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Singlet—Triplet Energy Splitting and Excited States of Phenylnitrene
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The vertical and adiabatic singlet—triplet energy splittings (AEst) of phenylnitrene were computed by a variety
of multireference configuration interaction and perturbation theory methods employing basis sets of up to
quadruple-£ quality and extrapolation to the complete basis set limit. The vertical and adiabatic energy gaps
are 18.9 and 15.9 kcal mol ™!, respectively, the latter in reasonable agreement with the revised experimental
value of 15.1 & 0.2 kcal mol™!. The energy difference between both states at the geometry of the a 'A,
singlet state was also considered and amounts to 13.8 kcal mol~!. In obtaining accurate state energy splittings,
basis set completeness turns out to be a more important issue than the level of dynamical electron correlation
treatment. Density functional theory that is frequently employed to investigate phenylnitrenes and their
rearrangements yields varying results and, depending on the functional, gives adiabatic energy differences
between 9 and 16 kcal mol~'. The b 'A; state has a similar geometry as the ground state of 1 and is 31 kcal
mol~! higher in energy. According to best estimates, the next higher singlet states, & 'A; and d 'B;, are 57
and 72 kcal mol~! above the ground state. In the triplet manifold, vertical excitation energies to the A B,

and B 3A, states are 71 and 77 kcal mol~!, respectively.

Introduction

Phenylnitrenes are among the most thoroughly investigated
reactive intermediates that are readily available from the
photolysis or thermolysis of aryl azides.! The reactivity of these
intermediates strongly depends on the conditions under which
they are formed and the electronic state from which further
reactions take place. It is well-established experimentally!? as
well as computationally'? that the parent phenylnitrene (1) has
a X 3A, triplet ground state in which the formally nonbonding
orbitals 8by and 3b; are singly occupied (Figure 1). The first
excited singlet state (a 'A;) has the same open-shell electronic
configuration. The next higher-lying excited states b 'A; and &
A, are closed-shell singlets with a significant two-configura-
tional character and leading configurations (8by)? and (3b;)?,
respectively.? Intermolecular rearrangements of 1 at temperatures
above 165 K frequently take place from the 4 'A, state that is
initially generated from azide precursors, whereas at lower
temperatures, intersystem crossing to the triplet ground state is
usually preferred.3s

The adiabatic excitation energies to the first two singlet
states were determined by negative ion photoelectron spec-
troscopy to be 18.3 £ 0.7 and 30 &+ 5 kcal mol™!,
respectively.?>¢ The former value was reconsidered recently,
and an improved AEst of 15.1 £ 0.2 kcal mol™! was
reported.* Computationally, the lowest electronic states of 1
were subject to various studies.? Early work up to 2000 was
summarized in a recent review by Karney and Borden.? At
the highest level of theory published so far, Gritsan and co-
workers investigated the vertical excitation energies of singlet
and triplet phenylnitrene at the CASPT2 level.32 In our recent
work on dehydrophenylnitrenes and didehydrophenylnitrenes,
we found it useful to refer to the ground- and excited-state
properties and energies of 1 to rationalize the more complex
electronic structures of these derivatives.> As part of these
studies, we present in this paper a detailed investigation of
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the excited states of phenylnitrene employing highly accurate
multireference configuration interaction methods and a
systematic investigation of basis set convergence with a
special focus on the singlet—triplet gap of 1.

Theoretical Methods and Computational Details

Geometries of the X 3A,, 4 'A,, and b 'A; states of 1 were
optimized at the complete active space self-consistent field
(CASSCF) level;® the (8,8) active space covers the six benzene
valence s orbitals and the two formally singly occupied p
orbitals at nitrogen (Figure 1). This wave function also served
as reference in all multireference (MR) calculations discussed
in this work. Dynamical electron correlation was accounted for
by Rayleigh—Schrodinger perturbation theory to second (RS2)
or third order (RS3) or by truncated configuration interactions
including single and double excitations (CISD) from the
reference configurations.® Internal contraction was applied
throughout to keep the number of configurations in the CI
expansion manageable, whereas only the doubly external
excitations were contracted in perturbation theory. Because of
the lack of size-extensivity of truncated CI wave functions, the
latter approach requires additional corrections (e.g., the Davidson
correction, denoted as CISD + Q).° Alternatively, corrections
inspired by the cluster expansion were applied, as in the
multireference averaged quadratic coupled-cluster (AQCC) and
multireference averaged coupled-pair functional (ACPF) meth-
0ds.!0 The latter is generally considered to represent a particu-
larly suitable compromise between multireference and size-
extensivity effects. If not mentioned otherwise, energies of
higher excited states within a given irreducible representation
are derived from state-specific calculations, but generally, state-
averaged computations were carried out for comparison. The
frozen-core approximation was applied in all ab initio calcula-
tions. Apart from these high-level approaches, the lowest
electronic singlet and triplet states also were optimized by
various unrestricted DFT methods. The cc-pVXZ family of
Dunning’s polarized correlation-consistent basis sets (employing
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Figure 1. Orbital energy diagram for leading configurations of phenylnitrene (1) in the five lowest electronic states. Occupation numbers of natural
orbitals are given in italics, and the CI coefficient (C;) of the respective configuration in the CASSCF wave function is given in bold.

pure spherical harmonics) was used throughout, where the
cardinal number X equals 2, 3, and 4 for double-§, triple-&, and
quadruple-£ basis sets (X = D, T, Q), respectively.!! The
computed energies were extrapolated to the complete basis set
limit (CBL) according to eq 1 (for details, see ref 12).

EX)=E_+ AX *+ BX° 1)

Geometry optimizations and frequency calculations were carried
out with Gaussian 98,'> whereas energies were obtained with
the MOLPRO 2000.1 suite of programs.'4

Results and Discussion

Initial calculations of the two or three lowest roots in each
irreducible representation were carried out at the CASSCF/cc-
pVTZ level, and energies were refined employing the ACPF/
cc-pVTZ method. Structures of the three lowest electronic states
of 1 and vertical excitation energies to all singlet and triplet
states within 100 kcal mol~! of the ground-state energy (at the
CASSCEF level) are summarized in Figure 2 and Table 1.

At the ACPF level, the adiabatic AEst of 1 is 17.5 kcal mol !,
in good agreement with previous calculations employing the
CAS(2,2)-CISD (17.6 kcal mol™!) or CAS(8,8)-MP2 methods
(18.0 kcal mol™!) in combination with the same basis set.’® The
similarity of these numbers and the ACPF and CASSCF energies
indicates little influence of dynamical electron correlation effects

on the relative energies of these states. Inclusion of zero-point
vibrational energy corrections (ZPE) lowers AEst by 0.5 kcal
mol~!. However, the calculated splitting is still larger than the
revised experimental number by 2.0 kcal mol~! and actually
comes closer to the original value and to early computational
results using less flexible basis sets.!* Given the importance of
this value in phenylnitrene chemistry, a closer look seemed to
be warranted. To gain quantitative accuracy, the adiabatic and
vertical singlet—triplet energy splittings were computed by
various multireference methods in combination with increasingly
flexible basis sets and extrapolation to the CBL (Table 2).

According to these data, the best estimate for the adiabatic
AEst is 15.9 kcal mol™!, in reasonable agreement with the
revised experimental value. Obviously, basis set effects play a
more important role than the different ways of the N electron
treatment for these states of 1. It is remarkable that RS2 performs
even slightly worse than CASSCF as compared to the measured
value and MRCI computations, but the overall variations among
different methods are extremely small. Interestingly, reduction
of the active space to a single configuration produces rather
accurate CISD data, but in this case, the Davidson correction
turns out to have a profound influence on AFEgr that is
underestimated by 1 kcal mol™! at the CISD + Q level in the
complete basis set limit. The best estimates for the vertical
singlet—triplet splittings at the geometry of the ground state
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Figure 2. Equilibrium geometries (heavy atom bond lengths in pm)
of the three lowest electronic states (CASSCF(8,8)/cc-pVTZ) and
energies of various excited states of 1 computed at the ACPF/cc-pVTZ
level. CASSCEF energies are given in parentheses.

TABLE 1: Vertical CASSCF/cc-pVTZ and ACPF/cc-pVTZ
Energies of the Lowest Singlet and Triplet States of 1 (kcal
mol 1)?

state  Ecasscr leading configurations C;  Eacpr

X 3A, 0.0  (1b)*(2by)*(1a2)*(8by)'(3by)! 0913 0.0

a'A, 21.1  (1b)*(2by)*(1a2)*(8b2)"(3by)~ 0.644  20.0
(1b1)*(2by)*(122)%(8b2)~(3by))* 0.644

b 1A, 41.2  (1b)*(2by)*(1a3)%(8by)? 0.844 329
(1b1)%(2by)*(1a3)%(3by)? 0.411

A, 75.2  (1b)*(2by)*(1a)*(3b,)? 0.780 59.7
(1b1)%(2b1)*(1a3)%(8by)? 0.520

A3B;  73.8  (1b)%(2b))*(lay)'(3b,)*(8by)! 0.740 71.3
(1b1)*(2b1)*(1a2)%(8b)' (2ay)" 0.501

d B, 75.3  (1b)*(2by)*(1a2)"(3b,)*(8by)~ 0.534 72.4
(1b1)*(2by)*(1az)~(3b1)*(8b2) ™ 0.534
(1b1)*(2b1)*(1a2)%(8b2)*(2a2)~ 0.350
(1b1)*(2b1)*(1a2)%(8b2)~(2ax)* 0.350

B3A, 762  (1b)*(1ay)%(2b))'(3b,)*(8by)! 0.597 77.5
(1b1)*(1a2)%(2b1)%(8by)' (4by)! 0.463
(1b1)*(1a2)%(2b1)*(3by)'(8by)" 0.350
(1b1)*(1a2)%(2b1)*(3b1)~(8by) *(4by)*  0.294

A, 85.8 8 dets 85.1

@ Leading configurations together with corresponding C; coefficients
are given for comparison.

and at the 4 'A, geometry are 18.9 and 13.8 kcal mol™!,
respectively.

For many closed-shell singlet biradicals, it was found that
unrestricted DFT can give qualitatively and often quantitatively
correct structures, properties, and energies, even within a single-
reference approach.!> Because DFT has been used extensively
to study rearrangements of phenylnitrenes as well as excited
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TABLE 2: Adiabatic and Vertical Singlet—Triplet Energy
Splittings of 1 (kcal mol 1)*

method” cc-pVDZ cc-pVTZ cc-pVQZ CBL
a ]Az han X 3A2
SCF¢ 22.8(22.3) 21.6(21.1) 21.3(20.8) 21.1(20.6)
CISD¢ 19.0 (18.5) 17.6(17.1) 17.0(16.5) 16.5(16.0)
CISD + Q¢ 17.1 (16.6) 15.6(15.1) 15.0(14.5) 14.5(14.0)
SCF 17.8(17.4) 17.1(16.6) 16.9 (16.5) 16.7 (16.3)
RS2 19.2(18.7) 18.0 (17.5) 17.5(17.0) 17.1(16.6)
RS3 19.0 (18.5) 17.5(17.0) 169 (16.4) 16.4(15.9)
CISD 18.4(18.0) 17.2(16.7) 16.7(16.3) 16.3 (15.8)
CISD +Q 185(18.0) 17.1(16.6) 16.6(16.1) 16.2(15.7)
AQCC 18.9(184) 17.5(17.0) 169 (164) 164 (15.9)
ACPF 18.9(184) 17.5(17.0) 169 (16.4) 16.5(16.0)
a ]Az//X 3A2 e X 3A2
SCF 21.8 21.1 21.0 20.9
RS2 214 19.9 19.3 18.7
RS3 22.0 20.2 19.6 19.0
CISD 21.6 20.2 19.7 19.3
CISD +Q 215 19.8 19.3 18.8
AQCC 21.73 20.01 19.42 18.9
ACPF 21.74 19.99 19.39 18.9
a lAz e X 3Az//ﬁ 1A2
SCF 14.7 14.2 14.1 14.0
RS2 16.6 15.6 15.2 14.9
RS3 15.6 14.3 13.9 13.5
CISD 153 14.2 13.9 13.6
CISD+Q 155 143 14.0 13.6
AQCC 15.8 14.6 14.2 13.8
ACPF 15.8 14.6 14.2 13.9

“Values in parentheses include ZPE corrections (CASSCF-
(8,8)/cc-pVTZ). ” Energies based on a CASSCF(8,8) wave function
and CASSCF(8,8)/cc-pVTZ geometries, if not mentioned otherwise.
“Energies based on a CASCF(2,2) reference that reduces to a
single-configurational description of the ground state and a
single-configurational, two-determinantal description of the singlet
state.

TABLE 3: Adiabatic Singlet—Triplet Energy Splitting of 1
(kcal mol™1) Calculated at the UDFT Level”

method cc-pVDZ cc-pVTZ cc-pVQZ
BVWN 9.5(9.6) 9.1(9.2) 8.9
BLYP 9.9 (10.0) 9.3(9.5) 9.2
BPWOI1 10.9 (11.0) 10.4 (10.5) 10.3
B3LYP 12.8 (13.1) 12.3 (12.5) 12.2
mPWILYP 13.3 (13.6) 12.7 (13.0) 12.5
B3PWOl1 13.8 (14.1) 13.3 (13.6) 13.2
mPWI1PWOI1 14.4 (14.7) 13.9 (14.2) 13.7
BHandHLYP 16.4 (17.0) 15.8 (16.3) 15.7

% Values in parentheses include ZPE corrections.

states of substituted derivatives of 1,' different functionals were
investigated to evaluate the performance of this low-cost
approach. From the data shown in Table 3, it is evident that
most functionals underestimate AEgt by varying amounts. This
finding is not surprising, given the substantial spin contamination
of the singlet states; in all cases, the [$?CJexpectation value is
close to unity. The spin contamination of the triplet state that
is well-described by a single configuration is negligible for all
functionals, with [3?Cexpectation values ranging from 2.02 to
2.14. As a consequence, the variability in AEsr among different
functionals is not reduced when the triplet contamination is
projected out (e.g., via common sum formula schemes).
Whereas the equilibrium geometry of the a 'A, state of 1
differs considerably from the ground-state structure, the closed-
shell singlet b 'A; shows similar bond lengths and angles as
X 3A,.3 Accordingly, vertical and adiabatic excitation energies
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TABLE 4: Adiabatic and Vertical Excitation Energies to
the b 'A; State of 1 (kcal mol™?)

method? cc-pVDZ cc-pVTZ cc-pVQZ CBL
B lA| ha X 3A2
SCF 42.1 40.8 40.5 40.2
RS2 37.2 34.5 334 324
RS3 36.0 33.0 31.8 30.7
CISD 38.2 35.8 349 342
CISD + Q 36.7 33.8 32.8 31.9
AQCC 36.6 33.6 324 314
ACPF 36.4 332 32.0 31.0
B ]Al//X 3A2 e X 3A2

SCF 42.6 41.3 40.9 40.6
RS2 37.1 344 332 32.2
RS3 35.7 32.6 31.3 30.1
CISD 382 35.8 349 34.1
CISD + Q 36.5 33.6 325 31.5
AQCC 36.4 333 32.1 31.1
ACPF 36.2 329 31.7 30.6

“ Energies based on a CASSCF(8,8) wave function and CASSCF-
(8,8)/cc-pVTZ geometries.

TABLE 5: Vertical Excitation Energies to the € A, A 3By,
and d !B, States of 1 (kcal mol™)

method” cc-pvVDZ cc-pVTZ cc-pvVQZ CBL
c lA]//f( 3A2 s 5‘( 3A2
SCF 76.2 75.2 74.9 74.7
RS2 57.1 54.1 52.8 51.6
CISD 65.0 63.4 62.7 62.1
CISD + Q 58.7 56.9 56.1 55.4
ACPF 62.2 59.7 58.6 57.6
A 2B]//j‘( 3A2 e X 3A2
SCF 74.6 73.8 73.6 73.5
CISD 74.1 72.6 72.3 72.0
CISD + Q 73.5 71.9 71.5 71.1
ACPF 73.2 71.4 70.8 70.4
a ]Bl//f( 3A2 e X 3A2
SCF 76.1 75.3 75.1 74.9
CISD 75.4 73.8 73.4 73.1
CISD + Q 74.8 73.0 72.5 72.1
ACPF 74.4 72.4 71.8 71.4

% Energies based on a CASSCF(8,8) wave function and CASSCF-
(8,8)/cc-pVTZ geometries.

to this state are rather identical (Table 4). At the CASCEF level,
the optimized structure of b 'A; is only 0.4 kcal mol~! lower
in energy as compared to the vertical excitation energy (40.6
kcal mol~!). However, employing correlated electronic structure
methods, the excitation energy is lowered significantly, and both
vertical and adiabatic energies of the b A, state are 31.0 + 1
kcal mol™!. The adiabatic excitation energy is even slightly
higher than the vertical gap, indicating the necessity to include
dynamical correlation effects for a proper description of the
closed-shell singlet state.

The energies of the next higher singlet and triplet states are
summarized in Table 5. Similar to b 'Aj, the & 'A; state requires
inclusion of dynamical correlation to avoid significant overes-
timation of the excitation energy. In contrast to the former,
however, different correlated methods lead to varying excitation
energies between 52 (RS2) and 62 (CISD) kcal mol™!. As a
best estimate for the & 'A; state of 1, we consider the CISD +
Q and ACPF energies of 56—57 kcal mol~! but note that the
uncertainty in this case is slightly larger than for the other
excited states of 1 discussed previously. The first excited triplet
state A 3By is consistently predicted to be 70—71 kcal mol~!
above the ground state and almost degenerate with the d 'B;

Winkler

state of phenylnitrene. According to the best estimate, the latter
is 1—2 kcal mol~! less stable than the triplet.

Conclusion

In summary, the first excited singlet and triplet states of
phenylnitrene were investigated using various multireference
configuration interaction and perturbation theory methods. The
vertical and adiabatic singlet—triplet energy splittings of 1 are
18.9 and 15.9 kcal mol~!, respectively, the latter in good
agreement with the revised experimental value of 15.1 + 0.2
kcal mol~!. The next higher states are b 'A; (31 kcal mol™'), &
A (57 keal mol™!), A 3B, (71 kcal mol™!), and d 'B; (72 kcal
mol~!). The use of sufficiently flexible basis sets turns out to
be crucial to obtain accurate excitation energies of phenylnitrene.
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