically excited state (S0 and S1, 
respectively). a Contours of ∇2ρ in S0 along with the ∇2ρ = −2.0 a.u. 
isosurface at the anticipated position of the lone pair of each nitrogen 
atom. The ∇2ρ = −2.0 a.u. isosurface also surrounds the two fluo-
rine atoms (only one F atom is shown as the second is eclipsed in this 
view). Each F atom has a second internal isosurface of ∇2ρ = −2.0 
a.u. hidden by the external solid isosurface. b Contours of ∇2ρ in 
the vertically excited S1 state with the same selected isosurface 
(∇2ρ = −2.0 a.u.) enclosing the fluorine atoms, but no longer exhib-
its the charge concentrations attributed to the lone pairs. The contour 
enclosing the lone pair regions is now of a magnitude of only 0.8 
a.u. (instead of 2.0 a.u. in S0). (Dashed blue contours depict ∇2ρ > 0, 
while red solid contours depict ∇2ρ < 0. Contours start from the out-
side inward with magnitudes: 0.001, 0.002, 0.004, 0.008, 0.02, 0.04, 
0.08, 0.2, 0.4, 0.8, 2, 4, 8, 20 a.u. Calculations were done at the (U)
QCISD/aug-cc-pVTZ level of theory)
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oxygen atom +
←−−−
C = O− and with a (substantial) magnitude 

of 1.39 D (CCSD(T)/aV5Z) [56]. The triplet CO is found to 
exhibit a positive ESP at the carbon end and a negative ESP 
at the oxygen end. This considerable reorganization of the 
topography of the ESP is accompanied with the replace-
ment of the two nodal surfaces observed in the ground state 
by only one nodal surface separating the positive region 
surrounding the carbon atom from the negative one sur-
rounding the oxygen atom.

There are some parallels between difluorodiazirine and 
CO, and these are: (1) Both ground states have very small 
or vanishing dipole moments despite of the fact that the 
two molecules are composed of atoms with highly differ-
ent electronegativities and (2) a significant dipole moment 
arises upon electronic excitation of these two molecules.

Given the above similarities in the dipolar behavior of 
the two molecules, and following the lead of Kim et al., the 
changes in the ESP of diazirine accompanying electronic 
excitation are now explored. Representations of difluorodi-
azirine’s ESP in the ground and excited states in the two 
symmetry planes σv (the C N=N ring plane) and in the σv′ 
plane (the F–C–F plane) are shown in Fig. 5.

The left of the top panel in Fig.  5 represents the ESP 
in the σv′ plane and shows a region of negative ESP at the 
side of the fluorine atoms leaving the rest of the plane to 
exhibit positive ESP contours throughout. Upon rotation 
by 90° around the z-axis to the ring σv plane, one notes a 
remnant of the negative region from the side of the fluo-
rine atoms along the bisector of the F–C–F angle. More 
importantly, the ring plane features two dominant negative 

Fig. 5   Contour maps of the molecular electrostatic potential (ESP) of 
difluorodiazirine in its ground and vertically first singlet excited state 
(S0 and S1, respectively). The top panel (a) represents the contours of 
the ESP in S0, while the bottom panel (b) shows the respective con-
tours for the vertically excited state S1. Every panel consists of a plot 
in the σv’ plane (the F–C–F plane) (i) and in the σv (the N–C–N ring 
plane) (ii), and both planes are slightly tilted in the figure for a bet-

ter view. Contours of regions shaded in dark gray (with blue contour 
lines) depict regions of negative ESP, while the light regions (with 
red contour lines) are those where the ESP is positive. (Contours start 
from the outside inwards with magnitudes of 0.001, 0.002, 0.004, 
0.008, 0.02, 0.04, 0.08, 0.2, 0.4, 0.8, 2, 4, 8, 20 a.u. Calculations were 
done at the (U)QCISD/aug-cc-pVTZ level of theory)
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regions characteristic of the lone pairs of the two sp2 nitro-
gen atoms, and the two regions merge at large distances 
from the molecule. The topography of the ESP scalar field 
is, thus, characterized by two infinite nodal surfaces sepa-
rating two regions of negative ESP at the molecule’s end 
(along the extremities of the C2 axis (z-axis)) from a mid-
section of positive electrostatic potential. The two nodal 
surfaces in the ESP of the ground-state difluorodiazirine 
are displayed in Fig. 6a. Beside the distortion of the form 
of the nodal surfaces dictated by the geometry and symme-
try of difluorodiazirine, this topography is reminiscent of 
that of the ground state of CO reported by Kim et al. [56].

The ESP of the vertically first excited singlet state of 
difluorodiazirine has a different topography governed com-
pletely by the redistribution of electronic charge in the 
excited state (no nuclear contribution to the change in the 
ESP here since the molecular skeleton is frozen). A strik-
ing change in the excited state ESP is the disappearance of 
the negative region from the side of the fluorine atoms in 
both perpendicular planes and the appearance of negative 
ESP above and below the N=N bond as shown in Fig. 5b,i. 
Concomitant with this appearance of negative ESP above 
and below the nitrogen atoms is the significant reduction 
in the magnitude of the negative ESP that was ascribed to 
the lone pair in the ground state (due to the nπ* excitation). 
The net result of these changes is the replacement of the 
two nodal surfaces of the ground state with only one in the 
excited state that separates a negative potential region at the 
side of the nitrogen atoms from a positive region elsewhere 
(Fig. 6b).

5 � Conclusions

A real-space explanation for the null dipole moment 
of difluorodiazirine in the ground state and its sharp 

change upon its spin-allowed electronic excitation is 
presented. This orbital-free explanation is formulated 
in terms of a quantum mechanical observable [58, 
59], that is, the electron density, a quantity accessible 
from both theory [18] and from experiment [60–62]. 
The weakening of the C–N bonds upon excitation, as 
indicated by the QTAIM bond properties, is consist-
ent with favoring reaction (1) to proceed in the forward 
direction to produce the difluorocarbene radical (:CF2) 
upon flash photolytic decomposition of 3,3′-difluorodi-
azirine (CF2N2).

The observed lack of a dipole moment for the ground 
state of this molecule is the result of a cancelation 
between the charge transfer and atomic polarization 
dipolar contributions. This balance of opposite con-
tributions is disturbed upon excitation due to the flow 
of electronic charge toward the –N=N– moiety. This 
charge flow leads to a dramatic change in the charge 
transfer term without affecting the atomic polarization 
significantly. Since the two contributions are opposite 
in sign, this reduces the cancelation that exists in the 
ground state leading to the observed dipole moment in 
the excited state (which points its negative end toward 
the nitrogen atoms).

This decomposition/reconstruction of the dipole 
moment in the first singlet excited state of difluorodi-
azirine does not require more than the charge density. 
No explicit reference is made anywhere to the full den-
sity matrix nor to any particular molecular orbital or 
set of orbitals. The electronic structure calculation was 
merely used to generate the density, but this density 
could have been obtained from X-ray diffraction with 
the possible prohibition of only technical difficulties 
such as crystallization and/or lifetime problems. This 
is the strength of this approach, namely that it results 
from a real-space orbital-free analysis of a quantum 
observable, the electron density, and equivalently the 
total charge density (including the point-like nuclear 
charge distribution) and its associated electrostatic 
potential.

Finally, a comparison of calculated spectroscopic, geo-
metric, and electric properties of difluorodiazirine with 
experiment in both the ground and the first singlet excited 
states demonstrates that the level of theory denoted as (U)
QCISD/aug-cc-pVTZ is adequate to study this molecule. 
This result can be useful if this real-space approach is 
adopted in the study of substituted diazirines.

Note added in proof  A study of the different reaction channels and 
their corresponding potential energy surfaces of dissociation of sev-
eral diazirines have just appeared. The reported calculations at the 
composite level of theory G3 are in good agreement with experimen-
tal kinetic results which supports the mechanisms proposed by the 
authors [67].

Fig. 6   Nodal surfaces in the molecular electrostatic potential (ESP) 
of difluorodiazirine in its ground and vertically excited state, S0 (a) 
and S1 (b), respectively. (Calculations were done at the (U)QCISD/
aug-cc-pVTZ level of theory)
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