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Using known values of rotational and centrifugal distortion constants in conjunction with
electric dipole moment of NH,CHO, we have calculated energies of rotational levels in the ground
vibrational state, and the probabilities for radiative transitions between the levels. The radiative
transition probabilities in conjunction with the scaled values of collisional rate coefficients are used
in the Sobolev LVG analysis of NH,CHO. There are some strong lines. For ortho-NH,CHO, we
have found one transition 1 -1 showing anomalous absorption and five transitions 615—514, 7”—615,
70 847 8,-7,, showing emission feature. For para-NH,CHO, six emission transitions Sy-4,,,
o5 Josr 707606r 805~ T i Y0o~8pgr 10,,5-9,, are found. Out of these 12 transitions, three transitions, 1, -

??, Syt and 808—07’7;7, are already found in the ISM. Other relatively weaker lines are also found

in the ISM. In addition to the observed lines, 9 transitions may play important role in the
identification of NH,CHO in a cosmic object.
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1. Introduction. Formamide is a characteristic hot core molecule which is
quite ubiquitous in the interstellar medium (ISM). In the ISM, the most abundant
triatomic inorganic molecule is the H,O and the organic molecule is the HCN.
Combination of these two molecules gives the formamide (NH,CHO).

I1,0+ HCN — NH,CHO. (1)

Hence, we may say that the NH,CHO is quite abundant in the ISM. The
formamide plays a vital role in the prebiotic chemistry because it not only has
amide linkage within it but also has four out of six elements (carbon, nitrogen,
hydrogen, oxygen) which are commeon in all life forms [1]. Formamide also acts
as a multifunctional prebiotic cursor because of its capability to produce a panel
of low molecular weight compounds upon partial degradation, which later acts as
intermediates for the synthesis of bio-molecules (nucleic acids) and thereby
increasing the network of possible transformations [2]. Formamide may be
considered as the origin point for the prebiotic synthesis of both metabolic and
genetic species like amino acids, nucleic acid bases, sugars, and carboxylic acids.

For a colossal period of time, the prebiotic importance of formamide was
hampered to the synthesis of adenine alone [3,4]. Gentle heating of NH,CHO
at 160°C in the presence of catalytic amounts of alumina (ALO,), calcium
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carbonate (CaCO,), silica (SiO,), and zeolite (Y type) yielded cytosine and 4(3H)-
pyrimidinone, alongside adenine and purine [5]. Thymine and adenine were
produced from NH,CHO in the presence of titanium dioxide (TiO,) [6]. Uracil,
cytosine, adenine and hypoxanthine were obtained by the thermal condensation
of NH,CHO in the presence of clays of the montmorillonite family [7]. Adenine,
cytosine and uracil were obtained by warming NH,CHO in the presence of
mineral phosphates [8,9]. The guanine is also synthesized from NH,CHO by a
combined UV-irradiation/thermal condensation process in the presence of phos-
phate minerals [10]. Irradiation (UV light) of NH,CHO on the surface of a TiO,
(001) single crystal at low temperature in ultra-high vacuum conditions showed
the formation of all five nucleic bases [11]. The isocytosine, cytosine, adenine
and uracil are synthesized from NH,CHO and borate minerals [12]. Finally, in
interstellar conditions, uracil, isocytosine and adenine are synthesized by heat
driven condensation of NH,CHO in the presence of Murchison material (mete-
orite) [13]. The peptide bond, -C(=O)NH- plays an important role in holding
together chains of amino acids. A recent study [14] states that out of all possible
simplest interstellar molecules having a peptide bond, formamide is having more
stability energy wise.

It is a planar molecule with electric dipole moment having components
n, =2.7 Debye and p, =0.85 Debye [23], showing that a-type transitions are
much stronger than the b-types. Therefore, in the present investigation, we have
considered a-type transitions.

In the ISM, the first detection of formamide was made by Rubin et al. [16]
through the transition 2,, — 2,, towards the direction of Sgr B2. Then, Gottlieb
et al. [17] found formamide towards Sgr A through its transition 1,-1,,. Other
a-type transitions of formamide found in the ISM are, 4,,-3,, 5,-4,,, 5,,-4.5» 50540
532'4317 734'633’ 835'734’ 1019_918’ 1258_1157’ 404'303’ 422'321’ 523'4227 725'6247 726_625’ 744'643’
85 Tom 1059-9,, 11,-10,,, 11, -10,5 [18,19]. Though the p, is very small, the
b-type transitions, 163.14_162.15’ 827_716’ 173.15_172.16’ 343.31_342.32’ 183.16_182.17’ 284.24_28
19, ,,-19, s> 20, :-20, 5, 20, ,-19,  are found by Coutens et al. [20].

Because of its importance, the NH,CHO has been studied in terrestrial
laboratories from time to time [15,21-23]. In the present investigation, we have
used the rotational and centrifugal distortion constants of Motiyenko et al. [23]
derived in the S-reductions of Watson Hamiltonian in I” representation, given
in Table 1 (column 2). They have also derived the constants in A-reduction. We
have also optimized the formamide with the help of the software GAUSSIAN
2009, where we have used B3LYP method, and aug-cc-pVDz and aug-cc-pV1z
basis sets. The rotational and centrifugal distortion constants thus obtained, are
given in columns 3 and 4 of Table 1. The coordinates of the constituent atoms
of NH,CHO are given in Table 2.

12° 142 132
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Table 1

ROTATIONAL AND CENTRIFUGAL DISTORTION CONSTANTS OF
NH,CHO IN MHz

Constant Experiment aug-cc-pVDZ aug-cc-pVTZ
A 72716.89840 (19) 68917.7431 69897.7677
B 11373.509642 (28) 11792.3951 11827.5278
C 9833.952804 (27) 10069.4321 10115.8128
D, 10° 7.761879 (23) 8.660732 8.758405
DJK-IO3 -67.83261 (43) -4.090403 2.360077
DK-IO3 1400.6906 (38) 1710.978520 1822.174884
d- 10° 1.5757698 (38) -1.653967 -1.640637
d2~103 0.1116821 (18) -0.167524 -0.172708
HJ-IO9 9.3375 (57) 1.640266469 1.530744346
H - 10° -0.19637 (18) -7.078574333 -7.099341329
Hy,- 10° -5.7948 (20) 114.5500560 127.7877675
HK~106 80.679 (48) -0.3172925461 -0.3319796552
hy- 10° 4.5512 (18) 4.080127967 4.125254139
}12~109 0.8207 (16) 0.9139578507 0.9532567955
h3-109 0.17663 (30) 0.2675426213 0.2783410987
L, -10° -0.01208 (49)
LKKJ-IO9 0.4272 (29)
LK~1(1)29 -5.41 (16)
1,-10 -0.01296 (26)
Table 2
STRUCTURE OF NH,CHO MOLECULE
Atom Coordinates (A)
X y z
N 0.000000 0.533591 0.000000
H -1.827698 0.131735 0.000000
H 1.994731 0.641477 0.000000
C 1.138419 -0.018162 0.000000
H 1.271245 -1.096833 0.000000
(0] -1.033599 -0.412817 0.000000

Owing to the pair of hydrogen atoms, the rotational levels are classified into
two distinct groups: ortho species having odd values of k and para species having
even values of k. For known values of rotational and centrifugal distortion
constants in conjunction with electric dipole moment p, of NH,CHO, we have
calculated energies of rotational levels, and the probabilities for radiative transitions
between the levels. The radiative transition probabilities in conjunction with the
scaled values of collisional rate coefficients are used in the Sobolev Large Velocity
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Gradient (LVG) analysis of NH,CHO. Among the strongest transitions, for ortho-
NH,CHO, we have found one transition showing anomalous absorption and five
transitions showing emission feature, whereas for the para-NH,CHO, six emission
transitions are found. Out of these transitions, 3 are already found in the ISM.
In addition to the observed lines, 9 transitions may play important role in the
identification of NH,CHO in a cosmic object.

2. Radiative transitions. The a-type radiative transitions between rotational
levels are governed through the selection rules:

J: AJ=0,£1
k,,k,: odd,even<>odd,odd (ortho transition)
even,even <> even,odd (para transition).

For each of the ortho and para species, we have considered 120 rotational levels.
For ortho species, the levels are up to 173 cm™ connected through 440 radiative
transitions, whereas for the para species, the levels are up to 171 cm’' connected
through 446 radiative transitions. Using the experimental values of rotational and
centrifugal distortion constants, and electric dipole moment p,, the energies of
levels and radiative transition probabilities are calculated with the help of the
software ASROT [24].

3. Collisional transitions. Besides the radiative transitions, the levels are
connected through the collisional transitions. Though the collisional transitions do
not follow any selection rules, the calculation of collisional rate coefficients is a
difficult task [25-27]. Hence, we have used some scaled values of collisional rate
coefficients. These values are calculated using the method discussed by Sharma
et al. [28-30]. The background temperature of the cosmic microwave background
is Tbg=2.73 K. The LVG analysis is carried out in accordance with the procedure
discussed by Sharma et al. [28-30].

4. Model. In the Large Velocity Gradient (LVG) analysis, a set of statistical
equilibrium equations coupled with the equations of radiative transfer is written
as the following.

120 120

niZPij=ZniPﬁ i=12,..,120
j=l j=l

J#I J#I

2

where n denotes the population density of energy level and the parameter P is
as the following.
(i) For a radiatively allowed transition

(4, By 1,5 JBy + 11, €, i>J
Byl pe By + 11, Cy i<J

ij v.bg

i
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(ii) For a radiatively forbidden transition
P./. =n HZC

)

! /2
Here, A and B are the Einstein coefficients, C the rate coefficient for collisional
transition and n, the density of molecular hydrogen. The escape probability f3
for the transition is
Bu =Bu =l—ex—p(—rv)
A%
where optical depth t, is expressed as
.= hc
Y 4n(dv, /dr)
where (dv, /dr) denotes the velocity gradient in the region. This is non-linear
set of equations.
The external radiation field impinging on the volume element, generating the
lines, is the cosmic microwave background (CMB) only, which corresponds to the
background temperature Tbg =2.73 K. The parameter Yy is expressed as

b
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Fig.1. Variation of brightness temperatures 7, (K) versus molecular hydrogen density » ", for
kinetic temperatures 40 and 100 K (written at the top) for six ortho transitions (written on the
left) of NH,CHO. Solid line is for y = 107 em™ (km/s)”' pc, and dotted line for y= 107 em™ (kmy/
s)" pc. Observed line is denoted by 7.
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Fig.2. Same as Fig.1, but for six para transitions (written on the left) of NH,CHO.

Table 3

FREQUENCY v, EINSTEIN A-COEFFICIENT A4 , ENERGY E, OF
UPPER LEVEL, RADIATIVE LIFE-TIME ¢ OF UPPER LEVEL AND

t, OF LOWER LEVEL FOR TRANSITION

Transition v (MHz) A, (s E, (cm’) t, (s) 1, (8)
11, 1539569 | 2.768-107 | 2.8029706114 | 3.61-10° oo
6.-5., 131620401 | 1.552-10* | 174394042223 | 6.44-10° | 1.14-10°
7.6, 142696.619 | 2.014-10* | 21.1190145030 | 4.97-10° | 8.01-10°
7.6, 153435988 | 2.504-10* | 225539371688 | 3.99-10° | 6.44-10°
8,7, | 162951459 | 3.039-10 | 265507298012 | 329-10° | 4.97-10°
8§70 | 175190823 | 3.776-10* | 283936312768 | 2.65-10° | 3.99-10°
IR 105463.870 | 8.081-10° | 105702233953 | 1.24-10° | 2.46-10°
60,-5,. 126246790 | 1.407-10* | 147784497182 | 7.11-10° | 1.24-10°
To-6. | 146869617 | 2239-10% | 19.6741036029 | 4.47-10° | 7.11-10°
8.7, 167317.144 | 3.336-10* | 252513417429 | 3.00-10° | 4.47-10°
9,8, | 187582562 | 4.730-10" | 31.5040938197 | 2.11-10° | 3.00-10°

10,,,-9 207669.073 | 6.449-10" | 38.4263962419 | 1.55-10° | 2.11-10°
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y=n,,/(dv,/dr). Here, n . is the density of the species of formamide and
(d v,/ dr) the velocity gradient in the object. Equation (2) is a set of homogeneous
equations which does not have unique solution. In order to make the set of
equations inhomogeneous, the last statistical equilibrium equation is replaced by
the following equation, showing conservation.

120

Zni =Ny00 5
i=1

where n_ is the density of NH,CHO molecule in the region. Using the values
of radiative and collisional transition probabilities, each set of non-linear equations
is solved through iterative procedure where the initial population densities of levels
are taken as the thermal populations, corresponding to the kinetic temperature.

5. Results and discussion. For each of the ortho and para species of
formamide, we have considered a set of 120 rotational levels connected by radiative
and collisional transitions. The LVG analysis is performed using wide range of
physical parameters in order to include a large number of cosmic objects where
formamide could be detected. The molecular hydrogen density n,, is taken from
10* to 10’cm™. The kinetic temperatures 7 are 20, 40, 60, 80 and 100 K. However,
in figures we have given the values for 40 and 100K. The values of y[z Moot/ (dv,/ dr)]
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Fig.3. Same as Fig.1, but for six ortho observed transitions (written on the left) of NH,CHO.



102 M.K.SHARMA ET AL.

40K 100K
5I|I|I|I|I Illllllll

12,-11,,

N

///_.

STl
[T T T T 71" [T T T T 'T1T 7]
6 1 r E
~ n ]
o AL n g
2_|||||||||_ _|||||||||_

2 4 6 2 4 6

3
log(ny, /em™)
Fig.4. Same as Fig.1, but for three ortho observed transitions (written on the left) of NH,CHO.
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Fig.5. Same as Fig.1, but for six para observed transitions (written on the left) of NH,CHO.
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are taken as 10° and 10°cm™ (km/s)"' pc. Here, n, 6 denotes the density of
NH,CHO and dv,/dr the velocity /background gradient in the region. The
background corresponds to the temperature Tbg=2.73 K. A large number of lines
are found to be produced. We have taken 6 strongest lines of each of the species.

Fig.1 shows the variations of brightness temperatures 7, (K) versus the density
of molecular hydrogen n,, for the two kinetic temperatures 40 and 100K (written
on the top) for six ortho transitions, 1 -1,, 6.5, 7,6, 7,6, 8.7,
8,,-7, (written on the left). The transition 1,-1, has been found in the ISM
and shows the anomalous absorption. The rest five transitions are found to show
emission feature. Fig.2 is the same as Fig.1, but for six para transitions, 5 .-4,,,
60s-305s 70776060 Bos= 7070 Y09~8ugr 104,0-9y9> Showing emission feature. Out of them,
two transitions, 5,-4,, and 8,-7 . are already found in the ISM. The details of
these 12 transitions are given in Table 3. With the increase of kinetic temperature,
for the absorption line 1,-1,,. the depth of the trough is found to decrease and
shift towards a lower density. All emission lines are found to show a peak in
intensity. The position of the peak is found to shift towards a lower density with
the increase of kinetic temperature.

Other 18 observed a-type lines are found to have relatively weak intensity.
Results for these lines are given in Fig.3-6. The transition 2,,-2 , is found to show
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Fig.6. Same as Fig.1, but for three para observed transitions (written on the left) of NH,CHO.
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anomalous absorption whereas other 17 are found to show emission. In addition
to 21 a-type observed lines, there are 9 strong lines which also may help in the
identification of formamide in a cosmic object.

6. Conclusions. For each species, by solving a set of 120 statistical
equilibrium equations coupled with the equations of radiative transfer, we find that
there are 9 strong lines in addition to 21 observed a-type lines which may help
in the detection of formamide in a cosmic object.
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COBOJIEB LVG AHAJIW3 MPEBUOTUYECKOM
MOJIEKVJIbl - ®OPMAMUIA (NH,CHO),
OBHAPYXEHHOH B ISM

M.K.IHAPMA!, B.I.MAMIIATTA!, M.IHIAPMA?, C.HAH/IPA!

Hcnonb3ys n3BecTHBIE 3HAYEHMS KOHCTAHT BPAlllaTeJIbHOTO 1 IIEHTPOOEKHOTO
AMCTOPCUII BMECTE C SJIEKTPUYECKUM AuUnonbHbIM MoMmeHToM NH,CHO, wmb
paccUuTaIM 3HEPTHM BpalllaTe/IbHbIX YPOBHEH B OCHOBHOM KOJ1€0aTEIbBHOM COCTOSTHUM
Y BEPOATHOCTU PAJMALIMOHHBIX MEPEXONOB MexXay ypoBHsamuU. B anamusze NH,CHO
HCTOJIb3YIOTCS BEPOSITHOCTU paIvuallMOHHBIX MEPEeXOJ0B BMECTe C MaclluTabu-
POBaHHBIMY 3HAYEHUSIMU KOI(MDOUITMEHTOB CKOPOCTH CTOJIKHOBEHUI. ECTh HECKOJILKO
cuibHbIX JuHMiA. [t opro- NH,CHO Mbl Hauwm onuH nepexoxn 1, -1, mokasbi-
BAIOILMIA aHOMAJIbHOE MOIVIOLIEHUE, U TIATh SMUCCUOHHBIX T1epexoioB 6,.-5 ., 7,.-6,,
7,665 8,57, 8,,-7,c- A mapa- NH,CHO o0HapyXeHO HIECTh SMUCCMOHHBIX
NIEPEXONOB 35, 404, 6 =555 776465 8, 707, 95978455 10y19=9- W3 aTHIX 12 mepexonos
Tpu nepexoza, 1,,~—1,, 4 u 8 7,,» yXe obHapyxenol B ISM. [Ipyrue
OTHOCUTEJILHO OoJiee cna6ble JIMHUU Tame BcrpeuvaroTest B ISM. TTomumo Habmio-

05’
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JaeMbIX JIMHUM, 9 MepexomoB MOIYT UIpaTh BaXHYIO POJb B WACHTU(UKALIUU
NH,CHO B acTpodusnyeckux 00beKTax.

DO =t et e et et ek e e e
SO XA UNAEWND—~o PPN R LD~

21.
22.
23.
24.

25.
26.
27.
28.
29.
30.

Kimouessblie cnoa: mosexynvi: NH,CHO: koagppuyuernmor Jiinwmenina A: nepenoc
u3NyHeHus
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