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Abstract: We report the first detection of phosphorescence from the 

phosphaethynyl radical. This rare instance of quartet-doublet 

emission, studied here in solid argon, is presumably promoted by 

efficient intersystem crossing from the originally photoexcited doublet 

(B2Σ+) to the adjacent second quartet state, 14. Vibronic progressions 

were traced for the a4Σ+-X2Σ+ and a4Σ+-A2Пi systems from their origins 
up to (v’=0)(v”=5) and (v’=0)(v”=2) bands, respectively. The 

measured phosphorescence lifetime is 108 3 ms.  

Spectroscopic studies on CP (phosphaethynyl radical, carbon 
monophosphide) began almost a century ago when the B2Σ+-X2Σ+ 
fluorescence, analogous to the violet system of CN, was detected 
by Herzberg.[1] Shortly thereafter, its rotational structure was 
described by Bärwald et al.[2] Two other electronic systems, B2Σ+-
A2Пi in the visible[2],[3] and A2Пi-X2Σ+ in near infrared, have also 
been observed.[4]  Analysis of the microwave spectrum[5] of CP led 
to its detection around the carbon star IRC +10o216.[6] Except for 
ESR measurements carried out in rare-gas cryogenic matrices,[7] 
CP has only been studied in the gas-phase.  

Although they were never observed experimentally, high-spin 
electronic states of CP have been the subject of a number of 
computational studies.[8][9][10][11][12] In particular, Qin et al. [11] as 
well as Zhang and Zhu [12] predicted the shapes of several 
potential energy curves, including those for the first and second 
quartet states of 4Σ+ and 4 symmetries. 

Here we report on electronic absorption and emission 
spectroscopy of CP photochemically generated from HCP. 

Precursor molecules were isolated in solid argon at 6 K. A xenon 
microwave discharge lamp provided the far-UV radiation (150-
190 nm) for HCP photolysis. Preparative synthesis procedures 
are described in the Supporting Information, together with further 
details concerning the cryogenic and spectroscopic 
instrumentation.  

 
Figure 1. B2Σ+-X2Σ+ v’(v”=0) progression of CP observed following the far-

UV photolysis of HCP trapped in solid argon. Bottom trace: UV absorption. 

Center: UV absorption after annealing at 25 K. Top: luminescence excitation 

spectrum for the emission detected at 565 nm (17 700 cm-1). See Table S1 

(Supporting Information) for the wavenumber values. Markings above the 

wavenumber scale refer to the location of band heads reported by Bärwald et 

al. [2] for gas-phase CP. 
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As photolysis of HCP proceeds, the UV absorption spectrum 
of CP appears (Fig. 1) and the v’(v”=0) progression of the B2Σ+-
X2Σ+ system (v’ from 0 to 6) can be discerned. The bands of the 
progression emerge as doublets with stronger components 
appearing within ca. 100 cm-1 of the respective gas-phase 
positions and weaker components red-shifted by ca. 200 cm-1. 
The intensities of the weaker components decrease dramatically 
or vanish completely upon annealing (transient warm-up) to 25 K 
(Fig. 1). This indicates that the radicals are originally trapped in 
two distinct microenvironments (“matrix sites”).  

 
Figure 2. Luminescence of CP radical with band progressions due to a4Σ+-

A2Пi, a4Σ+-X2Σ+, and B2Σ+-A2Пi systems, as measured following the B2Σ+ X2Σ+ 

(v’=3)  (v”=0) excitation (31 450 cm-1). 

 
Photoexcitation of the B2Σ+ state results in luminescence (Fig. 

2 and Tab. 1) which allows new electronic systems to be identified. 
Choosing any of the features from Figure 2 for monitoring while 
scanning the excitation wavenumber produces a spectrum (Fig. 1, 
top trace) which mirrors that of the B2Σ+-X2Σ+ absorption of CP 
(Fig. 1, bottom trace). Fig. S1 of Supporting Information provides 
the corresponding 3-dimensional excitation-emission maps. 

We assign the series of bands originating at 21 430 cm-1 as 
the (v’=0)v” progression of the a4Σ+-X2Σ+ phosphorescence of 
CP, with v” changing from 0 to 5. The theoretically predicted[12] 

vibrationless energy gap between the ground doublet and the 
lowest quartet state, 2.64 eV, is close to the observed value (2.66 
eV), supporting this assignment. Further support comes from the 
separation between the first two bands of the progression which 
is 1230  20 cm-1. This value matches well with the 1226.45 cm-1 
separation between the v”=0 and v”=1 levels of the X2Σ+ state 
observed in gas-phase for CP radical.[4c]   

Emission features due to another previously unobserved 
quartet-doublet system of CP, a4Σ+-A2Пi, can also be seen. The 
first three elements of the (v’=0)v” progression appear to the 
red of the a4Σ+-X2Σ+ phosphorescence (Fig. 2), starting with the 
strong origin band around 14 400 cm-1, i.e., 1.79 eV. This is in 
good agreement with theory which predicts a value of 1.81 eV.[12] 

These features are doubled due to the presence of A2П1/2 and 
A2П3/2 sublevels. Maxima of the partly overlapping components 
are separated by 150  10 cm-1 which is close to a previously 
measured gas-phase splitting of 157.87 cm-1.[3b] The 01 band 

appears 1057  10 cm-1 below 00, while the gas-phase e value 
reported[4b] for A2Пi is 1062.5 cm-1. The predicted[12] change in the 
equilibrium C-P distance is significantly larger for the a4Σ+X2Σ+ 
transition than for a4Σ+A2Пi (-0.16 Å vs. -0.07 Å). This may 
qualitatively explain the difference in relative strengths (Franck-
Condon factors) of (v’=0)(v”=0) bands within the two vibronic 
progressions (see Fig. 2). 

The monoexponential decay time of undispersed 
phosphorescence is 108 3 ms (Fig. S2). Emission lifetimes 
measured separately for the selected bands of a4Σ+X2Σ+ and 
a4Σ+A2Пi were identical, within the experimental error (see Fig. 
S3). The radiative lifetimes theoretically predicted[12] for the 
vibrationally relaxed a4Σ+

1/2 and a4Σ+
3/2 levels of gas-phase CP are 

59.7 ms and 129.5 ms, respectively, but our data do not provide 
evidence for a biexponential decay. 

Fluorescence progressions of the B2Σ+-X2Σ+ and B2Σ+-A2Пi 
systems, known from previous gas-phase emission studies,[1],[2] 
appeared with their origins in the vicinities of 29 000 and 22 000 
cm-1, respectively (see Fig. S4, S5 and Tab. S2, S3 of Supporting 
Information). In general, fluorescence was weaker than the 
phosphorescence. 
 
Table 1. Phosphorescence bands of CP in solid Ar following B2Σ+ X2Σ+ (v’=1) 
 (v”=0) excitation (29 760 cm-1).  

[a] Measurement accuracy changes from  10 cm-1 at the top to  5 cm-1 at the 
bottom. [b] Lower and upper row values correspond to =1/2 and =3/2 
sublevels of the A2Пi state, respectively. [c] =1/2 band falls beyond the 
wavelength detection limit of 800 nm. 

Application of Hund’s rule leads to a triplet as the lowest excited 
state of a closed-shell molecule. For free radicals, an analogous 
pattern, i.e. a higher-spin (quartet) state located below the first 
excited doublet, is not expected[13]  excluding radicals having a 
degenerate ground state such as NO[14] (Fig. S6 provides 
simplified electronic orbital schemes). Consequently, a 
photoexcited quartet-doublet phosphorescence has been 
specifically identified in few cases (e.g. for NO,[14]  BiO,[15]  and 
decacyclene anion[16]). The X2Σ+ electronic configuration of CP, 
2 7 20 (inner orbitals not shown), changes mainly to 2 

7 20 in A2Пi, and to 2 7 2 for the lowest quartet, [11]  
making the quartet state more energetic than A2Пi. A nonradiative 
passage to a quartet state from an originally excited doublet 
higher than A2Пi (e.g. B2Σ+) might not seem likely. Such an 
intersystem crossing would have to prevail over very fast internal 
conversion and vibrational relaxation. The case of CP is 
remarkable, however. According to theoretical predictions,[12][11] 

the second excited quartet, 14Δ, is almost coincident with B2Σ+ 

across a broad range of interatomic distances. This coincidence, 
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we presume, encourages efficient intersystem crossing from the 
photoexcited B2Σ+ to the 14Δ state (Fig. 3). This is followed by fast 
internal conversion to a4Σ+.  No luminescence originating directly 
from 14Δ could be observed.   
 

Figure 3. Electronic transitions observed for CP. System origins given in 

wavenumbers. Dashed green arrows are previously reported gas-phase 

transitions.[2] [3b] [4c] Solid (red) arrows are transitions we detected in solid argon. 

Bold solid arrows represent phosphorescence. ISC and IC stand for intersystem 

crossing and internal conversion.  
 

For the extensively studied N-bearing analogue, CN, the 
relative energies of the three lowest states (X2Σ+, A2П, B2Σ+), and 
hence the corresponding doublet-state spectroscopy, are quite 
similar to what is observed for CP.[17]  However, CN radical quartet 
states [18] are not close in energy to any doublets. Intersystem 
crossing cannot effectively compete with internal conversion and 
no quartet-doublet emission is observed. Information concerning 
a4Σ+ and b4П states of CN comes exclusively from perturbations 
they cause in doublet-doublet transitions.[19] Neither has 
phosphorescence from CAs been reported and theoretical 
predictions [20] of the potential energy curves do not give grounds 
to expect it. No relevant calculations or measurements are 
available for CSb and CBi. 

In conclusion, phosphorescence has been observed for the 
diatomic radical species CP isolated in a cryogenic matrix. A 
theoretical justification for this unusual case of quartet-doublet 
emission is proposed. This phosphorescence is strong (especially 
the red a4Σ+-A2Пi bands) and therefore useful for the sensitive 
detection of CP in low temperature solid environments.  

Acknowledgements 

We thank Dr. Marcin Gronowski for fruitful discussions. J.C.G. 
thanks the Centre National d’Etudes Spatiales (CNES) for a grant 
and the French national programme “Physique et Chimie du 
Milieu Interstellaire” (PCMI) of CNRS/INSU with INC/INP co-
funded by CEA and CNES. 

Keywords: Quartet-doublet emission • Radical 

phosphorescence • CP radical • Carbon monophosphide 

[1] G. Herzberg, Nature 1930, 126, 131-132. 

[2] V. H. Bärwald, G. Herzberg, L. Herzberg, Ann. Phys. 1934, 20, 569–593. 

[3] a) A. K. Chaudhry, K.N. Upadhya, Indian J. Phys. 1969, 43, 83–91; b) R. 

Tripathi, S. B. Rai, K. N. Upadhya, Pramana 1981, 17, 249–255. 

[4] a) R. S. Ram, P. F. Bernath, J. Mol. Spectrosc. 1987, 122, 282–292; b) 

R. S. Ram, S. Tam, P. F. Bernath, J. Mol. Spectrosc. 1992, 152, 89–100; 

c) R. S. Ram, J. S. A. Brooke, C. M. Western, P.F. Bernath, J. Quant. 

Spectrosc. Radiat. Transf. 2014, 138, 107–115. 

[5] S. Saito, S. Yamamoto, K. Kawaguchi, M. Ohishi, H. Suzuki, S. I. 

Ishikawa, N. Kaifu. Astrophys. J. 1989, 341, 1114- 1119. 

[6] M. Guélin, J. Cernicharo, G. Paubert, B. E. Turner, Astron. Astrophys. 

1990, 230, L9 –11. 

[7] L. B. Knight Jr., J. T. Petty, S. T. Cobranchi, D. Feller, E. R. Davidson, J. 

Chem. Phys. 1988, 88, 3441-3450. 

[8] J. P Gu, R. J. Buenker, G. Hirsch, Chem. Phys. 1994, 185, 39–45. 

[9] D.H. Shi, W. Xing, J. F. Sun, Z. L. Zhu, Y. F. Liu, J. Mol. Spectrosc. 2012, 

276-277, 1-9. 

[10] K. Abbiche, K. Marakchi, N. Komiha, J. S. Francisco, R. Linguerri, M. 

Hochlaf, Mol. Phys. 2014,112, 2633–2645. 

[11] Z. Qin, J. Zhao, L. Liu, J. Quant. Spectrosc. Radiat. Transf. 2019, 230, 

36–47. 

[12] J. Zhang, Z. Zhu, J. Quant. Spectrosc. Radiat. Transf. 2021, 270, 107664. 

[13] P. Klán, J. Wirz, “Photochemistry of organic compounds. From concepts 

to practice”, p. 205-206, Wiley 2009.  

[14] a) R. P. Frosch and G. W. Robinson, J. Chem. Phys. 1964, 41, 367–374; 

b) R. S. Mulliken, Rev. Mod. Phys. 1932, 4, 1. 

[15] O. Shestakov, R. Breidohr, H. Demes, K. D. Setzer, and E. H. Fink, J. 

Mol. Spectrosc. 1997, 190, 28–77. 

[16] C. J. M. Brugman, R. P. H. Rettschnick, G. J. Hoytink, Chem. Phys. 

Letters 1971, 8, 263-264. 

[17] V. G. Oginets, Sov. Phys. J. 1976, 19, 131–132. 

[18] Y. Yin, D. Shi, J. Sun, Z. Zhu, Astrophys. J. Suppl. Ser. 2018, 235, 25. 

[19] H. Ito, Y. Ozaki, T. Nagata, T. Kondow, K. Kuchitsu, Can. J. Phys. 1984, 

62, 1586-1598. 

[20]  A. P. de Lima Batista, A. G. Sampaio de Oliveira-Filho, F. R. Ornellas, J. 

Phys. Chem. A, 2011, 115, 8399–8405. 

 

 

 

10.1002/anie.202210521

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition



COMMUNICATION          
 
Entry for the Table of Contents 

 

 
CP is generated by photolysis of phosphaethyne (HCP) isolated in solid argon. Phosphorescence of the radical, observed after the 
B2Σ+-X2Σ+ photoexcitation, is assisted by an intersystem crossing from B2Σ+ to the adjacent second quartet state, 14. Intense, well-
resolved vibronic progressions were traced for a4Σ+-X2Σ+ and a4Σ+-A2Пi emission systems. Phosphorescence lifetime is on the order 
of 0.1 s. 
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