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Cyanamide (NHCN), an interstellar molecule, is a relevant molecule in prebiotic chemistry, because it can
be converted into urea in liquid water. Carbodiimide (HNCNH), the most stable cyanamide isomer, is able
to assemble amino acids into peptides. In this work, using FTIR spectroscopy, we show that carbodiimide
can be formed from cyanamide at low temperature (10 K), by a photochemical process in argon matrix, in
water matrix, or in solid film. We also report experimental evidence about the carbodiimide formation when
cyanamide is condensed at low temperature-(B0 K) on an amorphous water ice surface, or when it is
trapped in the water ice. The water ice acts as a catalyst. This isomerization reaction occurs at low temperature
(T < 100 K), which agrees with those expected in the interstellar clouds composed of dust grains in which
water is the most predominant compound. Finally, the hydrolysis reaction of cyanamide or carbodiimide
leading to urea or isourea formation is not observed under our experimental conditions.

1. Introduction SCHEME 1: Cyanamide—Carbodiimide Isomerization

The chemistry of interstellar clouds consists of thermal, H /H
photochemical, and cosmic-ray induced reactions taking place /N—CEN /N=C=N
in the gas phase, at the surface, or in the dust grain'blte H H

surface of the cold dust grains (2Q00 K) is mainly composed
of amorphous water i@éeand some other constituents such as
NHs, CO, and C@2 These icy mantles surround a silicate cbre.
Inside molecular clouds, UV radiation can induce chemical
evolution of the grain surface, forming new spedédhe icy
mantle can play the role of a catalyst in reactions at low
temperatureT < 100 K). For instance, } the most predomi-
nant molecule in the interstellar medium (ISM), is only formed matrix.

on the dust grain surfacelhe new species formed in interstellar A recent theoretical study suggests that water molecules can
grains can sublimate in the hot region of interstellar clouds and significantly lower the activation energy of the isomerization
enrich the gas phase in new organic speti@ganamide (N reaction cyanamide~> carbodiimidé® (Scheme 1). The hy-

CN) has been detected in 1975 in the gas phase by spectraljrolysis of carbodiimide leading to isourea, a urea tautomer,
emissions coming from Sgr B2 molecular cloud at 80 504.5 and has also been discusstd?

cannot take place in the gas phase. To the best of our knowledge,
while the vibrational and spectral properties of cyanamide are
well-known 217 this is not the case for carbodiimide. It was
isolated for the first time by the low-temperature matrix
technique by King and Strop&in 1971. In this study, they have
reported a partial infrared spectrum of carbodiimide in argon

100 629.5 MHz assigned to thes4 31, and 54—443 microwave
transitions® Actually, the origin of cyanamide in the interstellar

In this work we show that carbodiimide can be formed from
cyanamide at low temperature (10 K) by photoinduced reaction

medium is not well understood. Recent work has shown that in argon or water matrix or in solid fiilm. We also report

cyanamide can be formed from UV irradiation of hexamethyl-
enetetramine (HMT) in water matrixCyanamide formation is
also possible under the early Earth conditions from UV
irradiation of diluted ammonium cyanide solution at room
temperaturé.Cyanamide is a relevant prebiotic molecule, which
can be converted into urea (NEBIONH,) in liquid water? In

the gas phase, cyanamide is in prototropic equilibrium with
carbodiimidé® (HNCNH) (PHNCNH/PNHZCN = 1/115 at 373 K),

experimental evidence about the carbodiimide formation when
cyanamide is condensed at low temperature (80 K) on an
amorphous water ice surfa€eor when it is trapped in water
ice bulk. The goal of this work is to understand the interstellar
behavior of cyanamide and the eventual formation of urea,
which was recently assumed to be present in the interstellar
medium (ISM)?!

which is a condensing agent able to induce the formation of 2 Experimental Details

peptides from amino acid$.The thermal-induced isomerization

observed in the gas phase can take place only through a The cyanamide (Aldrich, 99% purity) vapor pressure at room

bimolecular mechanisif. Considering the temperature range
(T < 100 K) and the low density (EQartscm3) existing in

temperature is low? thus this compound was sublimated {45
48°C) in a glass tube connected to the cryostat and then carried

interstellar clouds, the thermal-induced-isomerization reaction Py argon (Linde, 99.99% purity) toward a gold plated mirror

* Corresponding author. Telephoné:33 491-288-580. Fax:+33 491-
636-510. E-mail: Thierry.chiavassa@up.univ-mrs.fr.

cooled at 10 K at a rate of 0.7 mmol/min to obtain an argon
matrix. Under these conditions, we cannot determine exactly
the cyanamide concentration in argon; we can only state that
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TABLE 1: Cyanamide Infrared Frequencies (cm™) in
Different Environments Deposited and Recorded at 10 K

Ar matrix solid film water matrix
assignment  (cm™?) (cm™) (cm™)
va(NHy) 3486 3342-3235
v(NH) 3400
e 3130 3080 v(C=N) 2264  2265-2239-2220 2268-2244-2224
5(NH,) 1589 1580 1590
/ »(C—N) 1060
© 7(NHy) 728
a9, bending;v, stretching;z, torsion.
<N ®) - . . .
TABLE 2: Carbodiimide Frequencies (cm™2) in Different
i a
B J L w Environments at 10 K .
3500 3000 2500 2000 1500 1000 ) ) solid  water
Wavenumbers (cm ™) assignment Ar matrix film  matrix
Figure 1. FTIR spectra of cyanamide deposited and recorded at 10 K »(NH) 3428
(a) in Ar matrix, (b) in solid film, and (c) in water environment. *, CO  T(NH) +7{(NCN) 2169 ) )
impurity. v(NCN) 2098 trapped in cyanamide 2125 2130
aggregate 2095 2100
7(NH) 886

we work with a large excess of argon in the mixture (around
1/500). During the deposition, the cryostat is kept under a v, stretchingy, torsion.” Assigned from photolysis of cyanamide
constant pressure of 10 mbar. To study the pure solid, N Ar matrix experiment.
cyanamide is deposited directly on the cold mirror without
carrier gas at low temperature (280 K), and then the sample
is warmed at a 0.5 K/min heating rate to study the solid phase
change. [
Doubly distilled water vapor is deposited with argon on the o1AU j'
gold plated mirror at 80 K (kD/Ar = 1/50) at a rate of 4 mmol/
min; these conditions are known to produce amorphou?ice.
The film is then cooled at the temperature of deposition chosen
for cyanamide. Cyanamide is carried by argon (Linde, 99.99%
purity) or neon (Air Liquide, 99.99% purity) to prevent
formation of aggregates on the water ice surface. The carrier
gases are selected depending on the temperature of water ice
film: neon for 50 K2 and argon for 70 and 80 B.The mixtures
were deposited at a rate 0fx7 10~ mmol/min. VUV irradiation 2080 2220 2160”2140 2100 2060
is performed using a microwave discharge hydrogen flow lamp Wavenumbers (cm™)
(Opthos instruments) mounted directly on the sample chamberFigure 2. FTIR spectra of pure cyanamide deposited at 10 K and then
(60 min of irradiation corresponds to aboutéih@ars in the recorded at (a) 10, (b) 80, (c) 120, and (d) 140 K. *, carbodiimide
molecular cloud®). This radiation is transmitted to the substrate {rapped in cyanamide (2125 cfj) coming from gas phase.
through a SiQwindow in the range up to 160 nm. The infrared
spectra of the samples were recorded in transmission-reflectio
mode between 4000 and 600 chwith a Nicolet Magna 750
FTIR spectrometer equipped with a liquid Nooled detector,
a germanium coated KBr beam splitter, and a globar source.
One hundred interfgrograms were recorded, and the “?SOIUtionlecular procesé in the gas mixture > 20 °C) before it was
was set t010_.12 crt in the case of rare gas matrix experiments - joogjted on the gold plated mirror. The amount of carbodiimide
and 1 cntt in the case of solid experiments. is less than 1949
The spectrum of solid N(CN (Figure 1b) deposited at 10 K
shows broad and intense bands related to the NH and CN
3.a. Infrared Spectra of NH,CN and HNCNH in Different stretching modes, which are located from 3350 to 3200%cm
Environments. The infrared spectrum of NKCN in Ar matrix and from 2270 to 2210 cm (Figure 2a). These strongly
(Figure 1a) recorded between 4000 and 600%at 10 K (Table downshifted frequencies with respect to the monomer values

Cvanamide

~2220 cm’!

2239 cm’!

in argon matrix (Table 2). These modes have been assigned to
Nthe NH torsional mode, NCN antisymmetric stretching mode,
and combination between the NH torsional and NCN symmetric
stretching modes, respectively. The carbodiimide formation
results from cyanamide isomerization, occurring by a bimo-

3. Results and Discussion

1) is in good agreement with that previously repoftédhe are due to the hydrogen bonding interactions betweepOWH
most intense band of NJ\EN monomer trapped in argon matrix  molecules. The(C—N) mode observed at 1060 chin argon
is the G=N stretching mode located at 2264 tiThe multiple matrix cannot be detected in the IR spectrum of the solid phase,

bands of antisymmetric NH stretching mode around 3480'cm  but it is observed at 1145 crh in the Raman spectrufs.

are due to multimer interactions and different matrix slfes. Moreover, we observe the presence of carbodiimide isolated
The symmetric NH mode at 3400 cthis characterized by a  and trapped in an environment of solid MEN. Then a band
narrow and strong band. The other modes observed in argonat 2125 cm! can be assigned to the antisymmetric NCN
matrix are NH bending, C-N stretching, and NK twisting stretching mode, which is very characteristic for many carbo-
modes located at 1589, 1060, and 728 &mespectively. Weak  diimide derivatives® By raising the temperature from 10 to
bands are also observed at 883, 2098, and 216%,cwhich 150 K (Figure 2), a change in the infrared spectrum is observed
are in agreement with those expected for carbodiitfittepped above 50 K. It can be understood in terms of a phase transition
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Wavenumbers (cm™) Figure 4. Spectra of solid film of cyanamide deposited and recorded

at 10 K (a) before irradiation, (b) after 90 min of VUV irradiation, (c)
after 240 min of VUV irradiation, and (d) after 420 min of VUV
irradiation. (e) Spectrum resulting from the difference {d)c).

Figure 3. Infrared difference spectrum between the spectrum of
cyanamide in Ar matrix deposited and recorded at 10 K and the
spectrum after 120 min of VUV irradiatiord (>~ 160 nm) recorded at

10 K. Negative peaks, cyanamide; positive peaks, species formed during.

VUV irradiation. its correlated evolution with the other bands previously assigned
to carbodiimide (Table 2).
from an amorphous to a crystalline solid form of BE&N. In This type of isomerization induced by UV irradiation has

particular, in the region related to the=®! stretching mode, ~ already been reported for HCN,HCsN,?® and HCCC?

the 2220 cm! feature becomes thinner and increases while the Producing CNH, GNH, and HCCCH, respectively.

other components (2265, 2239 th decrease. During this Among the new species formed, we can |dent|£%/ several
warmup, it is noticeable that the integrated absorption area of radma;lls previously observed such as HNENCNN,* and

the G=N stretching mode does not change (i.e., the amount of NCN.** characterized by the sets of bands at 1843, 1143'cm
cyanamide does not change). The vibrational band at 2128 cm @t 3233, 1786, 860 cnd, and at 1472 c, respectively. NH
due to carbodiimide, decreases and disappears around 140 kPond cleavage and the diffusion of H atoms into the argon matrix
This disappearance of the carbodiimide feature between 130/€2d t0 the formation of HNCN and NCN radicals. After 180
and 140 K cannot be due to the carbodiimidganamide min of irradiation, we .observe a photostat[pngry equllllbrlum
isomerization; otherwise we should observe an increase of the_be'[_Ween the Cya”a”.‘.'d? and the carbodiimide. This result
amount of cyanamide. It could be rather due to carbodiimide indicates that carbodiimide may undergo a secondary photo-

sublimation, which occurs during the crystallization of cyana- chemical process leading to the formation 9f gyanar_nide.
mide. VUV photolysis at 10 K of cyanamide solid film (Figure 4)

. . L. induces also the carbodiimide formation. The band located at
Trapped and diluted in a water ice film, the spectrum of the

I ded 0 . h hat th id 2125 cml, related to carbodiimide monomer in cyanamide
sampie reé:or edatl IK(Flgubre 1h]c)s OWbSt att ebcyagarfm €environment (coming from the gas phase) grows (Figure 4b) at
v(NH) modes are overlapped by t éOH)“a .sorptlon and ol the beginning of the UV irradiation and then decreases when
water. Only thev(NCN) mode of carbodiimide (generating in

. : ) . ... the amount of carbodiimide becomes predominant in the sample
the gas phase) is observable (Figure 1c), slightly upshifted with i, re 4e). At the same time we observe another band located

respect to the observed values recorded in the pure solid (Tables;; 5095 ¢t related to carbodiimide aggregates. During UV

1 and 2). The band related to t¢CN) mode of cyanamide ~jaiation the amount of carbodiimide increases and promotes

(Figure 1c) shows a different behavior than in the pure solid .5 diimide aggregate formation (2095 ¢ while the

(Figure 1b). This band has three components (Table 1), as inggntribution of monomer species (2125 o decreases.

the pure solid spectrum, but the intensity of_the third component, gerpstein et al.have previously assigned a band at 2098.8%cm
located at 2224 cnt (instead of at 2220 cnt in the pure solid), 5 carhodiimide in solid film environment yielded by photo-
is more intense. This increase could be the result of a chemical decomposition of HMT.
cyanamide-water interaction. For the study of the cyanamide |y water matrix (Figure 5), the irradiation process leads again
reactivity adsorbed or trapped in water bulk, we will consider 4 carpodiimide formation in two different environments
only the spectral range 236@000 cn. characterized by two bands located at 2130 and 2100*cm
3.b. UV Irradiation of NH >CN. The photolysis of the Nkt (Table 2). As for the cyanamide in water environment, these
CN in Ar matrix, using a hydrogen lam@ (= 160 nm), leads  two bands are upshifted compared to the values observed in
to the formation of carbodiimid& Some other new spec®s  solid film (2130 cn?! instead of 2125 cmt and 2100 cm!
are characterized by the emergence of new bands, which appeaihstead of 2095 cmi'). The former is related to carbodiimide
positive on the infrared difference spectrum (spectrum after 120 isolated in watercyanamide environment, while the latter is
min minus that before irradiation) (Figure 3). During this linked to carbodiimide aggregates in wateyanamide environ-
process, because cyanamide is broken down, its bands decreasaent.
and appear negative, whereas those of carbodiimide increase It is noticeable that the cyanamideater component at 2224
and appear positive. A band at 3424 ¢mot assigned by King cm~1 is more affected by UV irradiation than the two other
et al1”in their vibrational analysis of HNCNH in argon matrix components located at 2268 and 2244 &rfFigure 5e). This
can be unambiguously assigned to the NH stretching mode fromis observable in the difference spectrum, where the 2224 cm
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Carbodiimide molecules, activation energies were predicted to vary from 36.3
Cyanamide /—/% to 8.6 kcalmol™, respectively. The strong lowering of the
A 2100 e’ barrier indicates that this reaction can occur at low temperature

in a water environment. We give, in this part, experimental
evidence supporting these theoretical arguments, and we show
the catalytic role of the water ice in the isomerization process
of cyanamide into carbodiimide at low temperature. We have
then studied the thermally induced production of cyanamide
species adsorbed/mixed on/in water ice.

The IR spectrum of amorphous water ice film shown in Figure
f 6a can be divided into three regiot#s®® In the highest
| wavenumber range, the OH stretching modes of ice bulk appear
// as a broad band centered at 3250 ¢ns00 cn1! downshifted
1 from the stretching modes of free water molecules. In the region
2244 om' near 1600 cm?, the band observed at 1640 chis assigned
to the OH bending modes. In the lowest wavenumber region of
2250 2200 2150 2100 2050 the spectrum (ca. 800 cr), we observed the libration modes
Wavenumbers (cm™) of water molecules in the bulk. The most striking feature is a
Figure 5. FTIR spectra of cyanamide in water matrix deposited and harrow and weak peak at 3695 ch This band is due to the
recorded at 10 K (a) after deposition, (b) after 30 min of VUV dangling stretching mode of the OH grouwdswhich is a
irradiation, (c) after 120 min of VUV irradiation, and (d) after 300  potential site for adsorption of proton acceptor molectfés.
min of VUV irradiation. (e) Spectrum resulting from the difference |, the case of proton donor molecules, lone pair electrons on
@~ @ an oxygen atom, called the dangling O site, can provide another

band decreases more than the two other bands located at 2268ds0rption sité” Unfortunately, the band associated with the
and 2244 cmZ. This result indicates that water molecules play 9angdling O site is too weak and overlapped byt{@H) mode
a role in the photoisomerization process. The hydrogen bonds®f the bulk to be observed under our experimental conditions.
between cyanamide and water molecules could help the NH We initially study the thermal behavior of isolated cyanamide
bond cleavage of cyanamide and promote carbodiimide forma- deposited over an amorphous film of water ice. Cyanamide was
tion. The carbodiimide aggregate formation (2100-&min deposited at 50 K with neon (Figure 6 b), and at 70 (Figure 6c)
water matrix is less efficient than in pure solid film of cyanamide and 80 K (Figure 6d) with argon, over an amorphous ice. Neon
(Figures 4d and 5d). In water matrix, cyanamide molecules are or argon is added to minimize the formation of cyanamide
isolated, and then the aggregate formation becomes unfavorableaggregates in the gas phase. As shown by Tordini &% bit-
The vibrational band positions of carbodiimide observed in CN has both an acid and a basic character for water molecules.
different environments can help in understanding the thermal This acid character is even more strengthened when the number
isomerization process. of water molecules is increased (from one to five). Thus, the
3.c. Thermal ProcessThe isomerization of cyanamide into  dangling OH and the dangling O could be affected by the-NH
carbodiimide by a thermal process occurs in the gas phase atCN adsorbed on the water ice surface. However, when the
room temperature. Theoretically, it was predicted that this cyanamide is deposited below 70 K with carrier gas, it has no
reaction could be favored by surrounding water molectiles. effect on the dangling OH (Figure 6). This is probably due to
Indeed when cyanamide was surrounded by one to five waterthe cyanamide aggregate, which is formed on the water ice

2130 cm™
05A.U !

2224 em™

2268 cm’ T Te— ©®

Carbodiimide

3695 cm’”

2100 em’

3750 3650

(a)

3500 2500 1500

Wavenumbers (cm'l)

Figure 6. FTIR spectrum of (a) amorphous water ice film deposited and recorded at 80 K, (b) cyanamide/Ne deposited and recorded at 50 K on
an amorphous water ice film, (c) cyanamide/Ar deposited and recorded at 70 K on an amorphous water ice film, and (d) cyanamide/Ar deposited
and recorded at 80 K on an amorphous water ice film.
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Cyanamide imide. The position of this band (2100 cA) is similar to that
" observed for carbodiimide aggregates in water environment. This
01AU result lets us suppose that carbodiimide molecules are in
interaction between them on the water ice surface. The tem-
Carbodiimide perature threshold for the formation of carbodiimide on water
= ice surface is close to 70 K. After prolonged cyanamide
X4 deposition, we still observe the 2125 chieature related to
¢ carbodiimide trapped in cyanamide and coming from the
d isomerization reaction in the gas phase (Figure 7c).
A . . Now when cyanamide is deposited without a rare gas, we
;:‘"/«\//‘\\\\\ noticed that it is less “reactive” (Figure 8b). We estimated that
”"‘"—ﬁﬁf;w the amount of carbodiimide yielded on the water ice surface is
2300 2240 21807 2140 2100 2060 8 times higher when cyanamide is added with argon (Figure
Wavenumbers (cm™) 8c) than without argon (Figure 8b). Indeed, cyanamide should

Figure 7. FTIR spectra of (a) water ice film at 80 K, (b) cyanamide/ D€ |€ss reactive when it is associated by hydrogen bonding
Ar (1072 mol) deposited at 80 K on the water ice film, (c) cyanamide/ interaction with other cyanamide molecules. Moreover, maybe

Ar (5 x 102 mol) deposited at 80 K on the water ice film, (d) cyanamide aggregates could not cover the water ice surface
cyanamide/Ar (5x 1072 mol) deposited at 110 K on the water ice  completely, and the size of the aggregate avoids a full coverage
f""l' and (‘a Cya}r”amige?r (% 1@13“’? %epOSi:ed at 140fK on t;1800 inside the pores. The same result is observed when cyanamide
water Ice Tiim. T, carbodiimide yield al e walter Ice surface : H ; H
cmY); *, carbodiimide trapped in)(/:yanamide (2125THncoming frofn IS Co-dep_OSIt_ec_I with bO at 80 K (Figure 8a). _The FTIR
gas phase. spectrum is similar to the one obtained for cyanamide aggregates
in water environment. All these results confirm that isolated
surface after the sublimation of the carrier gas. As we have cyanamide is more reactive for water molecules than cyanamide
already reported in a previous study about the adsorption of aggregates (Figure 8).
HNCO on water icé8 hydrogen bonding interactions existing Warming the sample deposited with argon from 80 to 140 K
between the adsorbate molecules @8N) can contribute to (Figure 7d,e) induces a water ice and cyanamide structure
preventing the dangling OH from being affected. Indeed, these change and an intensity increase of the band at 2100.chhe
hydrogen bonding interactions induce a distance increaseformation of carbodiimide along with the rise of temperature
between the nitrogen of cyanamide and the dangling OH andshould be due to a higher mobility of NEN and HO

thus attenuate the interaction between ti&m. molecules. At the same time, the carbodiimide behavior trapped
When cyanamide is deposited at 80 K with argon, we observe in cyanamide is similar to that observed in the cyanamide film
the appearance of a new band located at 2100 qffRigure (Figure 7d,e). The cyanamide/carbodiimide ratio on the water

6d); it increases until the surface is completely covered (Figure ice surface is estimated to be close to 4% at 80 K and 13% at
7b). This band is not observed for deposition temperature lower 140 K from the integrated area measurement of their respective
than 70 K (Figure 6c). The presence of the band located at 2100bands.

cm~! shows that carbodiimide has been formed from an ice- These experimental results are in good agreement with the
catalyzed cyanamide isomerization. It also appears that theDFT and MP2 calculations performed on the isomerization of
amount of carbodiimide yielded on the water ice surface is cyanamide into carbodiimide in the presence of water mol-
greater than for the carbodiimide coming from the equilibrium ecules'® According to these theoretical results, the reaction is
in the gas phase (Figure 7c). Thus, the water ice surfacestrongly promoted by water molecules. Carbodiimide formation
contributes also to improving the relative stability of carbodi- process via an ionic intermediate BIFfHNCN™) is predicted

Carbodiimide

K—H

2100 em™

©

2160 2080

2120

(®)

(@

2250 2200 2150 2100 2050
Wavenumbers (cm™)

Figure 8. FTIR spectra in the/(CN) mode of cyanamide ane(NCN) mode of carbodiimide region of (a) cyanamide co-deposited with &t
80 K, (b) cyanamide aggregates deposited on the water ice film at 80 K, and (c) cyanamide/A0(% mol) deposited at 80 K on the water ice
film.
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