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Abstract

Carbenes are unstable biradical molecules with a longer lifetime in space than on Earth. This theoretical study focused on
analyzing the spectroscopic properties of methylene and monohalogenated and dihalogenated derivatives in the ultraviolet-
visible range. Structures of these compounds can exist in two electronic states depending on the orbitals containing the non-
bonding electrons: singlet Sp and triplet T1. Three theoretical levels HF/6-311++G (d, p), MP2/6-311++G (d, p), and B3LYP/6-
311++G (d, p) were used to perform this analysis. Absorption spectra were calculated for the optimized structures (So and T1) of
methylene, three hydrohalogenocarbenes and two dihalogenocarbenes at each of the chosen theoretical levels. The calculations
allowed us to study the behavior of these carbenes in ultraviolet-visible absorption. It was determined that, at maximum
absorption, all of these carbenes in the singlet So state absorb in the visible range. However, in the T triplet state, they absorb in
the ultraviolet range. Under maximum oscillation conditions, these carbenes absorb in the ultraviolet regardless of the electronic
state of the structure. The calculated absorption wavelengths show that the transition from the ground state to their excited states
of the studied carbenes is sometimes accompanied by a bathochromic effect and sometimes by a hypsochromic effect.
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1. Introduction

To date, approximately 200 polyatomic chemical species  the simplest of the carbenes. It is the subject of this study.

(molecules, free radicals, or ions) have been detected in inter- The presence of methylene and free radicals in the interstel-
stellar space using spectroscopy. The first molecule detected lar medium shows that carbenes can be found in space. These
in interstellar space, in 1937 [1], was the CH radical (methyl- molecular entities are very short-lived biradicals.

idene). Methylene [2] was detected in 1995. This species is Carbene species are neutral organic species composed of a
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divalent carbon atom with six valence electrons: two electrons
in each bond with neighboring atoms and two unbound elec-
trons. They are produced by the photolysis of “Diazo” or “Di-
azirine” compounds. They are also characterized by two elec-
trons not involved in bonds (Figure 1).
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“Diazirine” compound “Diazo” compound

Figure 1. carbene production by photolysis.

Carbene molecules can exist in two different forms depend-
ing on the orbitals occupied by the non-bonding electrons: the
singlet form (S and S;) and the triplet form (T,) [3-7] (Figure
2). In the singlet form, the two electrons are paired in one of
the sp hybrid orbitals. However, the triplet form has two un-
paired electrons. They are located, respectively, in one of the
sp?hybrid orbitals and in the vacant p, orbital.

B B ok
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Excited singlet state S,

Singlet ground state S, Excited triplet state T,

Figure 2. Different electronic states of carbenes.

These electrons, not involved in bonds, make carbenes un-
stable. They are considered highly reactive transient species
that are difficult to isolate. However, these molecules can be
found in space, where they have a longer lifetime, whereas in
the terrestrial environment, direct access to them is difficult,
even impossible. Hence the interest in studying them using
theoretical chemistry. Adésti and al. [8] studied the stability
and reactivity of carbenes using two semi-empirical methods,
AML1 and MNDO. Their results showed low accuracy in ana-
lyzing the properties of carbenes and a recurring discrepancy
between calculated and experimental values.

The aim of this work is to use absorption properties to iden-
tify carbenes (methylene and its analogs). This involves deter-
mining the ultraviolet absorption spectra and related proper-
ties of carbenes. Various theoretical approaches are used to
perform these calculations, including ab initio methods and
density functional theory.

2. Materials and Methods

2.1. Structures of the Molecules Studied

As well as methylene, three (03) hydrohalogenocarbenes
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and two (02) dihalogenocarbenes were studied in this work.
Table 1 shows these molecules.

Table 1. Structures of methylene and five studied carbene derivatives
Absorption wavelengths.

Hydrohalogenocar- Dihalogenocar-

Methylene

benes benes
H X,
H Ve °C/0L
. < :C{a {
L) X,
X
{H
X =ForClorBr X1=X2=ForCl

2.2. Computational Methods

The calculations for this study were performed in the gas
phase using the Gaussian 09 [9] software. Three Ab Initio
methods were used: the Hartree-Fock method [10, 11] (HF)
and two post-HF methods [11]: MP2 and CIS [12]. the Den-
sity Functional Theory (DFT) method was also employed us-
ing the B3LYP functional [13, 14]. Each of these methods in-
volved optimizing the geometry of all the structures.

A single-point calculation is then made on each optimized
structure using the CIS method in the RHF framework for the
singlet state Sp and in the UHF framework for the triplet state
T1. For each calculation, the 6-311++G (d, p) triple-zeta basis
set is used in association with the chosen method. In particular,
The CIS configuration interaction method was used to deter-
mine the absorption wavelength and the corresponding oscil-
lation strength.

3. Results and Discussion

Absorption Properties of the Studied

For each of the seven carbenes studied, the singlet So and
triplet T states were submitted to the calculations described
in Section 1.2. Thus, we determined the maximum absorption
wavelength (4,,,,) and the corresponding oscillator strength
(f)- In addition, we considered the maximum value of this
strength (f,,.,) @and the associated wavelength. For the analy-
sis of the results, the difference A,,,4,(So) — Amax(T1) s de-
noted by AA,,.,. For the maximum values of the oscillation
strength of states S and T1, the difference between the corre-
sponding wavelengths A(S,) — A(T;) is denoted by AA.
When A4, Or AZ is positive, this is referred to as a batho-
chromic effect; otherwise, it is referred to as a hypsochromic
effect.

3.1. Absorption of the Methylene

Table 2 and Table 3 show the results obtained for methylene,
which were used to calculate A\ and AA,,,,, respectively.
These values were calculated using different levels of theory.
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Table 2. Absorption wavelengths 1 (nm) and shifts A2 (nm) associated with the maximum oscillation force f,,,, in the So and T1 elec-
tronic states of methylene; values calculated using the 6-311++G(d,p) basis set associated with different methods.

Calculation p fmax
method So Ty So

HF 125 126 0.20
B3LYP 125 129 0.20
MP2 125 127 0.20

The HF/6-311++G**, MP2/6-311++G**, and B3LYP/6-
311++G** theory levels used for the calculations yield con-
sistent results for the same electronic state Sp or T1 at maxi-
mum oscillation (f,4.). These calculations identify the T,
state as the ground state of methylene [15]. The wavelengths
associated with these electronic states all lie in the ultraviolet
(UV) range. According to our calculations, the absorption
wavelength of the singlet state (So) of methylene is 125 nm.
The values obtained clearly show that the wavelength A (nm)
is higher in the T, state than in the Sy state. The difference
between the absorption bands of the excited Sy state of meth-
ylene and its ground state T; is negative. It ranges from -1 nm

AL Af
Ty A(Sp) — A(Ty) f(So) — f(T1)
0.08 -1 0.12
0.08 -4 0.12
0.08 -2 0.12

to -4 nm. The transition of methylene from its ground state T,
to the S state is accompanied by a hypsochromic effect.

The calculation methods used estimate that the maximum
oscillation force (f;,q,) higher in the excited electronic state
Sothan in the ground state T1. For a given electronic state, the
value of the oscillation force is constant. It is 0.20 for the So
state and 0.08 for the T state. This force is higher in the singlet
So state.

The values of the maximum absorption wavelengths and
those of the corresponding oscillation forces, for these two
electronic states of methylene are calculated and given in Ta-
ble 3.

Table 3. Maximum absorption wavelengths (4,,,, in nm) and corresponding oscillation forces fin the electronic states So and T1 of meth-
ylene calculated with the HF, MP2 and B3LYP methods with the 6-311++G** function basis.

Calculation 2 Fmax
method So T, So

HF 790 172 0.009
B3LYP 742 173 0.009
MP2 749 172 0.009

Data in Table 3 clearly show that under conditions of max-
imum absorption, the wavelengths are very different from
those at maximum oscillation. These increase very signifi-
cantly when absorption is maximal in both the Sp and T, elec-
tronic states of methylene. According to the three levels of
theory used, the maximum absorption of methylene T
(ground state) is observed in the UV range with an average
wavelength A,,., = 172 nm. However, methylene in the
excited electronic state Spabsorbs most strongly in the visible
range. The HF, B3LYP, and MP2 methods estimate A,,,, to
be 790 nm,742 nm and 749 nm respectively. When
absorption is at its maximum, the transition from the ground
electronic state T1 to the excited state So of methylene is ac-
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AL Af
Ty A(So) — A(T1) f(So) — f(T1)

0.040 619 -0.031

0.037 569 -0.028

0.039 577 -0.030

companied by a bathochromic effect. The gap between the ab-
sorption bands of the excited state Sp of methylene and its
ground state T is positive and very large. It range from 569
nm to 619 nm.

When methylene absorption is at its maximum, the oscilla-
tion forces are higher in the triplet state T;. This constant is
opposite to that shown in Table 2, which was obtained when
oscillation was at its maximum.

3.2. Absorption of Hydrohalogenocarbenes

The results of the calculations of the absorption wave-
lengths (1) and oscillation forces of the hydrohalogenocar-
benes are reported in Tables 4 and 5.
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Table 4. Absorption wavelengths 2 (nm) and shifts A1 (nm) associated with the maximum oscillation force f,,,, in the So and T elec-

tronic states of hydrohalogenocarbenes calculated with three methods.

A [nax
Hydrohalo-genocarbenes

So T, So
HF/6-311++G(d,p)
CHF 104 123 0.262
CHCI 151 158 0.219
CHBr 142 155 0.268
B3LYP /6-311++G(d,p)
CHF 104 124 0.256
CHCI 152 157 0.208
CHBr 141 180 0.307
MP2 /6-311++G(d,p)
CHF 104 124 0.259
CHCI 149 157 0.229
CHBr 142 155 0.232

Data in Table 4 indicate that these hydrohalogenocarbenes
in the Sp and T+ states, when the oscillation force is at its max-
imum, absorb in the ultraviolet range. Calculations estimate
that, for a given hydrohalogenocarbene in the same electronic
state, the values of the absorption wavelengths are very close.
Only one value of A deviates from this observation. This is
the value obtained (A =180 nm ) at the B3LYP/6-
311++G(d,p) level for hydrohalogenocarbene in its triplet
stateT;. For the three hydrohalogenocarbenes CHF, CHCI,
and CHBr, calculations show that the absorption wavelength
is shorter for CHF and longer for CHCI. Furthermore, for all
three compounds, the wavelength is longer at state T, than at
state So.

Aﬂ‘ Afmax

T, A(T1) — A(S,) f(T1) — f(So)

0.063 19 0.2
0.051 7 0.2
0.047 14 0.2
0.062 20 0.2
0.051 6 0.2
0.362 39 -0.1
0.061 20 0.2
0.052 8 0.2
0.069 14 0.2

The singlet state S, more stable than the triplet state T, for
hydrohalogenocarbenes, corresponds to the ground state of
these compounds. For these compounds, the transition from
the ground state to the excited state T1 occurs by absorption
with a bathochromic effect.

Data in Table 4 shows that the maximum oscillation force
(fimaz) 1S higher in the ground state (So). Its value varies by the
same amount (0.2) between the two electronic states Sp and T
in the three hydrohalogenocarbenes.

The values of the maximum absorption wavelengths and
those of the corresponding oscillation forces, for these two
electronic states of the three hydrohalogenocarbenes, are also
calculated and reported in Table 5.

Table 5. Maximum absorption wavelengths (1,4, in nm) and corresponding oscillation forces fin the electronic states So and Tz of hydro-

halogenocarbenes calculated with three methods.

y) fmax
Hydrohalo-genocarbenes

So Ty So
HF/6-311++G(d,p)
CHF 479 174 0.017
CHCI 598 204 0.010
CHBr 625 239 0.008

B3LYP /6-311++G(d,p)
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Al Afmax

T, A(T1) — A(Sp) f(T1) — f(So)

0.032 -305 -0.01
0.000 -394 0.01
0.000 -386 0.01
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y) fmax
Hydrohalo-genocarbenes
So T, So

CHF 470 172 0.016
CHCI 580 202 0.010
CHBr 601 236 0.008
MP2 /6-311++G(d,p)

CHF 475 172 0.016
CHCI 593 201 0.009
CHBr 613 234 0.008

Data in this table clearly show that under maximum absorp-
tion conditions, the wavelengths are very different from those
at maximum oscillation. They increase significantly when ab-
sorption is maximum in both the Sq and T electronic states of
hydrohalogenocarbenes. Our calculations indicate that the ab-
sorption wavelength remains lower for the CHF compound
and higher for the CHBr compound. Furthermore, for all three
compounds, the wavelength is higher in the S state than in the
T, state. Between the ground states So of hydrohalogenocar-
benes [15] and their excited states T4, there is a significant de-
crease in the maximum absorption wavelength. This transition
is accompanied by a significant hypsochromic effect.

The three levels of calculations consistently indicate that
these molecules, in their T, electronic states, absorb in the UV
range. The maximum absorption lengths A4,,,, vary between

T, A(T1) — A(Sp) f(T1) — f(So)
0.030 -298 -0.01

0.000 -377 0.01

0.000 -365 0.01

0.032 -303 -0.02

0.001 -392 0.01

0.000 -379 0.01

174 and 236 nm. In the Sg electronic state, the calculated max-
imum absorption lengths A,,,, Vvary between 475 and 625 nm.
These absorptions are all located in the visible range.

With the exception of the CHF compound, the oscillation
force associated with A1 ., IS greater in the So state. It is
zero for the hydrohalogenocarbenes CHCI and CHBr in the T,
state. In the CHX compounds (X = F, Cl, Br) in the S state, it
decreases as the atomic number increases.

3.3. Absorption of Dihalogenocarbenes

The results of the calculations of the absorption wave-
lengths (1) and oscillation forces of the dihalogenocarbenes
are reported in Tables 6 and 7.

Table 6. Absorption wavelengths 1 (nm) and shifts 42 (nm) associated with the maximum oscillation force f,,,, in the So and T1 elec-

tronic states of dihalogenocarbenes calculated with three methods.

y) fmax
Dihalogeno-carbenes

So T, So
HF/6-311++G(d,p)
CF2 115 108 0.212
CCI2 167 153 0.058
B3LYP /6-311++G(d,p)
CF2 113 168 0.216
CCI2 138 153 0.120
MP2 /6-311++G(d,p)
CF2 125 111 0.179
CCI2 136 152 0.191
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Aﬂ' Afmux

T, A(T) — A(Sy) f(T1) — f(So)

0.034 -7 0.18
0.047 -14 0.01
0.027 55 0.19
0.045 15 0.07
0.028 -15 0.15
0.050 16 0.14
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Results in Table 6 reveal no general trend in the absorption
wavelength of one electronic state compared to another. It is
sometimes longer for the Sy state and sometimes shorter for
the SO state. The DFT (B3LYP) and MP2 methods estimate
that the absorption wavelength associated with f,,,,, is longer
when the CCl, compound is in the T; state, contrary to the HF
method. For the CF, compound, HF and MP2 calculations es-
timate that the absorption wavelength of the Sy state is greater
than that of the T, state. The DFT method predicts the opposite.
All these results indicate that from the ground state So to the
T, state, the UV absorption of the CF, and CCIl, compounds is
sometimes accompanied by a bathochromic effect and some-

times by a hypsochromic effect. The results show that the di-
halogenocarbenes CF, and CCly, in the So or Ty electronic
state, absorb in the ultraviolet. In the T; state, the compound
CCl; absorbs at 253 nm according to the three calculation
methods.

The maximum oscillation force constant is higher when the
compound is in the Sp state. But for a given state, the maxi-
mum oscillation force decreases as the atomic number (Z) of
the halogen increases.

The values of the maximum absorption wavelengths and
those of the corresponding oscillation forces, for the two elec-
tronic states of the dihalogenocarbenes studied are also calcu-
lated and reported in Table 7.

Table 7. Maximum absorption wavelengths (1,4, in nm) and corresponding oscillation forces fin the electronic states So and Tz of dihal-

ogenocarbenes calculated with three methods.

A fmax
Dihalogeno-carbenes

So T, So
HF/6-311++G(d,p)
CF2 232 170 0.075
CCI2 469 236 0.009
B3LYP /6-311++G(d,p)
CF2 237 168 0.071
CCI2 462 240 0.009
MP2 /6-311++G(d,p)
CF2 289 168 0.059
CCI2 469 235 0.009

Results in Table 7 illustrate that the maximum wavelength
(A max) Of the studied dihalogenocarbenes is greatest in the
ground state So [15]. According to the results of the three cal-
culation methods, the CF, compound absorbs in the ultraviolet
in both the ground state Sp and the excited state T1. As for the
dichlorocarbene, it absorbs in the visible in the Sy state and in
the ultraviolet in the excited state T1. For dihalogenocarbenes,
the transition from the Sy state to the T state is accompanied
by a decrease in the maximum absorption wavelength (hypso-
chromic effect). All calculations yield more consistent values
for the maximum wavelength (1 ,,4,) for the T, state com-
pared to the Sy state.

Compared to hydrohalogenocarbenes, dihalogenocarbenes
exhibit a significant decrease in the maximum absorption
wavelengths of the S state. This decrease is even more pro-
nounced for compound CF». In the T; state, compounds CHF
and CF, have very similar maximum absorption wavelengths
(168 nm to 172 nm). Comparison of the maximum absorption
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AA‘ Afmux

Ty A(T1) — A(So) f(T1) — f(So)

0.028 -62 0.05
0.001 -233 0.00
0.027 -69 0.04
0.001 -222 0.01
0.028 -121 0.03
0.001 -234 0.01

wavelengths of CHCI and CCl, compounds in the T, state
shows an increase from 32 nm to 38 nm for CCl, according to
the different calculation methods.

The oscillation force associated with 4,4, is estimated to
be very low, particularly for dichlorocarbene (CCl,). For
difluorocarbene (CF,), the value of this force is always lower
in the T electronic state.

4. Conclusion

This study demonstrated, using three levels of theory, that
when the oscillation force of methylene is at its maximum
(fimazx), both the electronic states T1 (ground) and So (excited)
of methylene absorb in the ultraviolet. These calculations also
reveal that the absorption accompanying the transition from
the Ty to the Sp electronic state of methylene undergoes a
wavelength decrease; hence, a hypsochromic effect. However,
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under the conditions of maximum absorption (4,,,,), the two
states T1 and So of methylene absorb in two distinct spectro-
scopic ranges. In its ground state (T1), methylene absorbs in
the ultraviolet. When this carbene is in its excited state (So), it
absorbs in the visible, according to all the levels of theory used.

Extending the calculations to hydrohalogenocarbenes, we
found that the Sy electronic state is the ground state of these
carbenes. Both the Sp and T electronic states of the studied
hydrohalogenocarbenes absorb in the ultraviolet when the os-
cillation forces are at their maximum. However, the absorp-
tion accompanying the transition from their Sq to T electronic
states undergoes an increase in wavelength; hence, a batho-
chromic effect. When absorption is at its maximum, the stud-
ied hydrohalogenocarbenes, in their So ground electronic state,
absorb in the visible spectrum. In their excited T, state, they
absorb in the ultraviolet.

Applied to the two dihalogenocarbenes CF, and CCly, the
theoretical levels used show that both the ground electronic
state Sp and the excited electronic state T, absorb in the ultra-
violet. When the oscillation forces are at their maximum, the
transition from the Sy to the T electronic state for these com-
pounds is sometimes accompanied by a bathochromic effect
and sometimes by a hypsochromic effect. When absorption is
at its maximum, only the So electronic state of CCl; absorbs in
the visible region. In its excited state Ty, this compound ab-
sorbs in the ultraviolet. Both the So and T states of the carbene
CF; absorb in the ultraviolet.

Abbreviations

uv Ultraviolet
SO State Singlet State
T1 State Triplet State
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